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Abstract 

This thesis demonstrates the feasibility of power cycling a "Flip Chip" assembly for 

reliability assessment. The assemblies studied were Si on Si Multi-Chip Modules 

(MCMs) that were mounted on either an organic FR4 or a metallic (copper) substrate. 

The aim of the work was to investigate how anisothermal temperature distributions 

caused by local power inputs could influence the reliability of devices that would not 

be expected to be effected by thermal cycling. This work was performed using two 

complementary techniques: physically manufacturing assemblies in order to perform 

"real" power cycles, and utilising Finite Element Analysis (FEA) to perform "virtual" 

cycles. 

The MCMs consisted of "heater chips" into which electrical power could be dissipated 

to heat the device locally. These heater chips were flip-chip bonded to Si carrier chips 

by solder interconnections and the entire assembly was then mounted onto a substrate. 

The thermal performance of the MCMs as a result of power input was characterised 

under steady state and cycling conditions using a number of techniques including 

thermal imaging. In addition, many devices were power cycled to evaluate their 

reliability. 

In addition to the evaluation of real devices, a three dimensional finite element model 

was developed o( the same structures. The model initially provided thermal data that 

was validated against that obtained from the real devices operating under the same 

environmental and power input conditions. In addition, it enabled the stress level 

within the solder joints to be evaluated so that insight to the long-term reliability of the 

assemblies could be gained. 

The results of the experimental and modelling work have shown that the thermal 

performance and reliability of the devices depend strongly on the substrate onto which 

the MCMs are bonded. It was found that, using a copper substrate, the temperatures 

reached within the assemblies were greatly reduced and that the reliability during 

power cycling was enhanced. 

Keywords: Flip Chip, Finite Element Analysis, Power Cycling, Reliability, Multi

Chip Modules, Solder. 
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Glossary 

Abreviations 

BGA 

CTE 

DCA 

DNP 

FE 

FEA 

FEM 

FR4 

IC 

IPA 

MCM 

PCB 

SEM 

Ball Grid Array: A packaging method where the intermediate body has external 
connections made by attaching solder balls to large diameter pads, and the fmal 
connection is made typically by reflowing the component. 

Coefficient of Thermal Expansion: The rate at which a material expands when it is 
heated up. 

Direct Chip Attach: (also known as flip chip on board (FCOB» A flip chip packaging 
technology where the chip is placed directly on the circuit board. This method has the 
benefit of offering the lowest packaging profile. 

Distance from Neutral Point: Commonly used when describing the location of a 
feature on a die (such as a connection joint) with respect to some location (normally 
central point). 

Finite Elements: Generic name for the science that incorporates FEM and FEA; this 
involves providing an numerical approximate solution to a problem that may 
otherwise be unsolvable. This method is applicable to a wide range of physical and 
engineering problems. 

Finite Element Analysis: Practical implementation for the FEM. This may be divided 
in to the pre-processing, analysis and post-processing stages. Pre-processing involves 
first discretising a given domain (geometry) into smaller sub regions (elements), 
applying the conditions (boundary conditions, material properties), the analysis 
involves submitting the job to be solved and the post processing is extrapolating the 
useful information from it. 

Finite Element Method: A method of solving partial differential equations, where the 
equations may involve a function u(x) for all x values defined in the domain with 
respect to a given boundary condition. The purpose od the method is to determine an 
approximation for the function u(x) 

(FR- Flame Retardant) Typical material used as an insulating base for circuit boards. 
It is manufactured from woven glass fibres that are bonded together with an epoxy 
resin. Subsequently the board is cured using temperature and pressure causing the 
resin to melt and bond such that the board is rigid. 

Integrated Circuit: A device on which a number of components, typically transistors 
are formed on the surface on a single piece of semiconductor 

IsoproWI alcohol: (alternative name 2-propanol) an alcohol commonly used for 
cleaning applications 

Multi-Chip Module: A packaging technology where one or more die is mounted on to 
an intermediate body, which is then mounted on to a parent substrate. 

Printed Circuit Board (also known as a Printed Wiring Board in the US): A type of 
circuit board that has artwork superimposed or ''printed'' on one or both sides; it may 
also contain internal signal layers as well as power and ground planes. 

Scanning Electron Microscope: A powerful microscope where images are created 
using electrons as opposed to light waves. 
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SMT Surface Mount Technology: A technique for populating hybrids, multi-chip modules 
and circuit boards where packaged components are mounted directly on to the surface 
of the substrate. A layer of solder paste is stencil printed onto the pads and the 
components are attached by placing them on the paste (the viscosity of the past is 
normally sufficient to temporarily hold the components. They are then soldered using 
a either a vapour phase or reflow soldering method. 

THT Through Hole Technology: A technique for populating part or all of circuit board 
where components are inserted into plated through holes (vias). When all the 
components have been inserted they can be subsequently soldered to the board, 
typically either a wave or hand soldering technique is utilised 

UBM Under Bumf) Metallurgy: A layer of material that is able to wet with solder (typically 
gold or nickel) that is superimposed on a material that the solder would otherwise not 
wet with. The material is superimposed on the designated area by a process such as 
electroplating. 

Names for parts of an electronic assembly 

(adaptedfrom http://www.maxmon.com/glossary.htm) 

Artwork Actual circuit layout (including pads and tracks) as used to manufacture a circuit 
board 

Circuit Board Generic name for several interconnection methods; the board may be rigid flexible 
and may be either single sided, double sided, or multilayered. 

Die Generic name for an unpackaged integrated circuit (le) 

Flux Chemical applied to the solderable surfaces (e.g. PCB pad or UBM) that removes the 
oxides that will inevitably impede the solder "wetting", therefore a good solder joint 
to form. 

Lead frame A metallic frame containing leads and a base such that an unpackaged IC may be 
attached. Once correctly positioned the outer part of the frame can be cut away and 
the leads bent into the required shape. 

Pad A conductive area on the substrate where one of the following may occur: a) the pad 
may be a designated area where a component is to be placed; b) the pad may connect 
to a via (e.g. in the case of double sided! multi-layer PCBs) c) the pad may allow for 
external probing. 

Schematic Name for a theoretical (drawn) circuit diagram 

Solder An alloy consisting of tin and other metal(s) used to join less fusible materials 
together. The solder has a low melting temperature (compared with the materials it is 
joining) and this allows the tin in the solder to "wet" the other materials (typically 
either copper, gold or nickel) and form the intermetallic layer that is necessary for an 
adequate solder joint. 

Solder paste microscopic solder balls combined with flux that have high viscosity and can be 
dispensed on to a designated area. Normally this area is a pad on the board where a 
component is intended to be placed later. 
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Solder bump Solder that has been placed on a pad and then reflowed (heated to a sufficient 
temperature that the solder melts) and the surface tension of the molten solder pulls 
the solder into a spherical shape. Upon cooling down, this spherical shape is retained. 

Solder joint Solder that is connecting the pad on the substrate with the corresponding connection 
on the component 

Solder Mask Layer applied to surface of the substrate to prevent solder wetting any other metallic 
surface; holes are patterned into the mask to correspond with the pads on the 
substrate. 

Substrate The base layer for any integrated circuit, hybrid, multi- chip module or circuit board. 
A substrate may be manufactured from several materials depending on the product 
specification requirements. Typical materials include FR4, semiconductors and those 
that are ceramic based. 

Track A narrow conductive connection between two different pads such that a component 
may emit or receive signals. The tracks are superimposed on the circuit board and 
may relay signals with other components or they may run to an external connection to 
a parent! child board or component. 

Via A hole drilled in a circuit board to link two or more conductive layers of a substrate.; 
the hole may be bare in the case when used in through hole technology or may be 
filledllined with a conductive material when used for a double sided! multi-layered 
PCB 

Underfill An epoxy based material utilised in flip chip technology applied between the chip and 
the parent substrate. The purpose is to mechanically couple the chip and substrate 
such that stresses resulting from thermal expansion mismatches are distributed. 

Wafer A thin slice cut from a pure semiconductor 

le package configurations 

Wire Bonding The process of connecting the pads on an unpackaged le to corresponding pads on a 
substrate using fine wires. Wire bonding may also be used to connect the pads on an 
unpackaged IC, hybrid or multi chip module to the leads of a component package. 

Area Array A packaging technology where the area of a components base is utilised for 
interconnection purposes. 

Grid array A packaging technology where components external connections are arranged as an 
array on the base of the package; there are several types 

• Pin Grid Array The interconnection layer consists of conducting pins or 
leads 

• Pad Grid Array The external connections are pads 
• Ball Grid Array Similar to that of the Pad Grid Array however the pads 

have solder balls attached to them. 

Peripheral array A packaging technology where only the area near the edges of the board are used for 
interconnection purposes. 
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Chip Assembly Procedures 

Rel10w A method of soldering surface mount components attached to a board with solder 
paste. The populated board is passed through an oven on a conveyor where it is 
progressively heated to a temperature sufficient to melt the solder paste such that a 
good connection is formed. 

Solder Wetting The alloying procedure that occurs when the tin element of solder comes into contact 
with a compatible solid material. The tin atoms join with the pad! UBM material and a 
resultant intermetallic compound is formed; the intermetallic is a necessary product to 
ensure that an adequate joint has been formed. 

Stencil printing A technique for depositing solder paste on to either a substrate (surface mount) or a 
wafer (flip chip). The wafer! substrate is placed on the surface and a stencil with 
holes (for the pads) is correctly aligned. Solder paste is then placed on top of the 
stencil and a squeegee is then passed across the pattern such that the solder paste is 
forced through the holes and onto the pads. Following this the wafer or substrate is 
inspected and either is populated with components or reflowed (depending on method 
used). 

Vapour phase A method of soldering surface mount components attached to a board with solder 
paste. The populated board is lowered into a tank containing boiling hydro carbons 
that consequently form a vapour cloud. The temperature of the vapour cloud is 
sufficient to melt the solder. However this method is now becoming less popular due 
to environmentallegislations. 

Wafer bumping A flip chip technique where spheres are formed on the dies pad. Solder paste is 
deposited on the pads using a stencil printing technique. The wafer is then passed 
through a reflow oven such that the solder melts and solidifies resulting in spherical 
solder "bumps". Once complete, the wafer can be diced and individual die can be 
subsequently placed on the appropriate pad. 

Wave soldering A method of soldering through hole components to a circuit board. A wave of molten 
solder is generated in a tank and the board is passed over the solder wave by a 
conveyor, the wave then catches the bottom and the components are soldered. 

