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Chapter 1: |l ntroduction and

There is an evepresent drive in the electronics industry to develop smaller
productswith enhanced functionalitie$his is true not only in consumer electronics
but in power electronics as well. In the case of power electronics, this translates into
greater power throughput in ev@mnaller devices and packagAs. example of this is
the GaNon SiC(High Electron Mobility Transistor) HEMT devices used in
aerospace electroniegSilicon CarbidéGallium Nitride electronics)Even with
increases in devicefficiency, this leads to higher densities of power loss and heat
generation. This necessitates development of new cooling technologies to dissipate
the high levels of heat generated through the electronics. One of these new
technologies involves integraty a twephase manifolanicrochannel cooler
combined with a thermoelectric spot cooler directly on the backside of a high power
device This technology aims to use the twbase manifold microchannel cooler to
dissipate 1kW/crof heat flux across the ded while also removing up to 5kW/ém
of heat flux generated at the device-Bpbt using the thermoelectric cool€Fo
enhance the cooling power of the thermoelectric devib&inacontact will be used
to spread the heat from the hot spot to the largegntbelectric. The objective of this
study is to evaluate the structural reliability of this integrated cooler, including the
two-phase manifold microchannel cooler, the thermoelectric devic#jitiiecontact,
and the integration on the backside of theendbdndgap power semiconductor device.
Specifically, the study focuses on thermechanical failure of the attachment
(adhesive solder layer) between the thermoelectric cooleviamecontact,Mini-

contact and die, and manifold amicrochannel for threg/pes of Mni-contact

Mo t



geometries (vizT-shaped, lofted, and tapere&hilure of attachmentithin the
thermoelectric device has also been performed in this study. Suggéstioreterial
selection for the Mi-contact have also been made based on relatructural
reliability, where the driving force for therrmaechanical failure is the difference in
coefficients of thermal expansion of various materials used and the temperature

gradient due to the heat generation of 5k W/ahthe device hespot.

1.1 Paver Electronics MaterialsGaN on Si, GaN on SiC

APower el ectr oni c s -statseletttorecs farghp tontrolat i on o
and conversion of electrical power .o [1] T
(i.e., voltage, current, and fregncy) at which it is generated and convert it to the
form (i.e., voltage, current, and frequency) that is optimized for transmission or for
use in an application. Examples of modern power electronics include semiconductor
switching devices such as diod#syristors and transistors. In consumer electronics
(e.g. television sets, personal computers, battery chargers), the AC/DC converter
(rectifier), which is composed of switching devices, passive components (e.g.,
capacitors) and control circuitry, is theost common power electronics system one
can find
Today, power electronics use is widespread across many application sectors,
of which defense and automotive electronics are two of the leading users. These
applications have pushed power electroniahéctemperature limit of silicon
devices, which is found to be around 180 175 C. Hence, there is need for
alternative materials, which can operate reliably at high temperatures, without

significant degradation. [2] Gallium Nitride (GaN) and Silicoarkide (SiC) wide



bandgap semiconductor devices are being resedrfdreheir ability to operatat

high temperature. Some of the other advantages resulting from the use of these
materials instead of silicon include: increased power density, fastehswitpeed,

and higher reverse breakdown voltage. Devices which have been fabricated out of
SiC include MOSFETS, JFETS, thyristors, and diodes. In a recent study [1], a SiC
schottky diode was shown to operate at temperatures up t€C7@@d a MOSFET up

to 650 C. On the other hand, temperature degradation in silicon devices occurs at

temperatures greater than I1&

1.2 What is Thermally Integrated Power Electronics Packaging?

The invention of transistor is considered as the beginning of the informatio
revolution, as it ushered in the widespread usage of electronic products by shrinking
product size considerably over that for earlier vacuum tube electronics. [3] Later, in
the 1960s, integrated circuit technology extended system functionality whilgrgdu
the product size even more by integrating hundreds of transistors on a single
semiconductor chip. Integrated circuits (ICs), based on microelectronic devices, form
the basis of all modern electronic products. Increasing product functionality along
with performance has been the driving force for the further development of
electronics, which aims to integrate billions and trillions of transistors on a single
semiconductor chip. [4] However, one needs to understand that in order to fulfill
these demandpackaging materials and thermal management solutions are needed to
handle the large quantities of power dissipated by these devices during operation.

Nowhere is this combination of increasing power loss and decreasing package

size more e than for pwer electronicsHere cooles are being designed into the



package in ordeptprovide direct chip cooling.hese thermally integrated packages
provide mechanical protection, supply of power, and cooling of power electronics
switch or components along Wiprovision of electrical and mechanical connection
between the power electronic part and outside world. The main challenge for the
package is to provide all crucial functions required by the microelectronic part
without limiting the performance of the pand while withstanding the large thermo

mechanical stresses that such a package necessarily incurs.

1.2.1 Design for Reliability

A product is said to be designed with high reliability, when it performs its
intended function under the given loading amdironmental conditions for the
desired lifespan. [3, 5] In order to ensure that the electronic systems package will be
reliable over an extended period of time, two steps need to be followed. First, design
the systems package-fnont for reliability. Seond, after the system is designed,
fabricated and assembled, conduct accelerated qualification testing on the systems to
confirm their reliability.

Designing for reliability includes determining the potential failure
mechanisms, and then designing thedpict and selecting materials and processes
that minimize or eliminate the susceptibility to failure. In general, the methodology
for design for reliability can be achieved by either reducing stresses that will lead to
failure in the device via changetime package geometry and dimensions, selection of
an alternative material, appropriate protection or encapsulation, or by combination of
all of theseor by increasing the strength of the component typically by selection of an

appropriate material which cavithstand the stresses due to loading. Hence, the



underlying principle of design for reliability is that reliability is designed into an
electronics system/product upfront before the system/product is built, thus eliminating
costly desigrtestfix iterative cycles.

After the system is built and assembled, it is subjected subsequently to
accelerated testing under conditions of thermal cycling, temperature and humidity
cycling or power cycling for short periods of time by applying higher load levels (e.g.
temperature, humidity, voltage, pressure) than it would experience in the field to

accelerate the failure process.

1.2.2 Fundamentals of Thermal Management

It is essential to cool the electronics and remove the heat generated by
electronic devices, becaui$¢he heat is not removed, the temperature of the
electronic device will rise until it reaches a value at which the electronic component
stops operating and ultimately, is destroyed. In order to remove the heat, the
component can be placed in contactwvétbwer temperature solid or fluids the
heat is removed, the temperature rise in the solid body is moderated and it
asymptotically approaches a steadgte value.

When a solid body is at steadtate temperature, all the heat generated inside
the canponent is dissipated to the surrounding structure and/or fluid. In order to
achieve a smaller temperature rise above the ambient temperature in steady state, a
higher heat transfer coefficient method must be used, such as high velocity air jets
rather n&ural convection or boiling rather than low velocity liquid flow. Last, but not

least, for a successful thermal packaging solution, we should focus on careful



combination of materials and heat transfer mechanisms to stabilize the component
temperature at wlerable level[3-7]

Reliability of an electronic product is defined as the probability that the
product will perform its intended function under the intended operational and
environmental load conditions for a desired applicasipecific period of tire. An
electronic product can work reliably for many years, especially, when they operate at
or near room temperature. However, integrated circuits often become more
susceptible to failure after prolonged exposure to elevated temperatures. This
acceleratedailure rate results from mechanical creep in materials used for bonding
(solder), chemical reactions, i@iffusion, etc. Hence, it has traditionally been
postulated that there is an exponential relationship between operating temperature and
decreasednoduct reliability.Therefore, thermal management is essential in order to
ensure better reliability.

As per the commonly accepted nomenclature for representing different
packaging levels used in the industry today, the packaging levels can be defined as
follows. A package which houses and protects chip (chip package) is referred to as
first level package. The second level package constitutes the printed wiring board
(PWB) for chipto-chip communication. The third level package constitutes the
motherboardbackplane) and full assembly.

The mechanism and methods of heat transfer vary substantially from one
packaging level to another. At package level 1, with the main concern is how heat
transfers or conducts from chip to the package surface and thenemorited

wiring board. In order to lower the chip temperature, reduction of thermal resistance



between the silicon die and the outer surface of package should be considered. A
variety of passive cooling techniques are available, which can be used fdraedu

of thermal resistance. These include: hogimductivity adhesive, greases, phase
change materials, high conductivity molding compound, heat spreader, and heat slug,
Thermal performance can be improved usingattach adhesives with diamond,

silver, high conductivity fill material, thermal greases and pkasnge materials,

which soften at operating temperature to conform to the surface of chip. Heat sinks
can be attached to the surface of package to create additional surface area for heat
removal byconvection. Convection can be achieved by circulation of air on the
surface of heat sink with the help of a fan. Very high power electronics can be cooled
by using a heat pipe attached directly to the surface of chip, impingement of high
velocity air jetsor by immersion in a dielectric liqui¢i3-7]

At package level 2, heat removal occurs mainly by conduction in printed
wiring board followed by convection to the ambient air. Printed wiring boards with
thick, high conductivity power and ground planes andfobedded heat pipes can
provide improved thermal spreading at this packaging level. Use of metal substrates

with insulation could also be considered for better thermal management.

1.3 Electronics Cooling Methods

This section highlights fundamental cooling mechanisms that can be applied
to dissipate heat from an electronics device and consequently keep the temperature of

the device below its maximum allowable temperature.