Miscellaneous 

Solder Wetting The alloying procedure that occurs when the tin element of solder comes into contact 
with a compatible solid material. The tin atoms join with the pad! UBM material and a 
resultant intermetallic compound is formed; the intermetallic is a necessary product to 
ensure that an adequate joint has been formed. 

Thermal Cycle A product verification method whereby a component is physically heated and cooled 
according to a predefined specification. Thermal cycling is normally carried out in an 
oven such that the temperature of the component is dictated by the temperature of the 
surrounding environment. 

Power cycle A product verification method whereby a component generates heat internally as a 
result of a power load applied to it. 

ix 



Symbols used 

R 
t 
T 
U 
k· 
h 

Rob, 
RRT 

T, 
T~ 
U~ 
8 
9 
v 
hx 
x 

Re. 
Nux 

Resistant measurement (n) 
Time measurement (s) 
Temperature measurement (OC OR OK) 
Fluid velocity measurement (m/s) 
Thermal Conductivity (wlM'xK) 
Convection heat transfer coefficient (wlM'xK) 

Measured resistance of assembly with power applied 
Measured resistance of assembly at room temperature 
Temperature of a body surface 
Ambient temperature (temperature of surroundings) 
Free flow fluid velocity 
Velocity boundary layer 
Thermal boundary layer 
Kinnematic viscosity 
Specific convection heat transfer coefficient 
length 

Reynolds number for given conditions 
Nusselt number for given conditions 

x 



Pawer Cycling of Flip Chip Assemblies 

!Chapter1: Introduction 

1.1: Trends in the Manufacture of Electronic Products 

Every 18 months the number o(transistors fOund on a tvpical silicon chip doubles 
(Moo re's law 1965) 

In the present consumer electronics climate, there are persistent demands for a product 

to be of superior quality and performance, yet smaller size than its predecessor. To 

illustrate the effects of just 6 years of product improvement, table 1.1 shows the 

volume reduction of a typical domestic "camcorder" manufactured at two different 

periods in the 1990's (1,2). In addition, the seemingly continuous increase in computer 

processing speeds and memory capacity are well known. 

Feature 1992 1998 . 

No. of components 1800 848 
Density 12 components/cm' 21 components/cm' 
Volume 2380cm' 1598cm' 
Viewing unit B/W charge coupled device ColourLCD 

Tables I.Ia: lllustration of electronic trends over 6 years (I) 

Many of these reductions in size and increases in performance were due to persistent 

changes in manufacturing methods and endeavour to reduce package profile. Possibly 

the most significant initiative in package reduction was the introduction of the Printed 

Circuit Board (PCB). PCBs are typically manufactured from FR4, which is a glass 

fibre epoxy laminate though they may also be ceramic based. The PCB initially had its 

electronic components secured to it by passing the connecting leads through the board 

in specified positions and then soldering them to tracks that were superimposed on the 

PCB (Through Hole Technology fig 1.1a). The components were originally attached to 

the board by hand soldering where an operator soldered each connection with a 

soldering iron; this method was not only slow but also potentially introduced human 

error. Therefore a more efficient manufacturing method was sought, which greatly 

reduced the risk of human error and allowed several components on a PCB to be 

soldered simultaneously. This initially lead to the introduction of wave soldering 

where this allowed a board populated with through-hole components to be mass

soldered by a molten solder wave passed underneath the board; the subsequent drive 
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Power Cycling of Flip Chip Assemblies 

for lower profile led to the development of Surface Mount Technology (SMT). In 

contrast to the through hole technology, SMT PCBs were manufactured with their 

tracks on the same side of the board as the soldering was carried out using either a 

vapour phase or solder paste "rejlow" oven soldering where all the mounted 

components could be soldered simultaneously. These simultaneous soldering methods 

increased the production rate as well as offering greater assurance of product quality. 

Figu,e 1.1a: 
Illustration of through-hole assembly. Note how 
the leads from the component pass through the 
substrate through holes drilled for this purpose 
(vias). The lead ends are hand-soldered or wave 
soldered to connect them to the relevant tracks. 

Solder 

Substrate 

Figure 1.1 b: 
Illustration ofSMT assembly. Note how the leads 
from the component are connected to pads on the 
same side it is mounted on. The connections are 
soldered simultaneously, typically by passing the 
board through a reflow oven. 

Initially the components connected to the board were single passive devices such as 

resistors, capacitors and transistors. In subsequent years, there were developments of 

integrated circuits based on silicon that required several input and output connections. 

As the capabilities of a single packaged electronic component increased, the number of 

necessary Input/Output (IO) connections also inevitably increased. These were 

accommodated for by utilising a lead-frame where several leads would pass from the 

component (typically a silicon die) and connect to the board as shown in figure 1.lc. 

To connect the pads of the silicon die to the lead frame, wire bonding was used and 

until the present day has been used to successfully secure dies with many 10 

connections. This method was available for through hole assembly, however, its 

application to SMT allowed for smaller lead profiles and smaller pad dimensions to be 

implemented in the chip/board design, therefore providing a greater number of 

potential connections for a given area. In order to avoid the additional packaging 

associated with the lead frame, the die was directly wire bonded to the PCB in some 

devices. 

In recent years the drive towards smaller products with more functionality has led to 

the introduction of other packaging methods that enable the maximum number of 10 
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connections in the minimum area. Typically this has required the introduction of area 

array devices where an entire face of a chip can be utilised for connections to and from 

the substrate. However this is a limitation of the conventional wire bonding 

interconnection where only area close to the face edges can be used for connection 

pads, therefore new technologies have been developed to accommodate for this 

connection method. For SMT the area array connections are made using solder balls in 

place where the connections are to be made; this connection methodology is known as 

Ball Grid Array (BGA). Variations of this methodology exist, a common example is 

when the solder balls are substituted for pins resulting in a Pin Grid Array (PGA). The 

ultimate extension of the reduction in package size is the removal of all packaging and 

direct connection of the Si chip to the PCB surface. The technique of flip chip 

assembly enables bare die to be connected to a PCB using solder or a conducting 

adhesive as shown in figure 1.1 d. At present, there is a considerable interest in flip 

chip assembly; in particular, the mobile telecommunications industry has benefited 

due to increased research in flip chip resulting in economic mass production of smaller 

devices (1). Flip chip was first researched in the 1950's by Lucent Technologies 

(formerly AT&T), and later enhanced when IBM Yasu developed the Controlled 

Collapse Chip Connection (C4) process in the 1960's. In contrast to the mature wire 

bond manufacturing method, flip chip involves mounting a chip with its topside down 

and interconnections made by solder bumps to a matching pad array on the substrate 

(typically a PCB) for the case of Direct Chip Attach (DCA) or it may be attached to an 

intermediate body in the case of a Multi-Chip Module (MCM) where connections to 

the substrate are typically made utilising BGA technology. 
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Wire bond 
connection 

Substrate 

Figure 1.1 c: 
Illustration o/wire bond chip assembly. The example shows a die 
attached to the subs/rate via a chip carrier. The connection pads face 
upwards on the die where they are connected to the chip carrier 
utilising wire bonding. Wire bonding directly to the subs/rate is less 

r---"-----, 

Solder joints 
Si die Pads 

common. 

Figure I.Id: 
Illustration of flip chip on board assembly method or DCA. In this instance. the chip has been directly attached to the 
board, though can he attached to a chip carrier first. Note the much shorter distance an electronic signal would have 
to travel through compared with the wire bond example as the pads are themselves closer to the subs/rate. The grey 
solder balls show the more common peripheral array solder joinJs while the clear solder balls represent the extra 
potential connections if an area array grid pattern is used. 

1.2: Advantages of Flip Chip Technology 

With increasing perfonnance and consumer demands, flip chip is likely to become 

ubiquitous in electronics packaging and assembly, especially as the limits are being 

reached for wire bonding technology in tenns of 10 connections per available area. 

This enables the continuation of the packaging trends witnessed in recent years. As 

previously stated, the manufacturing of mobile phones greatly utilises flip chip 

technology and it is anticipated that other technologies will soon adopt this trend. 

There are several reasons why flip chip is an attractive manufacturing method 

compared with SMT or wire bonding (3,4), among the obvious are: 

Lower package profile: As stated in section 1.1, the consumer demands smaller 

packages with increasing functionality. Flip Chip On Board (FCOB) or DCA is the 

smallest packaging technology as it eliminates the peripheral wires or leads that are 

present in wire bond and SMT manufacturing methods respectively. In addition as the 
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connections are underneath the chip (in contrast to around the perimeter) they not only 

allow denser connections, but also free up extra space on the substrate. 

Area Array packages: The ever-increasing number of 10 connections required from a 

die are a significant factor when considering manufacturing processes; flip chip 

enables full area array interconnect as opposed to only the peripheral areas of a die as 

is the case with both wire bonding or conventional surface mount devices. Therefore 

extra area of the board can be utilised for 10 connections without having to reduce the 

pad size on the peripheral array chips. Figure 1.2 shows the available pad area for 

peripheral array and the potential connection space when area array is implemented, it 

can be seen that a much larger area on the die can be utilised for interconnections. 

:,~ 
~l 

" ··f 
,.~ 

.. ~ , 
~"""""~"""""'''''''~"","'1.;'' 

Peripheral 
Array 

Figure 1.2: 

Die 

Area Array 

Illustration of the potential connection space available if an area array 
paltern is used. compared with lhe more conventional peripheral array 
available for wire bond The grey area represents the die while the red 
area shows the potential connection area/or the respective methods 

Shorter [0 connec(ions: The reduced distance travelled by the electrical signal (a flip 

chip solder joint height is typically less than lOOl1m tall, compared to the wire bond or 

lead frame which may be several mm long) enables signals to be relayed faster; this 

feature is becoming more critical as the speeds of microprocessors are constantly 

increasing. In addition to the speed increase, the shorter distance implies less 

impedance and noise. 

Manufacture economy: According to Lau (4), the cost of attaching a die to a PCB 

using wire bond technology is largely dependent on the number of connection pads the 

chip contains; for example, assuming all other aspects of a die are constant, it may be 

the case that only 4 wire bonders are necessary for a die with 30 10 pads, whereas 70 

wire bonders are required for a die with 600 pads (4). Clearly as the amount of 

connection points per chip increases an unacceptably large number of wire bonders 
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will be needed. Conversely, for flip chip assembly, only one reflow oven is required 

regardless of the amount of pads on chips, it can therefore clearly be seen that as the 

amount of pads increases (as it will inevitably, as conswner demands continue to 

grow) the wire bond method will become very impractical and uneconomical if not 

totally prohibitive. Furthermore, as a reflow soldering process is used to secure the flip 

chip to the board it is directly compatible with conventional SMT methods. 

1.3: Disadvantages of Flip Chip Technology 

Though there are several disadvantages of flip chip (4), the fundamental drawback of 

flip chip is the potential impact of thermal effects on product reliability; when an 

electronic die is in service (or powered on) it is well known that the temperature will 

increase in proportion with the power level supplied. Consequently the die will expand 

according to its Coefficient of Thermal Expansion (CTE); in addition, the substrate 

may also heat up and expand with respect to its own CTE. The CTE values may be 

substantially different between the die and the substrate and this will result in a shear 
'. . 

stress in the small solder joints as shown in figure 1.3. While materials thermally 

expanding at different rates is not a new concept in electronics reliability assessment, 

it is especially emphasised from the flip chip perspective due to the small geometries 

of the solder joints (height is typically <lOOIIDl); resulting in little room for flexibility. 

The wires and lead frames used in wire bonding and surface mount technology 

respectively, are long and flexible enough to absorb the crE mismatches between the 

die and substrate. 

cm mismatch results in 
strain in solder balls 
especially end 

CTE of silicon expanding 
~t a specific rate 

. Si die '.' 

CTE of typical FR4 substrate is 
greater than that of silicon 

.. 
mismatch 

<=) 

1._._._.1 

'. 
Figure 1.3: 

Illustration of effects of CTE 
mismatches on solder joints. The 
distortion is exaggerated The 
light grey bumps are in the cool 
state while the dark grey bumps 
are in the hot state 
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As the product experiences temperature changes either due to testing or use in service, 

the die and substrate will be continuously expanding and contracting, therefore 

increasing and decreasing the shear stress. There are several failure mechanisms that 

may be invoked by this shearing action; they may be instantaneous such as plastic 

deformation, or they may be time dependent as is the case with creep and fatigue (5,6). 

These effects shall be looked at in more detail in subsequent chapters. 

Product Reliability Evaluation methods 

Obviously products require some form of testing to investigate the extent these 

mechanisms mentioned contribute to the demise of a product. A common method used 

for assessing damage mechanisms is thermal cycling. This iI).volves heating and 

cooling a component isothermally and holding it at the high/low temperatures. The 

isothermal temperature of the assembly has been considered adequate to investigate 

the CTE mismatches of the die and the substrate and to invoke the time dependent 

mechanisms descr'ibed. This method has been used for many years to demonstrate the 

reliability of electronic devices including flip chip. However this is a somewhat 

artificial test condition and may be a misrepresentation of the stresses an assembly 

would endure in a real environment. The main issue regarding thermal cycling is that 

the heat source is supplied from an external source, hence is independent of the test

vehicle (they are normally placed in an oven and heated this way) resulting in an 

isothermal temperature distribution. In reality the heat from a component will be 

generated internally as a result of the power supplied to it. As a consequence, the 

temperature of the component may be significantly greater than the substrate; hence an 

anisothermal temperature distribution exists. Such an anisothermal temperature 

distribution is more likely to be captured using an alternative product testing method, 

namely power cycling. Power cycling involves supplying a specified power level to 

an assembly for a given time period and then removing the power for an equivalent 

"off' period. The heat involved in a power cycle is generated internally (Le. from 

within the device) and the temperature change endured by the component when the 

power is supplied/removed forms a complete ON/OFF power cycle which is 

equiviUent to the conventional high/low thermal cycle; the fundamental drawback of 

power cycling is that in most cases the ambient temperature cannot be regulated, nor 

can a strict maximum/minimum temperature be enforced. Compared with 
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conventional thermal cycling, the temperature of the assembly is "an-isothermal" 

where the substrate is typically cooler than the component. This leads to a range of 

stress distributions within the device that are difficult to predict and can be 

unexpected. 

For devices where there is no CrE match between the component and the substrate, 

power cycling is likely to show similar results to thermal cycling. However in 

situations where components and substrates are of the same material, which is 

particularly important for Multi-Chip Modules (MCMs) composed of Si chips flip chip 

attached to a Si substrate, thermal cycling is unlikely to stress the device and therefore 

power cycling will be more representative, as has been demonstrated by Trigg & 

Corless (7). They thermally cycled silicon on silicon assemblies (hypothetically a good 

CTE tailored scenario) and found that after 500 cycles that there was only one failure, 

that was attributed to earlier rework of the chip. However, when the components were 

power cycled, a greater number of assemblies were observed to fail, implying a 

different stress distribution from the case when they were thermal cycled. It was 

anticipated that there was an anisothermal temperature distribution present as the chip 

may both heat up faster than the substrate chip (7) and reach a higher temperature; this 

effect may be enhanced depending on the type of substrate the assembly is mounted on 

and the external cooling conditions. Trigg and Corless have highlighted the potential 

hazards of being totally dependent on thermal cycling and highlights why power 

cycling may be a more reliable testing method. 

., 
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11.4: Thesis Aims 

The aim of this thesis is to investigate the effect of power cycling on the temperature, 

stress and reliability of a flip chip assembly. The work involved the manufacture of 

silicon on silicon mnlti-chip modnle assemblies that were power cycled to investigate 

their reliability and such that the temperatures of the different "parts" of the assembly 

conld be seen/measured. The assemblies were attached to either an FR4 or a copper 

substrate such that the different thermal properties of the substrates were also 

investigated. FR4 is a conventional electronics substrate while the copper substrate 

represents a thermally enhanced assembly such as when a heat sink is fixed to a 

component. In order to control the external variables, the experiments were conducted 

in a wind tunnel such that the airflow conld be regnlated. Finite element modelling of 

the assembly was also carried out to understand the thermal effects and consequent 

stress distributions. 
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I Chapter 2: Literature Review 

As outlined in the introduction, the area of electronics reliability is strongly affected 

by the thermal issues regarding an assembly. This is especially apparent in the area of 

flip chip technology where the CTE mismatch may cause excessive shear strain in the 

joints. These effects however, can be minimised by applying a cooling mechanism 

such as a fan or heat sink. This review starts off by analysing the more novel 

approaches to thermal management of high power devices, before looking at 

reliability testing (thermal/power cycling methods) in more detail. 

2.1: Higher Power Flip Chip Assemblies 

Prior to a discussion of issues regarding high power flip chip assemblies it is first 

necessary to define what is meant by "high power." Kranz (1) defines a high power 

device as one with a power density greater than 6.2 Watts/cm2
• Though clearly this is 

an arbitrary figure, it can serve as an approximate guide to differentiate between high 

and moderate power levels (e.g. much greater than 6.2 Watts/cm2 may be confidently 

considered high and lesser values moderate). An obvious application area of high

powered flip chip is an alternative packaging method for computer microprocessors. 

Computer technology (especially microprocessors) are approaching the limits that 

conventional wire bonding may offer with respect to the increasing number of 10 

connections required from a given density. This increasing number corresponds with a 

smaller connection pitch required resulting in microprocessor manufacturers 

considering flip chip as viable alternative to packaged components (2, 3, 5). 

General Application Areas 

There have been some studies considering the possibility of flip chip packaging for 

microprocessors. For example Darnauer et al (2), considered the feasibility of flip 

chip packaging for the next generation of microprocessors by comparing low cost 

organic ball grid array against thin film ceramic land grid array. The feasibility study 

was conducted with respect to electrical noise control and specifically the study 

focused on two types of noise emissions, namely a) core noise, and b) simultaneous 

Page Jl 

1 



Pawer Cycling of Flip Chip Assemblies 

switching output (SSO) noise. The noise measurements were recorded and compared 

against noise recorded from the conventional wire bonded packages and the results 

were analysed for each parameter separately. The results showed no significant 

reduction in core noise over conventional wire bonding technology, nonetheless, 

positioning a chip capacitor near the noise source may compensate for this. SSO 

emissions, on the other hand, had significantly improved over the previous generation 

microprocessor, with the resulting noise emission reduced by a factor of 2. In 

addition, the ceramic land grid array demonstrated superior performance to plastic 

ball grid array due to the lower impedance of its power plane. 

This investigation is useful as it certainly gives credibility to the next generation 

microprocessor being flip chip based, though there are several crucial issues that have 

not been considered. Furthermore, it should be noted that Darnauer only considers the 

feasibility from an electrical perspective (that is to say "is the product capable of 

functioning adequately using flip chip technology?") and does not address the 

mechanical and thermal performance of such packages. 

Thermal Management 

There is limited published data on thermal management for high power flip chip 

assembly, however most methods involve thermally enhancing the package, and 

typically enhancing the substrate material. For most electronic applications, the 

utilised substrate material is FR4, which has a thermal expansion rate approximately 4 

times that of silicon. In order to address the CTE mismatch issues highlighted, a 

potential substrate material should have a thermal expansion rate close to that of 

silicon, and good thermal conductivity. 

Gilbert et al (3) illustrated the temperature reached by high power modules when they 

performed a Finite Element (FE) simulation of a signal processor for military 

applications. The module consisted of 16 GaAs chips 650J.1lIl thick mounted on a 

copper and polyimide flex lOOllm thick mounted on a lOOllm thick alumina substrate. 

There were two 6W power chips in the central region of the board and it was 

calculated that left untreated the chips would exhibit a thermal resistance of 7°C/W, 

resulting in a potential temperature rise of 42°C per chip. An array of metal vias was 

Page 12 



Power Cycling of Flip Chip Assemblies 

inserted into the substrate such that each chip had a via running from the base of the 

chip vertically through the polyimide and into the substrate. The via was in contact 

with approximately 7% of the chip area and subsequent simulations indicated that the 

chips would have a thermal resistance of only IOCfW. The thermal performance was 

greatly improved by the vias providing a highly conductive path between the chips 

and the substrate. 

Traditional substrate materials for high power MCMs include approximately lmm 

thick alumina or 600-650J.1ffi silicon wafers. However in more recent times, 

alternative materials including sapphire and metal matrix composites containing 

silicon carbide are becoming popular. According to Wu et al (4) sapphire is popular as 

it is available at reasonable costs and in large wafer sizes, whereas silicon carbide is 

desirable as it provides excellent thermal conductivity. In addition to this, the overall 

performance of the assembly can be improved by altering the die package. 