1.3.1 Heat Sinks

Thermal restance due to convection is inversely proportional to the product
of heat transfer coefficient and theat transfer surface area) fence, it can be
inferred that in order to reduce the thermal resistance, one can either increase the
effective cooling eea or increase the heat transfer coefficient of the coolant. For most
common thermal management problems, heat transfer coefficient is function of the
flow conditions, which are fixed. Alternatively, increase in the heat transfer area
seems to be the mdsiasible or practical way to reduce thermal resistance in the
cooling network. The same can be achieved with use of extended surfaces or fins, as

shown in the figure below.
Heat Sink

\
Chip —17 Package Substrat Thermal Interface

D oo B oeoReR Vel (M

Figure 1.1 Heat Remoal through use of Heat Sink,][9

As per Fourierb6s |l aw of cooling and
ambient temperature, as away from the base of the fin, there will be a decrease in
temperature with the associated heat flow in thg T

As displayed in the figur&.1above, arrays of fins or extended surfaces in the
form of heat sinks or coolers are frequently used for thermal management of
electronic equipment. Heat sink thermal resistance value is generally provided by the
manufacturer for a range of flow rates.akde variety of heat sinks are available for

cooling of electronics, with most common being extruded heat sinks.
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1.3.2 Thermoelectric Phenomena

Thermoelectric coolers (TEC) are based on the Peltier Effect, and essentially
act as soliestate heat pumps. NMén a potential is applied across the two junctions,
heat is absorbed at one junction, and expelled at the other, in proportion to the electric

current.

Figurel.2 Schematic Diagraraf a Thermoelectric Cooler

Ceramic Substrat&l l Heat absorbec
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\ ®® D 000
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Substrate

7

Heat Sink
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Figure 1.3 Explanation of Thermoelectric Phenomerid),[1]



The Peltier effect is observed with most material combinations. It describes
the process by which one junction of anmaterial couple is cooled and the other is
heated, when electric current is maintained in a circuit of material consisting two
dissimilar conductors. The thermoelectric effect becomes even more significant when
a circuit consists of dissimilar semiconduct¢i€), 11]

When a current is supplied, electrons are transported fromgtiike pf the
junction to the rside, where they amdevated to a higher energy state. This causes
heat to be absorbed and consequently results in cooling the surrounding area. When
the electrons are transported from th&ige back to the-side, they release heat.
Semiconductor materials used to make Tialude bismuth telluride (BT es), lead
telluride (PbTe) and silicon germanium (SiGe). A TEC device is constructed by
placing several hundred thermocouples electrically in series, and thermally in parallel,
between two pieces of metallized, thermallyaactive ceramic acting as an
electrical insulator. The thermocouples are hui@nnected to the metallized ceramic
via solder. The ceramic substrates and thermocouples are brittle in nature. However,
failure is typically observed at the interface betwdenretallization and the ceramic
or at the solder interconnection. In order to achieve continuous cooling at the low
temperature side of the TEC, heat absorbed at the cold side and subsequently pumped
to the hot side should be removed from the hot sideggussecondary heat transport

mechanism, such as a heat sijik, 11]

1.3.3 Hot Spot Cooling and related Reliability Issues

A hot spot may be defined as a localized region of high heat flux on a

semiconductor device (e.g., IGBT, microprocessor). In general, a temperature
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differential across a microprocessor die can be observed to vary from 5 to 30 K due to
large variations in d&at flux density. These regions of high heat flux often limit the
reliability and performance of the device. Traditional ebgple thermal management
solutions designed to keep hot spots below a critical temperature can needlessly
overcool the rest of dce and increase the heahk load. One of the promising
techniques to reduce the temperature of highly localized, high heat flux hot spots is
through the use of embedded thermoelectric cooling (eTEC). However, with
mitigation of high heat flux in loceded concentrated regions, associated thermo
mechanical stress and strain effects will need to be addressed.

Hot spots can be cooled by either spot cooling or heat spreading by any
number of available pas&\or active cooling methods. [[LIEZxamples of ooling
methods include: high thermal conductivity heat spreading materials (diamond),
microchannel fluidic coolers, or twghase cooling techniques such as jet/spray
cooling or heat pipes. One of the drawbacks of using high thermal conductivity heat
spreaérs is their high cost and difficulty with integration to silicon. Two phase

cooling systems have a limitation of difficulty in manufacturing and modeling.

Heat sink
eTEC
TIM 2 q
TIM 1 «1— Heat Spreadel
IC Substrate

Figure 1.4 Flip Chip Package with eTEC mounted on Heat Spread®r, [1

It is important to realize that the reliability of a thermal management solution

is an important consideration. Thermoelectric coolers have an advantage of no
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moving parts. However, they should &ae to withstand large heat flux densities and
thermal gradients.

In the researh presented by Alley &l. [13 on the reliability testing of thin
film super lattice thermoelectric devices, tfilm super lattice films were subjected
to high power ad temperature on/off cycle testing, which resulted in thermo
mechanical stress generation in the film. Under the above stressed conditions, they
were found to have little change in thermoelectric properties after over 50,000 cycles.

From a reliability sindpoint, it is important to consider the thermo
mechanical properties of the various materials present in a TEC device stack.
Essentially, a TE cooler consists of thermoelectric elements placed between two
metallized ceramic substrates. [[Lfihese elemestare interconnected to the
metallized ceramic substrates via solder attach. The attachment of different material
layers, which differ in their Coefficient of Thermal Expansion (C.T.E.) values, will
result in generation of therrmaechanical stresses. Anetidriving force for thermo
mechanical stresses will be the presence of a thermal gradient across theAtevic
stated in the research [13,]1dne can overcome the thermtechanical stress effects
by using a compliant interface material between the AtEtarget device. Usually,
there are thermal interface materials available for interconnection between the
substrate and heat sink or thermal spreader, which can accommodate the stress effect.
This will ultimately lead to reduction of thermal stress getnaneaat both TE device

and substrate level.
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Chapter 2: Reliability Theory an

2.1 Physics of Failure Perspective of Reliability

AReliability is the ability of a produc
performance limitsfor a specified period of time, under the lifecleyapplication
condi tilons. o0 [15

Stated alternativel vy, i n order for the
fail); it must function under the desired operational and environmental life cycle
conditions(including mechanical, thermal and electrical conditions) in a manner to
meet the user requirements or specified performance limits for a useful life (time can
be expressed in terms of time, miles, cycles, or agyes&e or sequencing index).
[15]

Compaent reliability involves the study of both reliability physics and
reliability statistics. Both provide an important contribution to better understanding
the ways in which components fail, and how the failures are developing in time. They
also provide adckground for understanding and assessing thevadd failure
patterns of component reliability that come to us from field failure studies.
Traditionally, the effort of the reliability engineers has been concentrated on
establishing lifetime patternsrfondividual component types (or for individual failure
mechanisms). Reliability is a collective name for those measures of quality that
reflect the effect of time in the storage or the use of product, as distinct from those
measures that describe the staft the product at the time of delivery (i.e.

manufacturing quality). [4, 6, 15
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For random failures, the reliability of individual parts is typically
characterized by a failure rate)( which defines the fractionf parts that fail over a
fixed time unt. For a constant failure rate, the reliability of an isolated constructive

element is exp-( t), and consequently, theliability of n elements is expnl t).

2.2 Physics of Failure POF process for Reliability Assessment

For failures which are not random but for which the root cause can be
determined, it is more accurate to use a physidailure (PoF) approachThe basic
premise of PoF is that failures can be traced to a fundamental degradation mechanism
(e.g. chemicalelectrical, mechanical, theramechanical}hat is operative for the
design used and the environment in which it is expected to op&iaysicsof-
failure models contain the following two key elements: 1) a load transformation
model that converts thgerational or environmental loads to stress or strain levels
based on the component or system design or hardware configuration, and 2) an
empirical damage model that determines the time to failure for the component under
that level of stress or strain.

Physics of Failure (PoF) reliability engineers are interested in understanding
and controlling the root causes underlying individual failuredl gghases of the
lifecycle. [18, 19 This is done through systematic and detailed assessment of
influence of hardiare configuration and lifeycle stresses on reoause failure
mechanisms in the materials at potential failure sites.

The PoF process for reliability assessment can be divided into three main
steps, which basically include (1) Inputs, (2) Analysis &)dutputs. The inputs to

PoF reliability analysis include: hardware configioma (e.g., materials, geome}ry

14



life cycle load condition (e.g. transportation, storage, handling and application),
operational loads (e.g., power dissipation, voltage, cyrieguency, duty cycle),
and environmental loads (e.g. temperatwegative humidity, shock). [18

The reliability analysis process involves both virtual analysis or simulation
and actual physical testing i.e., accelerated life testing). These ar® uksdrmine
stresses and damage at failure sites undecyifée loading. The reliability analysis
provides design margins for each relevant failure mechanism at each failure site,
stress margins for overstress mechanisms, and life margins for wearahanmsens.
For aggregation to the system level; we can use reliability block diagrams, Monte
Carlo simulations, or Bayesian updates with field/test data, if any. Reliability analysis
may also include sensitivity analysis, where we evaluate the sensifittity product
durability to changes in application, design, and manufacturing process windows..
The final output of the reliability analysis process is a ranking of potential failure
mechanisms and sites that can be used to make design tradeoffs, psavide r

mitigation solutions, or employ for prognostic health monitorjt§, 19]

2.3 ThermeMechanical Reliability

Two of the most common failure mechanisms for power electronic devices are
thermemechanical fatigue of the attachment materials under theyuolithg stresses
and thermemechanical fracture of the die or substrate. To understand these failures

it is important to look at how these thermal stresses arise.
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2.3.1 Thermal Expansion

Most solid materials expand on heating and contract when coolekt. §8]
atomic level, thermal expansion can be understood as an increase in the average
distance between the atoms with increasing temperature as can be derived from the
LenardJones potential energy versus interatomic spacing model for a solid material.
Considering a single dimension, the engineering strain resulting from this change in

length with temperature for a solid material may be expressed as follows:

where, & anda represent the initial and final lergt with the temperature change
from“Y to"Y. The parametesa is called the linear coefficient of thermal expansion.
The coefficient of thermal expansion is a material property that is indicative of the
extent to which a material expands upon heaimd) has units of reciprocal

temperature (i.eC*or FY). As heating or cooling affects all the dimensions of a
body, with a resultant change in volume, the volume changes with temperature may

be computed with the help of following equation.