Ulrich and Rajan (5) foresaw a novel approach to thermal management of high power 

flip chip assembly. Rather than provide a path for heat flow through the joints and the 

substrate and finally to a heat sink, their theory was to conduct as much heat from the 

die as possible therefore bypassing the interconnection layer completely. The only 

way this could be done was to immerse the chip in liquid nitrogen. Operating a 

component at these cryogenic temperatures offers many additional benefits, for 

instance the thermal conductivity of the silicon and copper are greatly increased and 

furthermore, the rate of many temperature dependent failure mechanisms, such as 

corrosion and electro-migration are greatly reduced therefore resulting in good 

package improvements. Initial tests (5) involved bare chips directly exposed tp liquid 

nitrogen and the silicon yielded excellent thermal resistance (0.15°KlW), however it 

is undesirable to have bare chips in a microelectronic assembly from a reliability 

perspective. After a metal lid was placed on the test vehicle the thermal resistance 

rose to 4°KIW due to a gas gap between the lid and the chip; this gap increased the 

thermal resistance to 18°KIW resistance and forced 80% of the heat generated to flow 

through the solder bumps and the substrate. 
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2.2: Thermal Cycling and associated Phenomena 

Thermal Cycling Description 

The reliability of electronic components and assemblies is often verified by thermal 

cycling test vehicles. Traditionally a batch of specimens or test vehicles is 

manufactured, placed in a cycling chamber and physically heated and cooled between 

a designated maximum and minimum temperature, however it is becoming more 

common to perform virtual thermal cycling using numerical computer methods such 

as FE modelling. When an assembly is cycled there are two types of time periods: a 

ramp time and a hold or dwell time. The ramp time involves the controlled isothermal 

temperature increase to the maximum or decrease to the minimum temperature. The 

ramp rate is typically constant, e.g. Il'C/rninute as shown in figure 2.2a, though the 

ramp rate is occasionally varied to provide specific conditions (6). The dwell time is 

the length of time the component is held at the designated maximum/minimum (e.g. a 

ramp and dwell time of 15 minutes may be implemented as shown in figure 2.2a). The 

temperature limits used vary depending on the solder used, the test vehicle 

requirements and its intended operating environment. Typical examples for 

63/37SnPb solders are 0·100'C for commercial equipment operating in benign 

environments, and -40 to 12S'C for those operating in hostile environments (7); it 

should be noted that lead free solders may have a significantly higher maximum 

temperature due to higher melting points. The trials normally run continuously for the 

required cycle period (20 000 cycles or 2 Y, years in 2.2a), though after a designated 

number of cycles (e.g. 500, 1000, 2000) some test vehicles may be removed from the 

trial and relevant physical analysis is performed on these test vehicles. 
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Figure 1.10: Example of a typical time temperature profile of two complete thermal cycles 
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Stresses and Strains for Solder Joints 

When a flip chip is thennal cycled, there is likely to be a shear stress produced in the 

solder joint resulting from the different CTE values of the die and substrate. 

Principally, mechanical materials subject to a tensile or shear force will exhibit some 

fonn of extension, the amount of which is governed by the material properties and 

may either be instantaneous as in the case of elastic or plastic defonnation or it may 

be time dependent such as those as a consequence of creep influences (8,9). 

Most material defonnation data is obtained from manufacturing and defonning a test 

piece. Typically these are tensile test pieces that are manufactured in a "dog-bone" 

shape where the central section is of a fixed diameter and the larger ends are 

configured in a way to allow the test piece to be secured in a tensometer as shown in 

figure 2.2bi. However, the typical dimensions and the nature of the stresses of the 

dog-bone test piece fail to accurately represent the shear stresses endured by a typical 

solder joint, so test pieces can also be manufactured from two metallic pieces 

positioned accordingly and joined by solder to fonn a lap joint as shown in figure 

2.2bii. Once a large force has been applied to the test piece, it may then be examined 

for the relevant elastic and plastic strain data. 

Figure 2.2.b,: 
A typical dog·bone specimen sample. Central region 
is oJ a fIXed length and diameter. Criteria Jar ends 
depends on the nature of the "stress tensor" 

i i 

Figure 2.2bu: 
Example of the amended specimen test piece used to 
capture small amounts of solder and to simulate 
shear stress 

The plastic defonnation demonstrates the immediate effects large stresses have on a 

material, however materials may also fail if they are subj ect to stress levels below the 

yield stress if the applied stress is held for a significant time period; this phenomenon 

is known as creep. Unlike plastic defonnation, which is fundamentally dependent on 

the magnitude of the applied stress load, accmnulated creep strains show a strong 

dependence on the applied stress, the temperature of the material and the length of 

time the stress is applied for. 
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The significance of creep strain to a material is dependent on the materials 

homologous temperature; the homologous temperature refers to the absolute material 

temperature, T ("K) with respect to the melting point of the material or T m ("K) and 

therefore has values between 0 and 1. At homologous temperatures less than O.4T lib 

the creep strains for most metallic materials including tin based solders is known to 

increase logarithmically with time, hence total creep strains are typically very small 

and seldom result in failure. On the other hand, at temperatures above O.4T rn, creep 

strains are known to be much more prevalent and may well result in fracture if the 

stress is applied for a sufficient time period. The phenomenon of creep is particularly 

important for tin based solders as the Sn63-Pb37 eutectic solder has a homologous 

temperature of 0.65 at room temperature due to its low melting point; lead free solders 

despite the higher melting temperatures, may be 0.5Tm at room temperature. Figure 

2.2c shows characteristic time/creep strain curves for a material subjected to stress at 

constant temperature above and below O.4Trn• It can be seen that for temperature 

(1)O.4Tm) creep strains there are three distinct regions of the curve, namely the 

primary, secondary and tertiary regions. The strain rate can be seen to reduce during 

the primary stage until it is constant throughout the secondary stage or steady state. 

Within the tertiary stage creep strain rapidly accumulates again and the rate increases 

until eventual failure. Most constitutive relationships such as the sinh law (commonly 

used) assume the secondary stage to be the most significant. 

Strain 
S 

Primary 

Initial Strain 
(So) 

Figure 2.2c: 

Fracture 
Secondary Tertiary 

Time 

Schematic of how creep strain accumulates with time for a material at a low homologous temperature 
and a material at high homologous temperature. 
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Creep mechanisms in solder are known to occur in either one of two ways: 

dislocation climb refers to diffusion within the grain or crystal while grain 

boundary sliding refers to diffusion at the surface, either mechanism is dependent on 

the temperature and the nature of the applied stress. Dislocation climb has been 

identified when a large temperature change has occurred suddenly, or at low 

temperatures, while grain boundary sliding is associated with small temperature 

changes and warmer temperatures (9,10). 

From observing a typical time/creep strain curve, there can be some ambiguity in 

determining the exact point when primary creep ends and secondary creep begins; the 

same argument may be made for the secondary and tertiary regions. Due to difficulty 

in characterising the primary creep (Le. the rates and exact time length), it is often 

neglected from solder analysis. However referring to figure 2.2c, it can be seen that 

within the secondary region, the creep strain increases linearly with time. Within this 

region, the accumulated creep strain can be predicted for a given time period. 

Therefore it is the secondary creep region that is commonly used to model or 

characterise the creep in solder when testing electronic assemblies. Most relationships 

used are based on the power law, hence are of the form: -

r' = AT" exp(~~) 
Key , 
i = shear strain rate 
A= constanl 
r-shear stress 
n= stress exponent 
Q=Activalion energy 
R=Universal gas constant 
T= absolute temperature 

Ubiquitous solder testing methods such as thermal cycling have the relevant 

parameters modified such that the necessary conditions to assume steady state creep 

are implemented. Hence most thermal cycling regimes have long hold times and rapid 

temperature change is eliminated. 

Grain boundary sliding is the prevalent creep mechanism for solder within the steady 

state creep stage, and the rapid increase in strain rates in the tertiary region are 

thought to be aggravated by the formation of cavities. Such cavities nucleate at points 

where typically three or more grains meet. Large and irregular grains may also 

increase the stress concentration at these junctions. Plastic strain may also occur 

within the tertiary region, however for the soft-low melting solder alloys this does not 
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result in failure as they can accommodate very large amounts of plastic strain within 

this region. The reason for this is that they are known to deform readily at a given 

stress level compared to their higher melting counterparts. Therefore these low 

melting alloys should be used when potentially large amounts of strain need to be 

accommodated as the higher melting alloys may stress the joints by not relaxing 

sufficiently (11-13). 

Grossmann and Weber (10) investigated the effects of altering the ramp rate and the 

dwell time in thennal cycling on resultant crack growth on various SMT devices 

joined to a substrate using Sn62-Pb36-Ag2 solder. The control test conditions were a 

ramp rate of 80°C/min, with lower and upper limits of -20 and 110°C respectively. 

The standard dwell time was 30 minutes and the thermal cycle trials lasted for 4000 

cycles for all cases. Following the control tests, the crack lengths were found to vary 

from 10% to 65% of the entire connection. The experiment was repeated with two 

different scenarios: one where the dwell time was reduced to 0 minutes and in the 

other, the ramp rate was reduced to 2°C/min. The dwell time was found to have the 

greatest reduction in crack growth, where all examined specimens had a crack growth 

of less than 5% of the entire joint. This effect was anticipated as most of the shear 

strains imposed on the solder joint were stored elastically and there was not sufficient 

time for the stress relaxation to occur. The slower ramp rate was found to marginally 

reduce the crack growth rate as the failure mechanism was thought change from 

dislocation climb (associated with fast ramp times and the more damaging of the two) 

to grain boundary sliding due to the slow ramp rate. Whilst altering the temperature 

would have been useful, it was accepted that reducing the minimum temperature 

would have offered little benefit due to the very low creep rates associated with solder 

at low homologous temperatures. 

Solder Fatigue: Description and Relationships 

The repeated application, removal and reversal of the stress on an object can lead to 

an eventual failure mechanism, namely fatigue which involves crack initiation and 

propagation resulting in material fracture after a number of stress cycles (8,14). It has 

always been desirable to have data detailing the number of stress reversals an 

assembly willlast in service and therefore many relationships have been derived to 
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predict the number of cycles until failure. To begin with, solder strains were obtained 

experimentally utilising strain gauges attached to their devices, however with the ever 

decreasing profile of the packages combined with their increasing complexity it 

became necessary for computer simulations such as FE modelling to be used. The 

successful life prediction of an interconnection normally consists of choosing an 

appropriate constitutive relationship (i.e. one that describes how strain relates to 

stress, temperature and time) and implementing it in the computer simulation. The 

resultant strains can then be obtained and an appropriate model can be used to predict 

the number of cycles to failure. Once a value is obtained, the strain rates and 

reliability predictions can then be verified by thermal cycling manufactured devices to 

failure. 