In the above equatiotYowandc represent the volume change and the
original volume respectively ara is the volume coefficient of thermal expansion. .

a oa for materials which have isotropic thermal expansion coefficient, however,
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in manymaterialsa is anisotropic in nature, which means that this value depends on

the crystallographic direction along which it is measured.

2.3.2 Thermal Mismatch

I n an el ectronics package, itdés a very
different thermal expansion coefficients are assembled together. During
manufacturing and operation, the package goes through various temperature cycles,
which result in differentiethermal expansion of the materials used in the package.
Since the assembled materials are constrained by each other in the package, the
materials cannot expand freely, resulting in significant thermal mismatch stress

generation inside the packade - 6]

2.3.3 Thermal Stresses

The thermal stresses generated in an electronic package can lead to excessive
elastic deformation, plastic yielding or fracture- g The simplest example of the
generation of thermal stress is shown using a homogeneousangissolid rod
that is heated or cooled uniformly (i.e. no spatial temperature gradients are imposed).
If the rod is free to expand or contract, there will be no stresses generated. However,
if the axial motion of the rod is restrained by rigid end sutsp thermal stresses will
be generated. As a result of temperature changefroriy, the amount of stress
generated is given by the equation,

s Ca’'Y Y ©Qa¥YyY

wher e, E i s Youngosa mthalindanceeffimeht ofeghermma t i ci t y

expansion. When the rod is heatéd ( "Y), compressive stresses are generated,
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while if the rod is cooled,”Y Y htensile stresses will be imposed. The stress in the
above equation is same as the stress thaldize required to elastically compress or
elongate the rod specimen back to its original length after it has been allowed to

freely expand or contract from temperatuné: Y.

2.3.4 Stresses Generated due to Temperature Gradients

When a solid body isdated or cooled, the internal temperature distribution
will depend on its size and shape, thermal conductivity of the material, and the rate of
temperature change. These internal temperature gradients can cause thermal stresses
to be generated during ridheating or cooling of the solid. Rapid heating or cooling
causes the temperature of the outside to change more quickly than the temperature of
the inside leading to differential dimensional changes that are restrained by the

adjacent volume elementsthin the piece, creating stress.-[G]

Equilibrium
Solder Attach
Substrates —¥
CTE () <CTE (B)
Cooling Heating

4— Shrinkage —» 4+— Expansion —p

Figure 2.1: Effect of Cooling and Heating on Thermechanical Stress Generation

Similarly, as shown in Figure 2above, when there are two substrates with
different coefficient of thermal expansioasandb attached using with the help of
solder, there will be a difference in the expansion of the two materials when they are

heated or cooled, which is restrained by the other material creating stress. At room
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temperature or equilibrium position, there is no bhegabserved in the two
substrates. However when a system in which C.BRE<(C.T.E ), is subjected to
heating, the bottom substrate undergoes greater expansion leading to a concave
bowing from above and with cooling there is greater shrinkage aukarihe

bottom substrate, leading to a convex bowing from above.

2.3.5 Thermemechanical Failure Mechanisms

An electronic package consists of a number of material systems operating
under electrical, thermal and mechanical loading conditiof$ Many of these
material systems are organic in nature, havinglm@ar properties, which are
sensitive to processing and use conditions.

Leadfree Substrates

Solder ball

Figure 2.2 Schematic view of Flip Clp Ball Grid Array (FC PBGA), [2D

Theabove illustration demonstes such a packaging system.][ROsuch a
flip chip plastic ball grid array (FC PBGA), a silicon die (device) is attached on a
laminate substrate (glass fiber/epoxy) by small solder joints. In order to enhance the
reliability of the solder joints, they are encapsulated by an underfill material. The
underfill process completes the comporentl packaging. The next level of
packaging includes their connection to the printed wiring board by an array of
relatively larger solderdils, which is generally termed as Ball Grid Array (BGA)

solder balls. Some of the common failure mechanism observed in such a system
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include underfill delamination, solder fatigue failure, substrate fracture,
interconnection failure, and die cracking.

The major driving force for occurrence of all of these failures at different
levels in this package is the difference in coefficient of thermal expansion (C.T.E.) of
the different materials used in this package. For example, the silicon device has a
C.T.E. d 2.8 ppm/C and that of laminate substrate is approximately 18 gpm/
hence, there is a large difference in C.T.E. of these materials. This leads to significant
thermal stress generation in the package when they are subjected to thermal cycles
during opeation of the device. As a consequence of this thermal stress, the associated
failure mechanism is die cracking. In most cases, the crack initiates at the die edge
and propagates towards the die active surface. The device functionality is affected
when thecrack reaches the active surface, which ultimately leads to failure of the

component.

2.3.6Stress and Strain Analyses

To predict the stress and strain distributions in a package under the given
environmental and loading conditions, the analyses techomud be analytical,
numerical or experimental in nature.-[8] The theory of analytical methods can be
divided into two basic approaches, namely, structural mechanics or continuum
mechanics method. With the theory of structural mechanics, one consderss
parts of the package as beams, plates and shells, etc. This approach is comparatively
simpler in nature, which is the main advantage. Often times, it is easier to obtain
analytical solutions. However, this technique has a disadvantage, whiekh asldi of

assumptions have to be made: @ As a result, it gets difficult to capture all the
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characteristics of a stress field. On the other hand, a continuum mechanics approach
considers the package as a thd@aensional structure. The advantage dlfiree
dimensional analysis is the accuracy in results obtained. However, the solutions are
generally lengthy and complicated in nature, which will require comparatively large
time for obtaining solution.

Numerical methods are prone to be a better ampréor stress and strain
analysis. Finite Element Method (FEM), one of the numerical methods, is a very
robust and effective tool for computing stress distribution in a package under various
loading and environmental conditions. In this method, we asaymexewise
continuous function for solving a given problem and obtaining the parameters of the
functions in a manner that reduces the error in solution. The underlying basis of FEM
is the discretization of component under consideration into smaller ekemdso,
this method assumes that the stresses on each component or finite element are
constant or related by a linear function. The elements are assembled together to form
a system of algebraic equations through overall compatibility and equilibrium
requrements, with stresses or displacements on each element as the unknowns. The
resulting system of equations is large for geometries wilhn3odel and materials
with nontlinear properties as the analysis input. The number of equations generated
contributedo the time taken for solution of a problem. Often a problem with 3
geometry is reduced to one with-@2model, if possible. [36] This will help in

reduction of the number of equations generated and consequently, the solution time.
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Figure 2.3 FEM Mesh Generation Example (Lum x 1um x 1um)

As shown in figure above, al3 CAD geometry was imported to FEA
software, and a mapped sweep mesh was generated to solve therttesrinamical
problem. As it can be inferred from the figure, the geometry reépicamicrefin
used for dissipating heat from a device using apase fluid. [3 6] The inputs to
the FE model include thermal and structural boundary conditions with use of the
appropriate material properties. In this thermal management problempti® from
thermal side included heat flux application at the die level and convection heat
transfer coefficient application on the midio surface. From a structural standpoint,
the boundary conditions mainly include the displacement constraints mmnaessy
boundary conditions on respective surfaces
easier to solve a complicated problem by considering a unit cell which replicates the
whole system. In the present scenario, as shown above, the system with a large
number of micrefins is reduced down to a simpler unit system by considering a
single microefin base geometry. One of the other things to keep in mind while solving
an FEA problem is the method of mesh generation, meaning the use of correct
element type. fiere are element types specifically designed to solve a particular
physics problem of interest. For a coupled physics problem, example: a thermal
mechani cal system, weol | use an el ement th

thermal and structural prolte Alternatively, an element type designed specifically
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for solving the thermal problem will be used first, which is ideally followed by use of
an equivalent element capable of solving the structural problem. Additionally, a
coupled physics problem will wolve transfer of loads from one analysis to another

along with use of proper boundary conditif3].

2.3.7Failure Criteria and Predictions

An electronics package consists of numerous components, which are
subjected to complex loading conditions and cquosatly, the stress generation is
complex in nature with stresses at a given point in the material often occurring in
more than one direction. [3] If the magnitude of stresses is sufficiently severe, the
stresses can act together to cause failuresimdterial. Selection of appropriate
failure criterion is important to predict the safe limits for use of a material under
combined stress condition. As explained previously, a failure criterion is a theory,
which predicts when a certain combination oésses will act together to cause a
failure in the material. Mathematically, a failure criterion can be explained as follows,

s "Qs hs hs S ORQOQIOT Q

where,s is called the effective stres®s hs hs is a given function which relates
to the principabtressess , s , s ands is a material parameter. If the state of
stress at a given point is expressed as following,

s Qs hs hs s
then, one may predict that the component will undergo failure.nature and type of
failure criterion can be expressed specifically by a combination of the function,
"Qs hs hs . [3- 6] Three commonly used failure criteria based on the material of

application include as per the following table.
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Table 2.1: Selectionfd-ailure Theory Based on Type of Material

. Material
Name Bshshs Si Type
Max. iaxial
Principal UnllaX|a .
smax{ls |,s |.s [} yield Brittle
Stress
strength
theory
Von Mises S Uniaxial
Stress P — — P— yield Ductile
theory c strength
Tresca Uniaxial
failure s=max{s s|ss s|s s|} yield Ductile
criterion strength

If there are sharp flaws like cracks and notches present in the component,
localized stresses can become significantly higher than nominal stresses due to stress
concentréon effect. For modeling failure and understanding the underlying physics,
one should adopt the fracture mechanics approach to capture the localized stress
gradient, which will ultimately lead to failure of the device. The theory of fracture
mechanics i®ased on the assumption that the strength of stress fields is usually

controlled by a single paramet§s.- 6]

2.4 Physics of Failure PoF based Reliability Prediction Models

2.4.1 Weibull Statistical Distribution

The Weibull distribution is @ontinuous probability distribution, named after
the Swedistscientist, Waloddi Weibull.16, 17 One of the main advantages of using
a Weibull distribution is the fact it has ability to capture the features of other
distribution functions like exponentiahd the Rayleigh distributions based on the

values of the shape parametéx The distribution converges or approximates other
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distributions under special or limiting conditions. Also, it can be used to represent
increasing, constant and decreasing lthrates.

The three parameter Weibull pdf (probability density function) is given by:

where,

h = scale parameter

b = shape parameter (or slope)

g= location parameter (or failure free life)

The two parameter Weibull pdf can be given by setind, as follows:

b b

é Q A

. 0
° B h
The mean time to failure (MTTF) of Weibull pdf is given by:

v P

where,G - P is the gamma function evaluated at the valuel—jof p .

The Weibull reliability function can be given as follows:

Yo p Q 7
2.4.2 Effect of the Shape Parametdry
The Weibull shape parameté) (s also known as the slope. The shape
parameterlf) has significant effect on the behavior loé tlistribution. [16, 1T
Different values of this parameter will cause the distribution equations to reduce to
those of other distributions. Whén= 1, the equation for three parameter Weibull

reduces to 2 parameter, which is the case of the exponentiddudion. As shown in
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the illustrationbelow, the failure rates fmorresponding values bfare plotted and it

has marked effect on the distribution achieved.

Weibull Failure Rate with0<B<1,B=1,andpB<1
0.0200

B=3

Failure Rate (fr/time)
—
1]
[=

Time (t) 700.00

=

Figure 2.4 Effect of Shape Paraster on Weibull Failure Rat&4)]

Population withb < 1 exhibits a failure rate that decreases with time bFor
1, the population has a constant failure rate and population® with havea failure
rate which increases with time. As a result, one can model all three regions of the bath
tub curve with th&Veibull distribution and varying values b.

The Weibull failure rate for the case of @< 1 depicts the infant mortality
stage of the bath tub curve, where the failure rate has a high value at time t = 0 and
thereafter decreases with time. Borl, we can represent the failure rate of chance
type failures and the useful life of period failure rate of units. Lastly, we can represent
the failure rate of units exhibiting weaut type failures for values tf> 1, as the

failure rate increases with irease in time[16, 17]
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2.4.3 Effect of Location Parameteg

Effect of Location Parameter y on Weibull pdf

| AN

,,‘ Y ‘... Time, (t)
Figure 2.5 Effect of locaton parameter on Weibull pd64]

The location parameter provides information regarding the time where the

distribution starts. Wheg> 0, the distribution starts at the locatigto the right of

the origin and wheg< 0, the distribution starts at the locatgto the left of the

origin. Hence, as the name implies, the location parangtierc@tes the distribution

along the abscissahe location parameteg)(provides an estimate of the earliest

time-to-failure of units under consideration. The failure free operating period of the

units is the life period from O tp One of the important conclusions to be drawn from

the use of lodgon parameterd) is that, ifg< 0, it implies that the failures have

occurred prior to the beginning of the test. This essentially means that there might be

some defects produced in the material during production, storage, transportation or

prior to thestart of actual usage of the produgias a unit of time, which could be i

hours, miles, cycles, etc. [16,]17
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A failure free operating period is a period of time during which no failures
occur. A location parameter, gamnga@reater than 0, can beenpreted as a failure
free metric. It should not be confused with a maintenance free operating period,

which is a period of time during which a system is reliable without maintenance.

2.5 Fatique LifePrediction Physics of FailurePoF based ReliabiliyModels

2.5.1 Coffin Manson Model

The reliability of solder joints is an important concernhia packaging of
electronics. [2]LSolder joints are known to fail in fatigue by cyclic strain induced by
fluctuations in temperature under operational and environmental loading conditions.
The cyclic strains are produced by the global difference in CTE (Coefficient of
Thermal Expansion)etween the surfaces to be interconnected (e.g. substrates, chip,
device) and the local difference in CTE between the surfaces and the solder.
Morrow proposed a generalized fatigue damage law for metals, which was based on
cumulative visceplastic stram energy density. The Coffiklanson plastic strain
fatigue | ife relationship has been derived
drawbacks with use of Coffin Manson model is that it fails to capture the relationship
among the parameters like frequency, terapee, and lead stiffness, which has
limited its applicability to various problems related to failure/reliability of solder
joints.[21]

On the basis of experimentatitpue data presented by R.N. Wilat
63Sn37PDb solder joints used for interconnectiagliess devices on printed wiring

boards, Engelmar proposed a failure model, [2&hich was later extended to leaded
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parts. Engel mai erds model i ntegrated param
substrate temperature. Hence, his model addresseditegibns of original Coffin

Manson model and proves to be a more versatile model fanjidie prediction of

solder joints. That being said, his model has several deficiencies and assumptions

associated with it. One of the drawbacks associated withdid ra | I's that i1tos
applicable only to certain package types. It did not account well for solder joint
geometry and couldndét handle the creep of
deficiencies of his model butresulbai | dnot el i
which, other research scientists suggested various models, inclodiogeepstrain

based modeJenergybased mode|slamagebasedatigue models [2Rand others to

address the | imitations of Engel maier6s mo
l i mitations, Engel maierdos model is the mos
reliability.

2.5.2 Relationship for CoffirManson Equation

The original CoffinManson equation only includes the shear sti2ify és the
powered term. But the mod#l Coffin Manson relationship gives the fatigue life of
solder joints based on the induced cyclic shear strain as per the following relationship

[21, 23.
0 — QQ
where,0 is the number of cycles to failure, A is a material consints the cyclic

plastic shear strain of a solder joiritis the cyclic frequency)Y is the maximum

temperature duringthecyclei s t he Bol t znsaamempigcalc onst ant ,
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constant, anfl may be thought of as an empirical activation energy. This version
does incorporate a frequency and temperature term. The value of m varies from 1.89
to 2.5, as per literatur@®], and inversely relates the cycisfailure to the shear

strain.

253 Engel mai er6s Model

The equation relating the number of cycles to failure to the plastic staain

developed by Engelmaier[22,23 i n t he early 19806s and

5 om L
where,0 is the mean cycles to faile, - is the fatigue ductility coefficient¢
T ufor eutectic and 60wt.% S#0wt.% Pb solder), and c is the fatigue ductility
exponent.

The fatigue ductility exponeribr near eutectic tihead solders given as
follows:

w mMTCcezpm'Y p&uEpmnlip Q

In the above equatiofiY is the mean cyclic solder joint temperature, which is
the average of the maximum and minimum temperatu@sand "Qis the cyclic
frequency p  "Q p TT TG QjEQA@IGThe model given above is the first version
formulated for leadless chip carriers. In the above equa¥foris the cyclic shear
strain, [4l] which can be computed using the equation below for corner solder joint of
height h in a square ceramic chip carrle€C) with length L. The equation for cyclic

shear strain is given as follows.
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o 0 o o
M @y | Y'Y
where,Y | ¥'Y s the inplane steady state thermal expansion mismatch, which is
given using the following equation.
Vi ¥y Y Y Y YmM € 0Q1 QQ

> Y| ¥y Y Y EREODQI QQ
“Yand"Y are the steady state operating temperatures for the component and substrate,
respectively, andY is the power off, steadstate temperaturg?2]

As compared tthe original Coffin Manson model, the one given by
Engelmaier, as stated above, incorporated parameters for stress relaxation effects, like
cyclic frequency and average solder joint temperature. As it can be inferred from the
equation, this model negledt¢he effect of board warpage and transient strains. The
empirical constants of the model were based on the correlation of isothernmal shea
fatigue data given by WildThe model also assumed that the strain distribution in the
joint geometry is uniform. Tdajoint geometry assumed is a cylindrical solder joint
with fillets on both sides which prevent strain concentrations and offset the effects of
intermetallic embrittlement. One of the other statements he made regarding the
applicability of this model wasat for solder joints with larger solder joint height,
the model does not capture the deviations from the condition of pure shear as the joint
is subjected to tensile and compressive stresses mainly at the interfaces due to joint
distortions. Also, Engelmer assumed a stiff substrate. However, in actual
application condition, we often observe a cyclic warpage in substrate due to the

effects of thermal expansion mismatch and temperature gradient, unless the substrate

is stiffened[22]
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Engelmaier updated ¢éhdrawbacks in his initial model later. He modified the
cyclic frequency term in the model above to focus on the half cycle dwell time at the
maximum temperature. He also modified the relationship with a factor, F, to take into
account effects like cycliwarpage, nondeal solder joint geometry, and brittle
intermetallic compounds.. The modified equations are as follows.