Failure Prediction Relationships 

Lee et al (14) conducted a comprehensive review of the 14 major fatigue models used 

in solder joint reliability and separated them in to 5 different categories based on the 

fundamental failure mechanism used. They were a) stress based, b) plastic strain 

based, c) creep strain based, d) energy based and e) damage accumulation based. The , 
prevalent methods used tend to be those that are strain based so the main focus shall 

be on plastic and creep strain based models. 

Plastic Strain 

Coffin Manson: This is possibly the most widely used fatigue prediction model. It 

assumes that the cycles to failure is fundamentally due to the plastic strain observed 

within a stress cycle, and is shown below. 

Key 
LJep= Plastic strain amplitude 
er Fatigue ductility coefficient (Typically Fracture coefficient) 
c~ Faligue duclility exponent (typically O.5<c<O. 7) (12) 
NI'" Cycles ID/allure 
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The constants are determined experimentally by obtaining the observed plastic 

deformation and correlating this with the number of cycles untill failure, however 

such tests are inevitably time consuming, and results are typically only applicable to a 

specific solder joint geometry. The largest criticism of the original Coffin Manson 

relationship is that it only assumes plastic deformation is responsible for joint failure. 

This led to the equation being modified by combining it with 8asquin's stress 

dependent relationship such that the elastic strains are considered, therefore the elastic 

contributions are also accounted for and is shown below. 

Key 
Ll&II"= Total strain amplitude 
er Fatigue ductility coefficient (typically true strain atfracture) 
c~ Fatigue ductility exponenl (typically -0. 7<c<-0.5) 
(f,F Fatigue strength coefficient (typically true stress atfracture) 
b ~Basquin'sexponenl (typically-0.12<b<-0.05) (12) 
E= Young's modulus (pa) 
Nr Cycles to/ailuTe 

The combined characteristics are shown in figure 2.2d (12,14), where it can be seen 

that the during the low cycle range, the plastic strain is the dominant failure 

mechanism while for high cycles, the elastic strain is the main contributor_ 

Strain 
amplitude 
(log scale) 

Figure 2.2d: 
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c 

2NI 

I 
I 
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Reversals to failure (log scale) 

Diagram of Ihe modified Coffin Manaon relalionship for slress reversals 10 failure (log scale). The Ihick line 
shows the total strains to failure, the red line shows the failure rates from the original Coffin Manson law (plastic 
deformation) while the green line shows those anticipatedfrom Basquin 's law. Also shown are the corresponding 
changes in the hyslerresis loop and size (12. /4). It can be seen thal plastic deformation dominates earlyeyc/e 
failures while higher eyc/es tend to be influenced by elastic properties 
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Solomon's model relates plastic shear strain imposed on the specimen to low cycle 

fatigue prediction and the plastic strain range must be determined. However creep 

strain is not considered in the model so its use is limited to very short cycle times. 

fly N" =8 p p 

Key 
L1J1p:::2 P lastie shear strain range 
Np= Number of cycles to failure 
a:rcmaterials constant 
8=inverse o/the fatigue ductility coefficient 

The Engelmaier fatigue model relates the total number of cycles to failure by relating 

the total shear strain and improves on Coffin Manson and Solomons relationships as it 

accounts for the cyclic frequency effects, the temperature effects and the elastic

plastic strain rates. However, it is based on isothermal fatigue data, and is only valid 

for specific criteria such as eutectic solders, hence cannot be used for lead free. 

1 

N = .!.[flYt ]; 
f 2 26 

f 

Creep Strains 

Key 
.1)1,= Total shear strain range 
er Fatigue ductility coefficient 2e,- O.65forunderfilledj/ip chip (12) 
Nr Cycles to/ailure 
c- ·0.442.(6xltr TJ +(1.74xl(f')ln(l+.f) 

T.- Mean cyclic soldu temperature ('C) (In c constant) 
I" C!'licjrequency (cycles P" day) (In c constant) 

As previously stated, creep may be separated into two different types: dislocation 

climb and grain boundary sliding. Knecht and Fox proposed a basic creep model 

based on the microstructure of the solder, and the dislocation climb shear strain range. 

C 
N --

f - flyDC 

Key 
C= a constant based on solder microstructure &failure criteria 
L1yoc= Strain range due to dislocation climb creep 
Nr Cycles tofailure 

Syed created a model that accounted for both dislocation climb and grain boundary 

sliding where the equation was partitioned into two parts. The results published 

showed that the dominant failure mechanism changes from grain boundary sliding to 

dislocation climb when fast ramp times are used. One limitation of this model is the 

absence of the plastic deformation, of which Syed claims plastic deformation is not 

applicable to thermal cycling due to the high homologous temperatures and the low 

temperature gradients (Le. the temperature change rates are very small in thermal 
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cycling such that there is only elastic strain developed and the subsequent creep 

strains). 

Discussion: 

Key 
DOBS= Equivalent strainfrom grain boundary sliding 
DdC= Equivalent creep strain/rom dislocation climb 
Nr Cycles to/ailure 

All the models have their relative merits and flaws, namely the models based on 

plastic strain tend to neglect the creep properties and vice versa However, there have 

been attempts to merge two of the models that have neglected the two parts. For 

example Miner has managed to merge Solomons equation with that of Knecht and 

Fox whereby: -

where Np and Ne refer to the lifetime predictions based on the plastic and creep 

components respectively. All the models considered require some form of previous 

experimental work and models such as the Coffin Manson equation require 

knowledge of the strain range, which is dependent on the solder geometry. The creep

based models were derived from the microstructure of solder; many of these were 

based on traditional specimen shaped samples, such as the "dog-bone" and may be 

several millimetres long. Therefore tensile stresses may not be a true representative of 

mechanisms present in flip chip assemblies due to the potential grain size to overall 

dimensions ratio. They do not account for impurities that may be present within the 

solder joint. Furthermore, given the small amount of solder present in a single flip 

chip joint, there may be very few actual grains present therefore influencing the grain 

boundary sliding models (12,14). 

Other models for life prediction are based on energy levels and damage fatigue. The 

energy level models are based on the obtained data from the stress-strain hysteresis 

loops and offer the benefit of capturing the test conditions with greater accuracy. 
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However the models considered are only capable of predicting the number of cycles 

to crack initiation and could not capture crack propagation or failure. Damage models 

are based on either fracture or creep mechanisms and the models are based on the 

theoretical constitutive relationships, and are therefore strongly dependent on the 

created computer model. 

Also there is the ambiguity in the definition of failure; failure may simply be cyclic 

strains that cause some pennanent damage in the solder, it may alternatively be 

defined when a change in resistance is recorded, or the first sign of crack initiation or 

even total joint failure. Some of these mechanisms are extremely difficult to identify 

and track especially given the dimensions of flip chip solder joints. For example 

. cracks are known to arise from microscopic inconsistencies, therefore pinpointing the 

exact time a crack initiates may be very difficult. This may be compensated by 

altering the failure criteria, for example a designated change in resistance 

measurements or total failure (open circuit). 
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2.3: Investigated Phenomena using Thermal Cycling 

Thermal cycling of flip chip assemblies has been used to investigate the impact of 

intermetallic formations, CTE mismatches, die cracking, size limits of packages, the 

effects of underfill, and, especially following recent legislation, lead free solder 

properties. The following section is a summary of some of the typical studies that 

have focused on these topics through the use of thermal cycling. 

Intermetallic Formation 

When a tin based solder wets a solderable material, there is the inevitable formation of 

intermetallic compounds, which are necessary to form a substantial connection 

between the two materials. For example when 63/37 SnPb eutectic solder wets a 

copper surface, two intermetallics are formed: CIl(;Sns (t1 phase) on the solder side and 

the CU3Sn (E phase) on the copper side (15-17). When they are initially formed during 

the soldering process, the layers are very thin, however they are known to grow over 

time. The elevated temperatures of an electronic product in use are known to increase 

this growth rate, and if a product is "active" for a long enough period, then the 

intermetallics may eventually consume an entire joint. Repeated thermal cycling is an 

adequate method of accelerating the growth of these intermetallics (15-17). Pang et al 

(15) thermally cycled test vehicles consisting of a single SnPb eutectic joint 

connecting two copper pads each on a separate FR4 substrate as shown in figure 2.3b. 

The assemblies were thermal cycled as opposed to simple high temperature aging as 

these would simulate the thermal fluctuations of a "real" assembly. The test vehicle 

was designed in a way such that the shear effects resulting from CTE mismatches 

were negligible. The batch was thermal cycled and test vehicles were taken out after 

500, 1000 and 2000 cycles. Along with control samples (Le. those that had not been 

cycled) all of the test vehicles were shear tested and examined for microstructure 

coarsening and intermetallic growth. As anticipated, the examinations showed a 

growth in intermetalIic thickness corresponding with an increasing coarse 

microstructure. It was found that the joints shear strength after 1000 cycles were 

reduced by 8 times that of the control specimens, and those subjected to 2000 cycles 

were reduced by a further factor of 6. These findings were in good agreement with 
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other intennetallic growth studies such as those of high temperature aging of a flip 

chip joint (16), the cycling of tin-plated copper contacts (17) and the generic studies 

of intennetallics (18,19). 

Figure 2.3b: 
Illustration of 
specimen assembly 
as used. 

Copper Pads 

Solder bal~-.J 

FR4 substrate 

The previously described experiment offers a useful insight as to how mechanisms 

influence the strength and reliability of a joint. However, it is noted that the geometry 

of a real assembly is neglected. It would be useful to investigate how the stress 

distribution varies with respect to the location of a joint and also how other factors 

such as die size influence joint fatigue. 

Die Size 

There are many failure mechanisms that contribute to product failure in addition to 

intennetallic growth. For example voids and die cracking are prominent failure modes 

throughout SMT electronics (20), however flip chip must now address new 

phenomena that may compromise the reliability of a product. For example with the 

fine pitch and high IQ count required in many applications, there may be larger die 

sizes required. It is anticipated that by 2012 computer processing applications may 

require die sizes to be 40mm square (21). 