7 " N coQpT
w mMtgoezpmn’Y pgupmnl Ip e

¥ 'O Qg Y'Y
N C_g |

where, F is the empirical factor accounting for second order effettd msrthe

longest distance on the component between solder jf#2ts23]

26Def i ciencies in Engel maierds Model

There are various shortcomings in Engel
partially addressed in later research. Engelmaier identified six caveats in his model
(includes assumptions and areas of concern), which are namely, 1) solder quality, 2)
large temperaterexcursions, 3) high frequency/low temperature, 4) local expansion
mismatch, 5) leadolder CTE mismatch, and 6) very stiff leads/large expansion

mismatches[22, 23]

2.6.1 Shortcomings in the Fatigue Model

Research scientists Barker and Kaspari in tleikks [22] reviewed the
deficiencies in Engel mai er 6sidedltadctarlgue model
which is assumed to be a constant, is a function of thermal cycle temperature ranges.

Additionally, they found that his model is sensitive to tbielar joint height. Also,
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the model doesndét take i nto account the pa
Salmelg22]f ound that his model doesnodot take int
details of the component . fefestiatabetweerthenp!| e, t
peripheral and area type package mpnftions. Scholand et. al. [PAoticed that
Engel mai erds model accounts only for shear
Manson plot for solder is completely dominated by plastic defoomalti fails to

account the elastic strain component.

2.6.2 Solder Joint Height and Quality

Quiality of solder is one of the factors which the industry specific standards of
IPC-SM785 and IP€D-279 state was not incorporated by Engelmaier in his model.. .
Also, Engelmaier, himself, stated that his model is not suitable for solder joints with
heights less than 50 um to 75 um. The rationale given was that for solder joints so
thin, the solder gap is composed primarily not of bulk solder but of the internmetall
compounds (IMCs) formed from the solder reaction with the base metal surfaces. As
a consequence, the equations for life prediction given by Engelmaier are not
applicable. The I MCs dondédt creep at the pr

more brittleand stronger in naturf22]

2.6.3 Local Cefficient of Thermal ExpansionCTE Mismatches

One of the major drawbacks of Engel mai e
the local thermal expansion mismatch between the component terminals and solder as
well as the solder and the substrate or PWB bonding pad. He stated that for

applications where the global thermal expansion mismatch effect was small (e.g.,
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silicon on silicon, ceramic on ceramic), the primary cause of fatigue damage was

local thermal expansn mismatch[22]

2.6.4 Temperature Range

Engel mai er s model al so seems to be app
temperature rang§22, 23] For temperatures beloy20 C, the stress relaxation and
creep in solder joint are incomplete in nature and his model will not hold true for such
conditions.At higher temperangs, more complex methods can be applied to study
the solder joint life. An energy partitioning approach ba applied to study the
effect of creegfatigue damage accumulation on solder joint.

Inresearchby Evans.etl.[22] , it is stated that Engel n
suitable for a temperature range of 0330 C and to a cycle with a symmetrical

hold timeallowing significant stress relaxation.

2.6.5 Cycle Frequency

As per thandustry standard IPGM-785[66] and Engel mai er 6s ow
statement, Engel maierdéds model wil/l not be
the change in strain is very rapid (ifeequency f > 0.5 Hz opt< 1 s), for which

stress relaxation and creep in the solder joint is not a dominant mech@akm.

27Engel mai er 6s Model for Lead Free Solders

The failure model proposed by Engelmaier for SnPb eutectic solders has been
widely adopted and used in the industry. However, since 2006, SnPb solders have
been replaced by leddee solders, in order to comply with RoHS legislation. This

has created a need for a similar reliability predictmodel for such material®23,
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23] In a study conducted by CALCE (Center for Advanced Life Cycle Engineering),
University of Marylandat College Park, the effect of dwell time and mean
temperature on lead free solders (Sn3.9Ag0.7Cu and Sn3.5Ag) was evaluated using
leadless ceramic chip canmri@.CCC) assemblies. Leaded components (TQFPs and
TSOPSs) were also use@?, 23 The test data was then fitted to the fatigue model

form proposed by Engelmaier.

A model was propose@?2,23 for | ead free solders 1in
Fatigue ModelforB8C 405/ 305 Sol der Joint Reliabili
based on accelerated test results, fitted to the Engelmaier model with four parameters
modified by regression analysis. After running an analysis for leadless components,
the predicted resuligere found to be within a factor of two of each other, which was
well within the expected experimental variation.

Based on the data obtained from the CALCE model curve for accelerated test
results, Engelmaier proposed a failure model for SAC405 and SA&80er joints
as follows.
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Engelmaier recommended that this model should be used-oastd lead

free soldein place of the older Engelmaied s model . The values of

shown in the table as followj2, 23]
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Table22Engel mai er 6s Const, 8]t s for Vari

Solder ey “H “H “H "
SnPb 0.325 0.442 6.00e4 -1.74e2 360
SAC405/305| 0.240 0.390 9.30e4 -1.92e2 100
SAC205 < 0.240| not known| not known| not known| 100
SAC105 | <0.240| not known| not known| not known| 100
SnAg < 0.325| not known| not known| not known| -60

2.8 Yielding Phenomenon for Ductile and Brittle Materials

2.8.1 Mechanical Properties of Materials

Themechanical behavior of a material reflects its response or deformation in
relation to an applied load or force. Some of the important mechanical properties
from a design perspective include: stiffness, strength, hardness, ductility and

toughnesg[34]

2.82 Phenomenon of Yielding

When a structure is designed, one of the important factors for consideration is
the fact that the structural material should only undergo elastic deformation when it is
subjected to a given loading condition. A structure whichphestically deformed
will experience a permanent change in its shape and may not be able to perform its
intended function after this permanent deformation. Hence, it is utmost important to
understand the stress level at which this given structural matétiandergo plastic
deformation or the point at which the phenomenon of yielding od@8s34]

In metals, the phenomenon of yielding occurs when we see a gradual transit in
its mechanical behavior from elastic regime to plastic regime under anathjoasl.

The point of transition is generally referred to as the yielding point of the material.

Hence, one can understand the onset of plastic deformation as the beginning of
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yielding in the material. It is often difficult to measure the position of tbkeling

point on a stresstrain curve; hence, a general rule of thumb is to consider a straight
line that is constructed parallel to the elastic portion of the sétesis curve at some
specified strain offset, usually taken as 0.002. The stress camdésg to the

intersection of this offset line on the strassain curve is referred to as the yield

strength §,) of the material under consideration. The units of yield strength are MPa

or psi. For materials having a ninear elastic region, the use of strain offset method

is not possible. General practice adopted for such a case is to define the yield strength
as the stress required to produce some amount of 88ir34]

After onset of yielding, the stress necessary to cause plastic deformation in the
material increases to a maximum point and then decreases until the material
undergoes fracture. The tensskeength is the stress at the maximum on the
engineering stresstrain curve. Alternatively, the tensile strength gives us an idea
about the maximum stress that a structure can sustain under tensile loading. Also, if
this stress is applied and maintaingw structure will undergo fracture. At this
maximum stress value, a neck begins to form at some point and all subsequent
deformation is focused near this neck region. This phenomenon is termed as necking
and it ultimately leads to fracture in the materidie fracture strength corresponds to

the stress at fracturg3, 34]

2.8.3 Cauchy Stress Tensor

With the help of continuum mechanics, we can define the Cauchy stress
tensors (true stress tensor), which gives the state of stress (with nine compsients

at a point inside a material in the defornpdé@icement or configuration. [24, PBhe
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tensor relates a uriéngth direction vector n to the stress vect8P @cross an

imaginary surface perpendicular to n. It can be defined as follows.

Y €8 Y s ¢

where,
S S S S S S S t t
5 S S S S S S t S t
S S S S S S t t S

The Cauchy stress tensor is applicable under change in the system of
coordinates since it obeys the tensor tran

graphical representation of this transformation @4, 26]

Figure 2.6 Components obtress in three dimensions
For material bodies experiencing small deformations, the Cauchy stress tensor
is applicable for their stress analysis. It is a widely used concept in¢lae theory
of elasticity.[24] According to continuum mechanics, a deformation in a solid body
is said to be small when the displacements
be infinitesimally small with respect to the relevant dimension of the body, so that its
geometry and theonstitutive properties of the material (such as stiffness and density)

at each point of space can be assumed to be unchanged by the deformation.
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As per the theory of conservation of linear momentum, if a continuum body is
assumed to be in static equiliom, then it can be proved that the components of the
Cauchy stress tensor in every material point in the body satisfy the equilibrium
equations. Also, according to the principle of conservation of angular momentum,
equilibrium requires that the summatiohthe moments with respect to any arbitrary
point is zero, and hence, we can conclude that the stress tensor is symmetric. Thus,
the original nine components reduce down to six independent stress components.

The three principal stresses are the threemsiglues of the stress tensor. They
are invariants associated with the stress tensor and their values do not depend upon
the coordinate system chosen, or the area element upon which the stress tensor

operates.

2.84 Principal Stresses and Stress Invariants

There are three planes at any point inside a stressed body, called the principal
planes, with normal vectors n referrecatthe principal directions. [RAt this point
the corresponding stress vector is perpendicular to the plane, i.e. paralldieor in
same direction as the normal vector n. At this point there is no normal sheatstress
Principal stresses are the three stresses normal to theses principal planes.

As mentioned previously, the componesijof the stress tensor depend on
the orienation of the coordinate system at the point under consideration. The stress
tensor is independent of the coordinate system chosen to represent it. With every
tensor, there are invariants associated with it which are also independent of the
coordinate systa. Example: a vector is a tensor of order one, which has three

components in three dimensional space. The value of the components depend on the
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coordinate system chosen to represent the vector, however, the magnitude of the
vector is a physical quantitydependent of the Cartesian coordinate system chosen to
represent the vector. Similarly, a second order tensor (stress and strain tensor) has
three independent invariant quantities associated with it. Principal stresses of the
stress tensor are one set ofls invariants, which are the eigenvalues of the stress
tensor. Principal directions or eigenvectors are the direction vectors of this second
order tensor{24]

A stress vector parallel to the unit vector n is given by:

Y /¢ s ¢

where,| is the constant of proportionality and in this case it corresponds to the
magnitudes , of the normal stress vectors or principal stresses.