This raises the question: is there a maximum die size for DCA assemblies? The issue 

must be addressed as the corner joints are under the greatest strain and there may be 

some fundamental limit of stress/strains a joint may endure. Schubert et al (21) 

examined the strains in 20x20, 30x30 and 40x40mm dies and compared these with 

those of the currently more common 10xlOmm. This was perfonned using FEA, with 

all dies modelled as being on FR4 substrates, with solder ball heights of 90)lIIl at a 

pitch of 500!!m. The underfills, solder mask, copper pads, UBM and silicon were all 

modelled as linear elastic materials. The eutectic solder however, had to be modelled 

using the non-linear constitutive sinh law such that creep mechanics could be 

considered. Two types of simulations were perfonned, namely a clamped and non-

Page 25 



Pawer Cycling of Flip Chip Assemblies 

clamped board. In the clamped simulation, the board was not permitted to deform in 

the z axis, however, in the non-clamped board deformation was permitted. The 

simulations were thermally cycled a number of times (cycle number unspecified) and 

the results implied the following: though creep strains were largest in the bumps 

nearest to the die edges, they appeared to be independent of the actual Distance from 

Neutral Point (DNP), that is to say as the chip gets larger, the strain in the corner 

joints remains the same. It was concluded that larger dies will be more prone to 

failure, however, this was due to high 10 count, resulting in a higher probability of 

joint failure. Applying the underfill is likely to be more complex, therefore defects 

such as voids are likely to require great attention. 

Underfill and Voids 

The concept of mechanically coupling the die to the substrate by means of an underfill 

was initially proposed by Nakano et aI 1987 and there have been many subsequent 

investigations regarding its influence on solder joint fatigue. As previously stated, the 

role of underfill is to enhance the reliability of a flip chip package and this 

improvement was found to be optimum when the CTE was approximately that of the 

solder balls. Though this effect may reduce the thermal stresses there may be 

additional impact on the chip especially if voids are present. 

Madenci et aI (22) investigated the effects underfill had on the stress concentration 

therefore identifying possible failure sites using FEA. The experiment involved 

creating two models of DCA flip chip assemblies, with one model without underfill, 

and the other with underfill. Both models employed their purpose built Global-Local 

(GL) elements that combined the properties of the solder, underfill and pads. GL 

elements are elements that contained a combination of material properties at the 

relevant interfaces (i.e. chip and pad) such that the necessary model characteristics 

could be accommodated for. These elements were used for the case with underfill and 

versions with properties of only the solder and the substrate were used for the case 

- without underfill. The GL elements were positioned at the corners of the outermost 

solder bump to capture the material properties of both the solder and pad, and they 

were used in the same marmer for the underfilled model. As expected, the chip 

without underfill showed the potential cracking sites at the corner where the ball was 
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subjected to a tensile shear stress. Though also identified as potential cracking points 

on the chip with underfill, the critical region was noted as the point where underfill 

meets the die. The underfill was also noted to reduce the maximum stress 

concentration factor by half in any of the global elements within the model. 

Doi et aI (23) used FE thermal cycling to investigate the effects underfill had on chips 

with heat spreaders attached. The model was created with an a1umina substrate as 

opposed to the traditional FR4. There were several parameters that were to be 

considered. The study focused primarily on two parameters: a) whether there was 

underfill present or not and b) whether the chip had a heat spreader. There were initial 

tests to determine which underfill would be appropriate. The underfill with the lowest 

CTE and the highest Young's modulus was chosen in accordance with a previous 

study by a different author (23). There were 4 models created with the control 

condition being without a heat spreader or underfill. Table 2.3 demonstrates the 

varying conditions tested. 

Case Underfill present Heatspreaderaffached 
1 no no 
2 yes no 
3 no yes 
4 _yes yes 

.. Table 2.3: Summary of conditIOns used In the experiment by DOl (23) 

The outermost solder ball was then analysed for areas with the highest stress, as these 

are most vulnerable to crack propagation. The conditions without underfill (Le. case 1 

and 3) both showed the highest stresses, both at least a factor of four greater than 

those with underfill present. Both case 1 and 3 showed the areas under the most stress 

to be the outermost top corner. The cases where underfill was used, had the stresses 

moved to the side of the solder joint and the stresses were much lower and closer 

together. In addition, it was found that when a heat spreader was attached, 

delamination between the chip and the underfill was the more critical failure mode. 

The size and shape of the fillet influenced the small fillets, with a curved fillet having 

the optimum shape. 
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These results compare well with those obtained by Madenci (22) as they highlight 

identical stress areas for all chips without underfill, though Doi predicts that the 

presence of underfill will displace the stress distribution in the solder bump. Madenci 

does not stress such a prediction. 

Niu & Sarnmakia (24) investigated types of voids that may exist once the underfill has 

been applied and the impact they have on product reliability. FE models of thermal 

cycling were used to investigate the effect of voids. The voids were grouped into four 

different categories: -

• Case 1 Small voids (covering no more than 2 bumps) 

• Case 2 Medium voids (occupying maximum of6 bumps) 

• Case 3 Large central voids (occupying all but the outermost (peripheral) bumps) 

• Case 4 Edge/peripheral voids (where the outermost edges of the voids are not 

covered by underfil1) 

The tests were compared against an ideal scenario (no voids present in the underfill), 

and the results from a previous test with no underfill (worst case). The results were 

then analysed for strain depending on whether they were small or large DNP. For 

small DNP «6mm) with the exception of case 4, the measured strains were close to 

those of the void free module. However, for large DNP (>10mm), the strains in case 3. 

become larger than the edge void, which may compromise the reliability of the solder 

joints. The results therefore implied that a product should be acceptable even if voids 

of case 1 and 2 were detected on chips as large as 20mm. 

These results give confidence in the role of underfill for a peripheral array chip, 

provided the underfill is adequate around the edges of the chip, thereby reducing the 

interconnect fatigue. However, underfill is known to also improve the temperature 

distribution of an assembly by increasing the volume that may be used for the thermal 

path, thus reducing the temperature difference between the die and the substrate. 

Consequently if voids are present in an assembly then they may impede the heat 

transfer from the die to the substrate and a greater temperature difference may exist 

therefore resulting in a greater CTE mismatch between the die and the substrate. 
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Furthermore, if case 3 (a large central void) was present on a sufficiently large die, it 

may cause the board to bow and therefore may be subjected to additional tensile 

stresses. It is therefore appropriate to examine the influence of stresses, where they 

originate from, and their impact on the assembly integrity. 

Die Stresses 

It was previously assumed that a flip chip is in its stress free state when the 

component is cool, however little consideration was given to the fact that the solder 

solidifies at a temperature significantly higher than the operating temperature. Hanna 

& Sitaraman (25) used FEA to investigate the role underfill contributes to chip 

assembly stresses. This study uses complex geometry parameters whereby the stress 

free temperature of the solder, substrate board and silicon die are the temperature the 

eutectic solder solidifies (183'C) therefore the assembly is considered to be in a 

stressed state at room temperature. The underfill is in its stress free state at its cure 

temperature (150'C). Two separate set-ups were considered: -

• Chip l:was 6.35mm had 35 solder bumps at 3811lm diameter at 7621lffi pitch. 

• Chip 2:was 5.8mm had 441 solder bumps at 1451lm diameter at 2541lm pitch 

All other variables were kept constant, i.e. stress measurement positions were 

identical for both chips. 

Chip I was modelled with the viscoplastic models and creep behaviour of the solder 

neglected and this model had the stress values zeroed after reflow and the assembly 

was cured. The product was allowed to cool to room temperature and the stresses and 

warpage of the die were measured. Four different underfills were used, and the results 

showed that the lower CTE of the underfill participated as a factor in the reduction in 

compressive stresses at the die. 

The model of Chip 2 included time dependent models for stress relaxation to allow 

underfill and solder to creep while at room temperature. The stress measurements for 

the die were zeroed at the reflow temperature. It was seen through simulations that it 
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only took 2 cycles for the characteristics to stabilise and once these had stabilised they 

showed a monotonic decrease in terms of warpage as the cycling progressed. 

In contrast to traditional thermal stress studies, where the primary interest is the 

stresses in the solder joint, Michaelides & Sitararnan (26) investigated the effects of 

materials and geometries to the stresses and subsequent cracks in the die. Though the 

maximum stress a flawless die can sustain is large, it should be noted that silicon 

exhibits brittle failure mechanisms, therefore cracks and voids resulting from the 

manufacturing processes may compromise the die reliability. As the focus of this 

study was the die, the solder bumps were modelled as time independent to reduce the 

computational time and error margin. The parameters that were manipulated to see 

the impact on the die stress were: die thickness, substrate thickness, standoff height, 

and bump interconnect pitch. 

The most significant parameter influencing the die stress was found to be the ratio of 

die and substrate thickness. The die size/thickness ratio was kept constant while the 

substrate thickness was varied resulting in ratios between 7:2 and 17:100 (die fust) 

Figure 2.3b shows the schematics when the ratio is 3:1 and 1:3 and 1:1. The largest 

stress was found to be when the ratio was approximately 1, Le. when the die thickness 

was approximately that of the substrate. As the thickness of the die was increased (Le. 

the ratio reduced) the stresses were reduced. According to their study it is even 

possible to induce compressive stresses on the backside of the die therefore reducing 

the risk of cracking. In addition, as the substrate thickness is reduced, there was a 

notable decrease in stress though this is a more gradual change than if the substrate is 

increased. The results were verified by keeping the substrate constant and varying the 

die thickness. The effects of the stand-off height and the solder bump pitch were seen 

to have minimal effect on the die stress. 

l .... :.J I 
a b 
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Figure 2.3b: 
Examples of different die: 
substrate ratios used 
a) RatiO is 3: 1 
b) Ratio Is I:3(optlmum) 
c) Ratio is /:/ (worst case) 

NOT drawn do scale 
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The different die and substrate combinations were physically thermally cycled to 

obtain the first failure of a specific combination. Results varied from less than 100 

cycles for a 5:8 ratio to over 500 cycles for a ratio of 1:3. It is therefore recommended 

that the die be made as Iow profile as possible. 

Design Optimisation 

As weII as identifying and evaluating specific failure mechanisms, computer 

simulations of a thermal cycle can be used to optimise the design of an existing 

assembly by amending specific features and observing how fatigue life can be 

improved. 