The principal stresses can be combined to form the stress invarahtant
I3. The first invariant is thedce of the stress tensor and third invariant is the
determinant of the stress tensor. Thus, we can write the three invariants as follows.
[24]
O s s s
O ss ss ss
O sss
The principal stresses are often useful when considering thett#stic medium at

a particular point. They can be defined by the following relationship.
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The maximum shear stress or maximum principal shear stress is equal to one
half the differencéetween the largest and smallest principal stresses, and acts on the
plane that bisects the angle between the directions of the largest and smallest
principal stresses. This implies that the plane of maximum shear stress is oriented 45
from the principaktress planes. The maximum shear stress can be given by the
following equation[24]

p
t - S
C S5 S

When the stress tensor is Rpero, the normal stress component acting on the

plane for the maximum shear stress is-mero and it is equal to the following.

S

allel

2.85 Stress Deviator Tensor
The stress tensar has wo parts [24, ahydrostatic stress tensor (volumetric
stress tensor) pd , which corresponds to the wwhe change in the stressed body and
adeviatoric stress tenser/ , which is related to the distortion in the body.
Accordingly, we can write the stress tenasifollows.
s a pd
where,p represents the mean stress and is given as per the following relationship.

s s s s o
p o o o

The deviatoric stress tensor can be obtained by subtracting the hydrostatic tensor from

the Cauchy stress tens{24]
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Since the deviatoric stress tensor is a second order tensor, it has a set of
invariants, which can be obtainby the same process as the invariants of the Cauchy
stress tensor were obtained. The principal directions of the stress deviatof tensor
are the same as the principal directions of the stress tenspr (

The first, second and third deviatosizess invariant({() @& ®i QB fan

be expressed as a function of the components of stress deviator tensmri{s

principal values ,i andi . They are written as follow§24]
0 i T
0 Ei i P s s s s s s E"C) (@)
) ? C P ’
o AAD i —'0 =00 ©
¢ X Y
Sincei 11, the stress deviatoric tensor is in a state of pure shear.

The equivalent stress or VaMises stress can be defined as following.

_ p
S 0]V) E S S S S S S

2.8.6 Von Mises Yield Criterion

As per the principle of Von Mises yield criterion, materials begin to yield
when the second deviatoric stress invariameaches a critical value. As a
consequence of which, it is often known asuhplasticity or0 flow theory. This
theory is best applicable to ductile materif§]

The theory explains further that a ductile material is said to start yielding
when its Von Mises stress reaches a critical value, known as the yield strength of the

material s . [25 Additionally, the Von Mises yield criterion is independent of the

first stress invarianQ Hence, it can be applied to study plastic deformation in ductile
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materials since the onset of yield of
component othe stress tensor.

Mathematically, Von Mises yield criterion is expressedias: Q (k is the

yield stress of the material in pure shear)h\d%.

On substitution ob in terms of the Cauchy stress tensor components, we get

an equation of theigld surface in terms of a circular cylinder, whose intersection

with the deviatoric plane is a circle with radidsb or -s . As a consequence of

which, the yield condition is independent of the hydrostatic stress.

The equation is given as follows.
s s oL

s o 0Q
Substitutingd in terms of the Cauchy stress tensor components gives yield surface:

p
S - S S S S S S Qs S S

C

The following figure explains how we get the yield surface as a circular cylinder, and

on intersection of this surface with deviatoric plane, a circle with rattjusis

obtained. [25, 2J7
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Figure 2.7 Von Mises Yield Surface inrihicipal Stres€oordinates
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2.87 Maximum Principal Stress Theory
As explained previously, the principal stresses are the stresses which act at an
angleqg that defines the principal directions and where the only stresses are normal

stresses. The following figure gives a better description about §24n8&3]

Y
oy AN
Tyx
e
r
o v X
0 Ox
Txy

Figure 2.8 Transformation to Principal Directions

As per this theory, failure in a materialones when the maximum principal
stress reaches the fracture strength Hence, we need to find the maximum
principal stress in the given material and compare the same with its tensile fracture
strength §+) to predict if the material will fail. This tleey is best applicable to
predict failure in brittlamaterials.

The following graph explains which yielding theory should be used to for
predicting the failure in brittle and ductile materials. It shows the test done on a set of
materials by different sentists (Lessels, Dayidlaghdi, Marin and Grassi). [33,]34
According to the following normalized principal stress plot, we see that brittle
materials follow the maximum principal stress criterion and ductile materials like

steel fall on the yield surfadbat observed by VeMises yield criterion.
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Figure 2.9 Yielding Phenomenon in Ductile and Brittle Materjd&3]
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Chapter 3: TE Cooler I ntegrat.i

3.1 Thermoelectric Mincontact Based Cooling for Hotspot Heat FR&moval

This thesis focuses on the structural integrity of Miomntact based embedded
thermoelectric cooling. This integrated cooling system is designed to remove 5k
W/cn? of heat flux from a 208m x 20Grm hot spot on a HEMT power electronics
device madén an epitaxial layer of GaN on a SiC base. This cooling technology is
based on earlier research [337] on innovative spot cooling methods for high heat

flux regions (% ingudingghé use of MiBtOntactsves shawn in

figure 3.1.
Heat Sink
=
] THS
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TE < —
]
Spacer — | | Spacer
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’ [HS
Fill TIM-2
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Hotspot )
Conventional-contact

Figure 3.1:Schematic of TE Mircontact and Conventional hepot cooling
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In the above research [387], Wang et al. reported that this novel cooling
technique, which places a TE cooler on top of a Montact that is integrated with a
conventionaintegrated heat spreader (IHS) and heat sink, can provide cooling at the
hot-spot (1250 W/crf 400nm x 400nm) about 19C better than that achieved in a

conventional package without TEC.

3.1.1 Minicontact based Cooling Methodology

Thermal consideratiorlsi mi t many of todayds power de
complex functionality and miniaturized electronics packages leading to high heat
fluxes. These high heat fluxes need to be managed, especlattglated high
power regions that are referred to as$mts Future power electronics are expected
to have hospot regions on the die, which can generate heat fluxes exceeding 1000
W/cn? (i.e. more than six times the average heat flux on a current die. Without proper
cooling techniques, such an increase in Heatdould lead to rise in hetpot
temperatures by 3€ or more than thevarage die temperature. [337] A
temperature increase of that magnitude could be expected to severely limit the
performance of the chip, ultimately leading to reduced life oflthéce. As a result,
hotspot cooling has become a primary focus of thermal designs, often more important
than decreasing the average temperature of the die.

Thermoelectric coolers seem a promising solution for hot spot thermal
management because of th@ampact size, passive nature, high religpiland ease
of control [35- 37]. Two drawbacks associated with use of thermoelectric coolers are
their low cooling flux and their poor coefficient of performance (COP). One solution

to achieving high cooling dix and minimizing the effect of the low COP is to spread
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the heat from the small hot spot to a larger thermoelectric deh@eby focusing
the coolingWang et. alhave reported increasing cooling flux for {sptot cooling in
high power electronicwith such anovel TE Mintcontact For the chip package
shown in figure3.1above, a 3D numerical model was used to investigate the thermal
design. A heat flux of 1250 W/dmas applied to hotspot, which had dimensions of
400mm x 400mm. The die thickness used in the study wasmB0A background
heat flux of 70 W/crhwas applied to the die additionally.

Wang et. al. [35 37], reported that as the contact size is reduced, it will lead
to increased cooling flux at the contact, dingctbrrelated with area ratio between
base of TEC device and the Micontact. Another advantage with use of mini
contact based cooling is that the TE cooler can act to remove the heat generated from
hot-spot only without removal of heat from the backgrqueducing the effect of

low COP.

3.1.2 Integration Options

In the current study, the thermoelectric design team proposed two methods by
which Mini-contact based TE cooling can be implemented for the case of a power
electronic device constructed in an® to 5mm thick epitaxial layer of GaN grown
on SiC. The two proposed egration options are (1ljptegrated SiC Mintontact
based TE cooling in which the minontact is machined directly out of the SiCdas
and attached to the TE cooler and@&creteMini-contact based TE cooling in
which the minicontact is fabricated separately of a material other than SiC and then

attached to the SiC die and the TE cooler.
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The materials proposed for the discrete nemmtact include copper, diamond
and silverdiamond composite, mainly because of their high thermal conductivity,
which will be helpful in removal of heat. For the integrated Mimntact option, the
TE cooler is proposed to be attached to the integratedamirtact via solder. On the
other hand, thdiscrete Minicontact will be attached via solder to both the TE cooler
on one side and the SiC chip on the other. The above integration methods are

illustrated in figure 3.2 below.

hermoelectric
Cooler

Integrated
ini-Contact |
w Sic
Substrate

GaN layer

Figure 3.2: Integrated SiC Mhzontact Model (Quarter Symmetric)

This study focuses on a structural reliability assessment of the TE
cooler/Solder Attach/Mincontact/SiC/GaN die stack interconnecto8iC is known
to be a very hard brittle material, which is highly elastic in nature. As an initial
assessment, it was predicted that the failure due to thexesbanical stresses will be
either at solder attachment level or inside the TE cooler. Indhtgters, the detailed

results of thermanechanical structural analysis will be presented.

49



600mm - 650mm

100mm/ 5 mMm

Figure 3.3: Approximate Package Dimensi@Bgle View Half Symmetrig

As shown in figure 3.3 is the quarter symmetric view of the package FEA
model, crossectioned at the center of the hot spot (@80x 200mm). In the current
study, the dimensions of TEC device were supplied by Oaahnologie$ for their
HV 37 model. Detailed dimensional and material stack layer information for this
device will be given in the later chapters. As mentioned previously, the above T
shaped Minicontact design is Isad on earlier research [337]. A solder attachment
of 20mm was used based on the rationale that the solder attachmra&6ld
metallization on each side, with total thickness ofrtDalong with 10rm of SAC

305 solder between the metallization.
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Three design geometries were studmdhe discrete Mincontact. These
were the standard-3hape, along with a lofted shape and a tapered shape. They are
presented schematically in the figure below. One can see that for integration of a
discrete Minicontact, we need solder attachmeriath the top and the bottom. For
both cases, a solder layer of thicknessr@0has been chosen based on the same

rationale mentioned previously.

Thermoelectric
Cooler

Discrete T-shaped
Mini -contact

GaN Iayer_ - SiC
grown on SiC Substrate

Figure 3.4: Discrete -Ehaped Minicontact Quarter Symmetric Model

A SAC 305 solder was chosen for the attachments because it is compatible
with the materials and stable for temperatures up to €30 200 C. Also, for such
a solder layer, elastiglastic material properties are available, which is helpful in
running a nodinear Finite Element based thermstfuctural analysis. With such

properties, one can evaluate whether the solder joint will undeygplastic
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deformation, the extent of the plastic strain and its effect on the Mean Time to Failure

of the solder joint.

Thermoelectric
Cooler

Figure 3.6: Side View Lofted Mini-contact Model
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The lofted Mintcontact geometry is shown in figures 3.5 and 3.6 above and
the tapered mircontact geometry is shown in figures 3.7 and 3.8 below. These
designs are based on optimization of thermal performance, which is related to how
effectively heat can be removed from the-Bpbt. The height of the lofted or the
tapered Minicontact is same as that ofshaped Minicontact, which is 606m. The
width o the top and bottom basef the lofted or the tapered Mhugbntact is also the
same as the-$haped mincontact, which ar&200 mm and 300rm respectively. The
Mini-contact covers a 20@m wide hotspotarea on Gahind 120 nm wide TEC

area at top

Figure 3.7: Taper Mincontact Quarter Symmetric Model
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Figure 3.8: Side View Taper Minicontact Model

As mentioned earlier, the lofted Mioontact model will help in heat removal
efficiency and in turn reducethe r®tp ot t emper at ure. However,
manufacture such complicated shapes. From a design for manufacturability

standpoint, the tapédini-contact geometry can fulfill this requirement.

3.1.3 Material Selection

From a product design perspective, material selection is important as it will
help in reduction of cost and achieving the desired functionality. In the current
research, therare two objectives behind selection of an appropriate material, which
are good thermal management and structural reliability of the-ddmiact structure,
which must last under the desired loading conditions for a million cycles. To achieve
structural rahbility, one needs to consider the importance of temperature gradients
and difference in Coefficient of Thermal Expansion (C.T.E.) of various materials
used in this Power Electronics package, as these factors will act as the driving force

for thermemechaical stress generation.

54



For thermoelectric Mincontact based cooling of the ksjgot, a variety of
materials have been proposed during the design phase. The primary candidates have
been SiC, Copper, Diamond and SiN&amond composite. Copper has good
thermal conductivity (400 W/rK) and has found widespread use in applications,
where a good thermal/electrical conductor is needed. From a structural standpoint,
Copper is ductile in nature and will undergo plastic deformation to absorb stresses
generatedlue to thermanechanical phenomena. With use of Copper as a Mini
contact material, it is expected that failure will occur at the TE cooler level or solder
attachment between TE cooler and SiC Miontact. However, one needs to account
for the high C.T.E bCopper, which is about 188 ppm/K as compared to that of SiC
die, about 34 ppm/K, and will result in a significant C.T.E. mismatch.

Comparatively, if the Minicontact is assumed to be made up of SiC, the
failure site will shift in the Power Electrosigpackage. SiC is a brittle material, with a
very high Youngdés modulus of elasticity (4
in nature. With use of SiC as a Micontact material, one can suppose that the
deformation site will transfer to the TEcoole | evel . However, i1itobs e
consider the fact that SiC has a temperature dependent thermal conductivity. To be
more specific, the thermal conductivity value reduces from an initial value of 430
W/m-K at room temperature 260 W/mK at a tenperature of 100C. Also, the
C.T.E. mismatch effect at chip level can be eliminated with use of an integrated SiC
Mini-contact pillar, as the pillar will be grown on the SiC base.

Finally, diamond is known for its high thermal conductiviRy2000 W/mK)

and high modulus of elasticity. Also, itos
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good initial assumption that the failure site will shift to the TE cooler level. Diamond
also appears to be a suitable material from a structural reliability stahdpothe
C.T.E. of diamond (2 ppm/K) is comparable to that of SiC, hence, the C.T.E.
mismatch effect will not pose a major issue.

One of the important issues to be considered in this study is thermo
mechanical stress generation due to difference TnBCacross the material stack
layers (SiC die, Mincontact, solder attachments and TE cooler stack). The major
chunk of volume of TE cooler is consumed by the metallized ceramic conductors,
which have a C.T.E. value of about 4.5 ppm/K. Bismuth Telluiiilgres) TE
elements are 4050 mm in thickness and have a C.T.E of about 18 ppm/K. Thus,
there is a local C.T.E. mismatch effect inside the cooler itself, and on the global scale
there will be difference in C.T.E. between the TE cooler, the-ouintact and the
SiC substrate. Hence, the C.T.E. of the Miantact plays a major role in this study.
One of the materials, which seems promising as a future application is Silver
Diamond composite, where one can tailor the C.T.E of the material dependireg on th

volume fraction of diamond particles present in the silver matrix.

3.1.4 SilverDiamond Composite as Thermal Management Material

As mentioned previously, one can alter the C.T.E. of the silienond
composite material based on the volume fractiodiaihond particles present in the
silver matrix phase. The requirement of high thermal conductivity and a variable
C.T.E. can be met with use of such a novel material. However, manufacturing of such
composite material is still in research and developmegestThere are various

models available in literature for prediction of C.T.E. of partiokgrix composites.
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As an initial step, these models can be used for prediction of partatiex

composite C.T.E. and they are listed as below.

3.1.5 Rule oMixtures for C.T.E. Prediction

The rule of mixtures is a theoretical method, which can be used for prediction
of various mechanical properties of a composite material (parésiéorced
composites, etc.) It gives an uppand lowerbound on propertiesuch as elastic
modulus, mass density, ultimate tensile strength, thermal conductivity and electrical
conductivity. For example, we can predict the elastic modulus using rule of mixtures
as follows.[8]
The upper bound to modulus is given as follows.

O o Ow Ow

The lower bound or limit can be given as follows.

oa 2O
w0 woO

In the above equations, the letter m stands for matrix phase, which is Nano
sintered Silver and the letter p stands for particle phase, wehiziamond. In order
to make a first approximation to the theoretical properties of Diamond (68#er

(40%) composite (particle phase: diamond, matrix phase: silver), the following

properties (table 3.1), asailable from literature39, 4Q, were ugd.
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Table 3.1: Mechanical Properties of Dianad and Nandintered Silver

Thermgl Thermal Elastic , Yield Density
Expansion Conductivity | Modulus POl SS Strength r
Material | Coefficient K y E Ratio S (16°
y
oot | WKy | @pa) | @Pay | kgimd)
Diamond 1 1800 1050 0.1 60 3.52
Nano
Sintered 19.6 238 9 0.37 27 8.58
Silver

Based on the rule of mixtures stated above, the upper and lower limits to
elastic modulus of Diamond (60%%¥ilver (40%) composite can be given as follows.
The upper bound to modulus is given as follows.

0O o Ow Ow
00 WPTZTE PTNMEPTZTE @ oPO0 @ ¢ 000 O
The lower bound or limit can be given as follows.

00

Od¢ S5 oo

0 & PM¥VPTM*WP T Ob Of ¢
TZPTMWP T Tz W2 p T C&OL@ccOLw

As one can infer from the moduli values above, there is a pretty wide gap in
the lower and upper bound elastic moduli values. Similarly, we can predict the

Poisondbs ratio to be 0.21. (upper | imit) as

The thermal conductivity and coefficient of thermal expansion for a composite
material with such a volume fraction is based on the works of Abyi&)vThey
studied the thermmechanical properties of W and Mo coated diamond in metal

matrices. It waswgygested that these two elements will facilitate composites with high
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thermal conductivities due to their inherent thermal conductivity as compared to other
carbideforming elements. Thermal conductivity for Diamond (60%jlver (40%)
composite was prectied as 834 W/AK and with a coefficient of thermal expansion

of 8.6 ppm/K.

3.1.6 Other Models for C.T.E. Prediction

There are various models available in literature for prediction of thermal
expansion coefficient of pacte matrix composites. [44, iSome of the widely
accepted models include Schapery Model for spherical particles, Turner Solution for
two-di mensi onal model s and Levinds Model
These models are based on the assumption that there is perfect adéteeiem bhe

particle and matrix phase.

Matrix

Particle

Figure3.9 Unit Model Representatiorf @article- Matrix Phases
Schapery Modek given as below. It assumes that the particles are wetted by

uniform, isotropic, homogeneous matrix.

where,
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The subscripts represent different parameters in the above equation. K is bulk
modulus, G is shear modulus, c is composite, m is matrix, p is particle reinforcement
and v is volume fractiom %. [63] Turner Solutiorgives the following equation for
prediction of C.T.E. of particle reinforced composite.

a oo a wu
WL wOL

where,
K is bulk modulus, c is composite, m is matrix, and p stands for particle

reinforcement.