For example Tee et al (27) simulated the thermal cycle of an area array wafer level 

chip scale package of an assembly and subsequent lifetime predictions were made 

from the obtained non-elastic strains. FoIIowing this, specific features of the assembly 

were altered to investigate the subsequent effect on lifetime prediction. The 

parameters altered were: - a) the bump height, b) the bump diameter, c) the diameter 

of the UBM pad, d) the PCB pad diameter, e) the CTE of the PCB and f) the die 

thickness. The changes were first applied to each parameter individually such that the 

effects of changing a particular variable may be evaluated. The two most significant 

changes observed were increasing the bump standoff height and reducing the PCB 

CTE rate, improving the cycle lifetime by 17.1% and 22.7% respectively. The greater 

standoff height helps to reduce the shear strain in the joints, while lowering the CTE 

of the PCB towards that of silicon wiII inevitably reduce the shear strain rate endured 

by the joints. When the UBM diameter was increased and PCB pad sizes reduced 

individually they were found to improve the cycle time by 13.5% and 12.3% 

respectively, however when they were both implemented in the model, the predicted 

cycles to failure had improved by 44.9%. As the area prevalent for crack propagation 

is near the solder -UBM interface, it is logical to increase the diameter such that the 

crack takes longer to "grow" throughout the joint, while the smaller PCB pad helps to 

redistribute the higher stresses from the critical bump. After the individual 

assessments, all the optimised parameters were implemented in one model and the 

fatigue life improved from an initial 1014 cycles to 2167 cycles. 
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Stoyanov et al (28-31) coupled a computer simulation package (pHYSICA) with 

design optimisation software (VisuaIDOC) in order to optimise a flip chip design. The 

initial design was first entered and the design variables were modified using iterative 

techniques. Design variables are certain criteria that can be altered by the optimisation 

software; these may be material properties such as Young's Modulus! CTE or they 

may be geometric data such as the standoff height. The variables were altered in 

accordance with the Design Constraints, which are typically the upperllower limits a 

particular value may be, based on the available/possible materials. The aim was to 

optimise the objective function or the final outcome. For the case of flip chip 

assemblies the objective was to minimise the creep strain, hence maximising the 

cycles to failure. 

Two types of iteration processes were used for the design op~imisation, namely the 

results from a control Direct Design Optimisation approach were compared against 

those from an experimental Design of Experiments technique (28-31). Direct Design 

Optimisation (DDO) is a numerical technique that is reliant on improving existing 

designs by iterative means; the process starts with VisualDOC submitting the original 

parameters (design variables) to PHYSICA, then obtaining the solution and checking 

the results. Following this updated values are subsequently submitted to PHYSICA 

for analysis. As DDO is a first order (gradient descent) technique, VisualDOC uses 

gradients obtained from the solver to specify in which direction the relevant design 

variables should be changed (i.e. should the updated variable be increased or 

decreased). It is limited as VisualDOC typically has to submit numerous sets of 

design variables to PHYSICA, where analyses must be run; hence it is impractical for 

use with large models with several design variables. Whereas DDO first starts with a 

single set of values (design variables) the Design of Experiment (DOE) method 

involves VisualDOC submitting several different sets of values to PHYSICA where 

FEA is performed independently for each set. The number of different sets and their 

values are determined by implementing a relevant design algorithm. The response 

data is then returned to VisuaIDOC where the data can be used to generate 

approximations or Response Surfaces (RS); these are mathematical formulae for each 

response considered. VisualDOC solves the given response surfaces by using a simple 

numerical technique thereby saving several different submissions to PHYSICA 
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having to be made. The final set of design variables can then be used to evaluate the 

optimum objective function. 

The material properties altered in this study were the underfills Young's modulus and 

the CTE, while the geometric parameters were the standoff height, the die height and 

the substrate thickness. In (29), both the iteration techniques were used to optimise the 

fatigue life of the solder joints. The cycle life of the initial specification and those 

obtained from the final optimised design are shown in table 2.3b, also shown are the 

number of cycles needed to achieve the optimised values. It can be seen that the 

number of analyses using both techniques increased the life time predictions to almost 

identical values, however the DOE method optimised the design in less than half the 

number of analyses needed for the original DDO method, therefore saving the 

resources needed to perform several analyses. 

Variables Initial Design Direct Design of 
Experiments 

Number of Cycles (life 4540 19744 19742 
time estimate) 
Number of analyses N/A 65 27 
needed to optimise the 
design 
Table 2.3b: Ongl1lai and optimised lifetime predictIOns (cycles to failure) and the number of times the analysIs was run 

The studies of Stoyanov et al are useful as the parameters that produced the optimum 

results can then be passed on to PCB manufacturing/assembly plants as design 

recommendations. In addition to the reduced number of calls to the FE program, the 

DOE approach also offers the benefit of allowing sensitivity analysis to be performed. 

This allows the user to see the impact that changing one design variable has on the 

objective function. While the study of Tee et al may not thoroughly optirnise a 

potential design in the way of Stoyanov et al (28-31), Tees study does offer some 

basic sensitivity information similar to that of the DOE approach. Furthermore Tee et 

al, highlights the combined effect of optirnising two or more features, such as the pad 

sizes where the two optimised pads were found to have a much greater impact than 

they had individually. This sensitivity data may be useful for electronic companies as 

the efforts to change the specification of all the manufacturing equipment may be 

prohibitive (in terms of costs and loss in production time) but to implement some of 

the changes may be feasible. 
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12.4: Power cycling 

Physically heating up and cooling down an assembly as described in the thermal 

cycling section may seem like an adequate method of obtaining the stress data from a 

flip chip assembly but what exactly does it achieve? Surely such stresses would be a 

mis-representation of the actual thermo-mechanical properties of an in service 

package where both the heat source and path(s} are likely to produce a substantially 

different thermal (and subsequent stress) distribution from those of conventional 

thermal cycling. In many cases, results obtained from thermal cycling may be 

misleading with inaccurate stress predictions (32-4). 

An excellent example of such a misrepresentation can be found in the parametric tests 

of Trigg & Corless (32). They compared the thermal and power cycling trials of a 

silicon on silicon MCM. Theoretically this was the best CTE scenario and indeed, 

there were no genuine failures obtained during the thermal cycling trials. However, 

when the assemblies were power cycled, there were found to be several failures 

observed within the same time period. During the power cycling the die was likely to 

have endured a higher and more rapid temperature change than the substrate. 

Furthermore, these effects may have been further enhanced if the substrate was 

attached to a heat sink or if some other cooling mechanism was implemented, also, 

considering the probable size/mass difference between the die and substrate there is 

always likely to be a significant temperature difference between the two and therefore, 

a shear stress in the joints. 

Another parametric study was conducted by Towashirapom et al (33), where area 

array dies were mounted on FR4 substrates, and the finished assemblies were both 

thermal and power cycled. Both trials were configured such that the die was subj ected 

to a 100'C temperature change regardless of whether it was thermal or power cycled. 

The power cycled assemblies endured an ON transient temperature increase 15 times 

faster than that of the equivalent ON ramp rate during the thermal cycle trial as well 

as exhibiting the anisothermal temperature distribution associated with power cycle 

trials. However, in contrast to the results of Trigg & Corless, the results from the 

power cycle trials implied better reliability than for the thermal cycling trials. The 
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contradiction in this case may be due to the isothermal conditions of the thermal cycle 

and the comparatively large CTE of FR4 compared to silicon; during the power 

cycling trials the substrate was significantly cooler than the die, so it expanded less 

and therefore a smaller shear stress was generated in the joints. They also conducted 

3D FE models of these studies and were found to be in good agreement with the 

experimental results. 

In addition to providing a more accurate stress distribution, power cycling may offer 

additional information as to the manner in which an assembly is likely to heat up/ cool 

down in service. For example Sur and Turlik (34) performed power cycling trials on a 

silicon die mounted on an aluminium nitride substrate, where the temperature of each 

body was monitored. The results revealed the behaviour of the components during the 

power ON stage, where it was observed that both the die and the heat sink would heat 

up very quickly, while the substrate and interconnection layer would heat up more 

slowly. Upon cooling down the heat sink cooled the fastest, while the substrate took 

the longest to cool. It was found that on power-up the assembly reached steady state 

after only 20 seconds but the cooling stage took much longer. Subsequent FE models 

characterised the transient behaviour and it was found that for the first three seconds 

the solder joints endured a shear stress in the opposite direction to that anticipated 

from conventional thermal cycling studies, before the substrate heats up and the larger 

CTE of the substrate sheared the joint in the "correct" direction. This phenomenon 

was attributed to the time required for the heat to pass through the interconnection 

layer and reach the substrate due to its low conductivity. The simulation provided a 

better representation of the transient behaviour a flip chip is likely to be subjected to 

in real life and many of these observations are undetectable in traditional thermal 

cycling. 

A further advantage of power cycling is that it offers potentially large savings on the 

long test times needed to perform an adequate number of thermal cycles. These long 

test durations are costly to manufacturers who are required to perform such cycles to 

verify their product before it is commercially released. Lenkkeri and Jaakola (35) 

investigated whether power cycling is a viable alternative to thermal cycling. The 

cycle time may be reduced to as low as one minute, therefore the number of cycles per 

day could potentially be as large as 1440; the equivalent number of cycles may take 
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60 days when using traditional thermal cycling (based on the thermal profile as shown 

in figure 2.2a). They also found that by altering the power level that the temperature 

amplitude can be varied to an extent. 

In addition, this allows the stages or the nature of a failure to be analysed. Zhiang and 

Baldwin (36) power cycled area array chips that were mounted onto an organic 

substrate where both individual bumps and complete daisy chains were monitored by 

measuring the resistance changes. They identified 4 stages of joint failure: a) gradual 

resistance growth- the resistance of a joint increases from its initial measurement; b) 

stabilisation, where the bump resistance stops increasing and stabilises for a period; c) 

intermittent failure, characterised by when a joint fails at a high temperature, though 

continuity is detected at the low temperature (characterised by spikes or sudden jumps 

in resistance readings) and; d) permanent failure when an open circuit is detected. 

As power cycling is known to stress joints in a different manner from thermal cycling, 

there may be different failure mechanisms apparent. Roesch and Jittinorasett (37) 

power cycled gallium arsenide chips on a laminate substrate flip chip bonded with 

copper plated bumps on both the chip and substrate UBMs adhered with solder and 

they noted two types of failure in the joints. The first was cracking along the interface 

between the UBM and copper bumps typically associated with their bump shear tests. 

The second failure was solder fatigue associated with traditional thermal cycling 

results, however in contrast to crack propagation in the middle of the joint, cracks 

were observed in the intermetallic compound. 