3.1.7 Predictia of Thermal Conductivity usingE Analysis

A simple 3D Finite Element analysis was conducted to predict the thermal
conductivity of SilverDiamond omposite. For this analysis, it was assumed that the
particle shape is spherical and the particles are uniformly distributed in the Silver
matrix phase. The attachment between particle and matrix was assumed perfect with
no interfacial layer present. Fuettmore, it was assumed that the diamond particles
and silver matrix are homogeneous isotropic materials.

In the FE model, the number of particles in the X, Y and Z directions were
considered to be three with spacing between individual particles toninea®d 8
mm. The diamond particles were assumed to em45mm, 6 nm and 7nm in
diameter. Hence the respective diamond volumes fractions considered were 18%,
28%, 44% and 54%A pictorial view of uniform diamond particle phase and silver

matrix is represnted as shown below in figure 3.10.
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Silver Matrix

Diamond*Particles

Figure3.10 FE Model Setup for Prediction of Mechanical Properties
A thermal and a corresponding thermechanical stress analysis were
performed to give an approximate prediction of the thermal conductivity and stress at

particlematrix interface. .
Outside Wall

Temperature
Fixedto 100 C

Element Size:
3.6mm edge
length

Zero displacemen
on bottom surfacd
in X-Y-Z directions

Application of
Heat Flux:
5k W/cnt

Figure3.11 lllustration of Application of Boundary Conditions (Thermal/Structural)

The effective thermal conductivity was

cooling. The temperature differential is shown as below.
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Temperature
Difference
DT=18C

Figure3.12 Temperature Differential for Particle SiZe)(of 4 mm

Temperature
Difference
DT =147 C

Figure3.13 Temperature Differential for Particle SiZe)(of 5nmm
The effective ther mal conductivity can

cooling as follows.

where,

g 0 appleed heat fluxDT is difference in temperature across a thickness of dt.
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Table 3.2: Diamond Particle Spacing and Size Comparison

Inter -particle Spacing = 6mm | Inter -particle Spacing = 8mm
Parameter e F =5mn F =6m F =7m
Diamond
Volume 18% 44% 28% 54%
Fraction
Effective
Thermal 499 W/mK 612 W/mK 548 W/mK 655 W/mK
Conductivity
Von-Mises 11.6-12.7 12.4-13.5 13.8-15.2 14.8- 16.3
Stress MPa MPa MPa MPa
Max.
Principal 31.5-39.6 36.8-46.4 28.6- 35.9
Stress MPa MPa 22-28 MPa MPa
(Compressive)
Von-Mises 5.82e3 - 5.95e3 - 1.09e2 - 6.27e3 -
Plastic Strain 6.49e3 6.62e3 1.22e2 7.66e3
Max.
Principal 1.78e4 2.83e4 2.77e4 3.28e4
Strain

The following figure illustrates the stress/strain contour plot across the panatfix

interface.

Von-Mises Stress Plot

-39 MPa to 35 MPa

9.4 \ll’a 10.5 MPa

Plastic Strain Plot

3.09x103 - 3.76x103

Max. Principal Stress Plot

(3" Principal Stress)

||
¢ =4 pm, Spacing b/w spheres= 6pum

¢ =5 pm, Spacing b/w s|)lu res= 6pum
A

12.4 MPa - 13.5 MPa

-!

3.27x103 - 3.94x103

-46 MPa to -37 MPa

Figure3.14 lllustration of Stress/Strain Plot at Diamond Particklver Matrix
Interface for various Size and Spacing Options in Themaohanial Analysis
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3.1.8 Functionally Graded Silv®&iamond Composite

Since the main reliability issue from a structural reliability standpoint is
generation of thermmechanical stresses due to difference in C.T.E. at a global level
between the TE Cooler, timini-contact, and the SiC/GaN device along with the
presence of temperature gradient of abou€C2&cross the profile, a solder attachment
should be chosen, if available, which will not fail under the given loading conditions.
Based on thermmechanicaldtigue failures observed in power electronics package,
it is observed that the failure in device often occurs at the attachment level, initially
by micro-crack (fatigue) formation. Hence, there is a need for compliant attachment
which can absorb thesesesises, and not fail by fatigue crack formation. One of the
solutions to the C.T.E. mismatch problem is to use a functionally graded-Silver

Diamond compositesaboth the Minicontact andttach, as shown in figure 3.15

below.
Thermoelectric Cooler
_ Effective C.T.E. = f (Bi,Te;, Substrate)
o~ 14 — 18 ppm/°C
Temp. Gradient SENe O O O U TZ‘Q’;‘“,‘ :ﬁ.: me Fraction
AT =25°C
- O O O O O O O O O Diamond Volume Fraction
slobal C.T.E. N =40% - 60%
Mismatch O O O O O O O O Diamond Volume Fraction
Ao~ 10 ppm/°C O 0O 0O O O 0O O | -co%-sm
SiC/GaN Device
- Effective C.T.E.
D Silver Matrix a=3—4 ppm/°C

D Diamond Particle t t

Heat Flux: 5 k W/cm?

Figure3.15 Functionally Gaded MetaDiamond Composite Concept
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As it can be inferred, with use of a functionally graded composite, we can
tailor the properties of the composite material as per the desired requirement. For the
above problem, we have a situation, where we needdmghond volume fraction at
the SiC base level to provide a low CTE as compared to that of silver matrix. This
will also help in removal of heat from the ksyiot region due to the high thermal
conductivity of diamond, and based on rule of mixtures, oneparoximate that the
C.T.E. of the material in this region will be close to that of SiC die. At the level close
to TE Cooler, weol |l need a | ower volume fr
with a higher C.T.E. value, close to that of TE Coolerfimedtl in the range of 16
18 ppm/K. Also, with a higher volume fraction of silver matrix phasar to the TE
cooler, we can ensure a good attachment to the TE Cooler. The above concept of
functionally graded SilveDiamond composite seems to be a goddtsm to the
problem of C.T.E. mismatch, but one needs to understand that manufacturability of
such amaterial is still in a research and development phase. Also, there will be issues
of thermal boundary resistance across diamond particle and silvex medrfaces,
which will need to be addressed by use of a proper adhesive material layer between

the diamond particle and silver matrix phase.
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Chapt:erFinite El ement Model and

In this chapter, the Finite Element (FE) model setup for thanmachanical
structural reliability modeling will be presented. The modeling process is divided into
several steps, namely, (1) CAD model setup, (2) Material properties input, (3)
Selection of Ement type and mesh generation, (4) Application of thermal and
mechanical boundary conditions and (5) Interpretation of modeling results. Details of

steps (1) (4) will be explained in this chapter.

4.1 CAD Model Setup

Finite Element (FE) analysis issamerical method for obtaining approximate
solutions to a given problem. The themmechanical stress analysis problem is
divided into two separate studies, therglectric based Mincontact cooling and
thin-film manifold - microchannel cooling.

For themo-electric Minicontact based cooling, the mechanism of interest is
thermemechanical cyclic fatigue. The driving force to thermechanical stress
generation is the coefficient of thermal expansion mismatch of different materials
used for packaging. Thetegration levels of interest from a structural reliability
standpoint include (1) Mircontact integration with SiC chip, (2) therratectric
cooler integration with Minrcontact and lastly, (3) integration of ther@lectric
elements with metallized Cppr deposited on AIN headers. The integration at
various levels is assumed to be done throughran2€hick joint of SAC305 solder.
SAC305 solder is a ledtee alloy that contains 96.5% Tin, 3% Silver and 0.5%

Copper and is known to be a reliable optionHigh temperature (10 - 150 C)
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applications [30 For manifoldmicrochannel cooling, the failure mechanism of
interest is brittle fracture due to stress concentrations at 1imcoorners. The
stresses are generated due to the temperature gractiess the Silicon Carbide
micro-fin region.

This thermemechanical problem was solved using commercial FEA software,
ANSYS Mechanical APDL, release 15.0, Academic Research version. Use of both

command language and GUI was made to perform the and$fiis.

4.1.1 Thermeelectric Minicontact based Cooling

For ease of modeling and computational time purposes, a quarter symmetric
CAD model was used to represent the whole package geometry. With the help of
such a model, one can reduce the number of equations generated while solving the FE
code as compared the number of equations generated with a full model. Figure 4.1
gives an overview of the quarter symmetric CAD model setup. Different regions of

the CAD model assembly are explained with the help of following figures.

Thermoelectric Cooler

Solder Manifold/Microchannel Cooling
(Fins not shown)

Mini-contact
SiC/GaN Device

Figure 4.1: CAD Model Package
The canplete package is supposed to be connected to the printed circuit board
on the front side (or underside) of the GaN on SiC substrate using a flip chip solder

joint interconnection. As shown below in figure 4.2, the model consists afa 3
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layer of GaN or&iC substrate. During manufacturing of such a power electronics

device, GaN is deposited as an epitaxial layer on the SiC substrate.

Figure 4.2: GaN on SiC

The dimensions of the SiC die are shown below in figure 4.3. As it can be
inferred from the diagram below, the die has a footprint of 10 mm x 10 mm with a
thickness of 100m. With a quarter symmetric CAD model option, the dimensions
are 5 mm x 5 mm. Themensions of three different Mhgontact options are shown

below in figure 4.4.

Figure 4.3: SiC die Quarter Symmetric Dimensions

Figure 4.4: Tshaped, Lofted and Taper Mioontact Dimensions
The Mini-contact dimensions are based on the researcheeday Yang,
Bar-Cohen and Wang3p]. The lofted and taper Mirgontact geometries are based

on the idea of enhancement in heat spreading from theplobtregion to the base of
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