In addition to the stresses induced by thermal characteristics, power cycling can also 

be used to investigate high power levels where void nucleation may be instigated by 

electro-migration. Liu and Irving (38) investigated this effect by power cycling two 

FE models of the same device. The control model considered only the thermal 

influences while the second model had the electro migration criteria implemented. 

They were left to complete 4 cycles and the results were analysed. It was found that 

the electro migration model had stress levels double those of the thermal model, and 

the total fatigue life was therefore quartered. 
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Though power cycling is a perfectly viable reliability testing method, conventional 

thermal cycling is still very much a preferred means of proving a product, as power 

cycling has its associated limitations; although there has been an increase in interest in 

the past 5 years (33,35-39). For example, power cycling is commonly conducted in a 

natural environment where the ambient temperature may vary significantly on a daily 

basis. Thermal cycling has the temperature boundaries specified for a time period, 

allowing for repeatability and hence greater compatibility with alternative verification 

methods such as FE simulations. Furthermore, many of the lifetime prediction 

methods used are based on an isothermal profile (39) as is the case when a component 

is thermal cycled. While the number of studies primarily focused on power cycling is 

somewhat limited, it is still often used as a means of verifying other thermal cycling 

results. For example Barton et al (40) used power cycling and thermal cycling along 

with several other reliability tests to prove their novel MCM design. 

While the number of power cycling trials reported are small compared to the number 

of those utilising thermal cycling, there is even less work reported that uses FE 

modelling as a means to simulate power cycling. Sur and Turlik (34) simulated a 

single power cycle of their assembly using FE models. However, they obtained the 

device temperatures from measurements of their "real" devices and these 

temperatures were then entered into the model as boundary conditions such that the 

thermo-mechanical data could be obtained. They did not however model the initial 

power generation in the chip with the convection modes used, so their model was 

adequate for obtaining resultant stresses of a thermal model, but could not be used to 

obtain a thermal profile of an assembly from first principles. For example, using an 

FE model to indicate how a given set of power and cooling parameters can result in a 

specific temperature/stress distribution. Towashiraporn et al (33) successfully 

modelled the area array examples they power cycled, where the heat was generated 

inside the die and a convection heat transfer mechanism was implemented with 

several assumptions. Their model accurately predicted the maximum temperature of 

the die, but failed to correctly characterise the transient profile. Likewise Ham et al 

(41) performed FE simulations of an assembly that had been tested by experimental 

power cycling. The FE simulation was performed first as a steady state thermal 

analysis and then a second stress analysis was run. The steady state analysis featured 

the heat generated internally and a temperature dependent convection coefficient was 
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used. After the thennal profile was obtained the thennal profile was entered into the 

stress model in the same way as Sur and Turlik. However, while this model may 

characterise the stress profiles once the assembly reaches steady state, it completely 

omits the transient behaviour of an assembly, including the transient stress profile. 

There has been little work published regarding the influences of material properties on 

the thenno-mechanical profiles of a particular assembly during power cycling. 

Lenkkeri and Jaakola (35) used different materials to investigate the resultant 

temperature differences, though it appears their objective was to investigate how a 

given substrate may create a different cycling condition, and were less concerned with 

how it may influence the properties of an assembly subjected to a specific power 

level. 

The ethos of FE is that it allows potential amendments to an existing design to be 

analysed without the task of actually building the model. Finite element analysis has 

been used to some degree in power cycling studies though its use has been restricted 

to evaluating a model that has been built, i.e. all of the examples from the literature 

required the assembly to be physically built such that necessary thennal details could 

be obtained. There has not been an FE model capable of obtaining the temperature 

profile of a flip chip assembly for a given power level from first principles (they all 

required an assembly be manufactured and thennally profiled first) and the additional 

effects of various material properties have not been fully investigated. 
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12.5: Conclusion 

The work presented so far has evaluated the scope of research into flip chip reliability. 

There is much published work investigating the effects of phenomena such as 

intermetallic growth, voids and the role of underfill. The recent practices of assessing 

the nature of these failure mechanisms appears to be favouring virtual "Finite 

Element" simulations as opposed to practical trials saving on the long times needed to 

cycle a batch of assemblies. 

Thermal cycling has been the favoured method of evaluating component reliability 

though there has been a recent burst of interest in power cycling that is believed to 

offer more realistic operating conditions and the additional benefit of shorter trial 

periods. The published work of accurate computer modelling of power cycling work 

is somewhat limited, and the work published so far, in one way or another has a 

strong dependence on "real" power cycling trials. 
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Chapter 3: Manufacture of Si on Si MCM assemblies 
, " "', ..' , ','" " 

13.1: Introduction 

13.1.1: Background ] 
Typical failure mechanisms for a flip chip module have previously been identified as a 

result of fatigue in the solder joints. This fatigue is a direct consequence of the 

Coefficient of Thermal Expansion (CTE) mismatch between the chip and the 

substrate; they may heat up and cool down at different rates and this causes a shear 

stress in the small interconnecting solder joints eventually causing the joint fracture. 

The classic ways in which these mechanisms are identified and verified is by thermally 

cycling components as described in the literature review. 

Theoretically, this phenomenon can be minimised, if not completely eliminated by 

matching the relevant thermal properties of the chip and the substrate. One such way 

to do this is to have identical materials for both the chip and substrate. Trigg & Corless 

(1) thermally cycled silicon on silicon assemblies (hypothetically a good CTE tailored 

scenario) and found that after many cycles that there was only one failure, which was 

attributed to earlier rework of the chip. 

While matching the CTE of the chip and substrate may prove satisfactory for the case 

with thermal cycling this is not necessarily the case with power cycling, as an 

anisothermal temperature profile may exist. This anisothermal temperature distribution 

may be present as the chip may both heat up faster than the substrate chip (1) and 

reach a higher temperature This effect may be enhanced depending on the type of 

substrate the assembly is mounted on and the cooling conditions. 

The aim of this part of the work was to investigate to what extent the fatigue failure 

mechanism would be present in an MCM assembly subject to power cycling 

conditions and to investigate what parameters may influence this mechanism. (e.g. 

power input and substrate material.) This section details the chips and substrates used 

in the MCM, how the chips were prepared for the fmal assembly and how the 

manufacturing method was refined. 
~r",';"'·,u'·_--,-_ ~-'-'~·'··r -.~"-,, """'?-'-<'-~_""' __ ~""""'~" ,~-.-< ,- '~~"'~''''"'>-'' .. _,_ -," .... ,,~_ .... ,,~ ... ~~~ .•. ---... """'..-_""' .. ___ ._._"~ __ .. _.~_~._;-,-:-""" ... -'-...... ,."-, , 
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13.2: Component Description 

3.2.1: Multi-Chip Module Description (a general overview):-

The MCMs used in this study consisted of ASH0034 "heater" chips and ASH0045 

"carrier" chips originally manufactured by GEC Plessey semiconductors. These 

devices were assembled and subsequently tested using conditions equivalent to those 

modeled in the FE simulations. Both the heater and carrier chips had their pads capped 

with solder by being dipped in a solder bath, as opposed to the conventional wafer 

bumping methods, resulting in a small volume of solder deposited. The MCM was 

assembled by placing the heater chip on top of the carrier chip which was then passed 

through a reflow oven with a suitable profile. Schematics of the carrier and heater 

chips used for the power cycling are shown in figure 3.2.1. In addition, a brief 

description of the various paths and connections within the MCM is presented in table 

3.2.1, while the overall route for assembly of the heater onto the carrier chips is 

summarised in figure 3.2.2a. 

Path Typical Purpose 
name/Number. Resistance 
Thick 270. Provides power to the heater, hence allowing the assembly to 

increase in temperature 
1 4.30 One daisy chain to be continuously monitored 
2 4.10 Second daisy chain to be continuously monitored 
3-4 N/A Aluminium tracks connected for 4-point resistance measurement. 

This provides an objective measurement to the temperature of the 
component independent of thermocouples and/or thermal 
imal!inl!. 

5-6 N/A Second aluminium track for alternative 4-point resistance 
measurement. 

Table 3.2.1: DescrlptlOn of the MCM paths, reSIStance values and purpose 
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Thidi 
J r-----~--~--------------, 

Carrier ch ip 

I 3.2.2: Interconnection Pads L. ________________ ._. 

6 

1 

Healer chip 

Figure 3.2. 1: 
Schematic of the heater and carrier 
chips usedfor power cycling (nor 
drawl/lo scale) 

The interconnection pattern on the heater chip consisted of 36 aluminium bond pads in 

a peripheral array and the carrier chips had a matching pattern. The aluminium bond

pads were I ~m thick and were octagonal in shape with a circular opening in the 

sili con nitride passivation area that was 75f.lm in diameter as depicted in figure 3.2.2b. 

The pads on the heater chip were electroless nickel bumped to 15f.lm while those on 

the carrier chip were bumped to 5~m high in accordance with (2) . They were then 

dipped in molten solder such that the pads were spherically capped with solder as 

demonstrated in figure 3.2.2.c. 

The pitch of the bond-pads was 225f.lm pitch on sides of the pattern that included the 

connections to 4-point resistance measurements and the heater, whereas a 300~m pitch 

was used on the edges providing the majority of the dai sy chains . Figures 3.2.2.d and e 

demonstrate the different pitches of the pads of the interconnection layer. 
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Silicon body 

Passivalion 

( I) 

Heater chip 

Carrier chip 

Figure 3.2.2a: 

(4) 

Aluminium 
bond pad 

Solder caps 

(3) 

Electroless 
Nickel bump 

(2) 

POSI Renow 
assembly 

(5) 

Overall schematic of MCM preparation: shown is bare die (I) the electroless nickel bump 
(2), the solder caps (3) and finally the placement and rejlow (4&5) 
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(b) (c) 

(d) (e) 

Figure 3.2.2 bl C, (/ & e: 
S£M micrographs of the pads used in the assemblies. Aluminium bond pads before(b) and after(c) 
electoless bumping 105pm and micrographs demonstrating the 300j.1m and 225j1J11 pitches of the 
interconnection pads (d) and (e) 

13.2.3: Chip and- Substrate Descriptions 

Heater Chip 

The overall heater chip dimensions were 3x3xO.5mm. The heater chip contained the 

heater, two aluminium tracks that allowed for resistance measurements to be taken, 

and a pattern of bond pads and connecting tracks that formed half of the daisy chai ns. 

The heater chips had previously been diced and solder dipped in tin -lead eutectic 

solder. 
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Carrier chip 

The carri er chips were 6x6xO.5mm. They had a peri pheral array of bond-pads to match 

those of the heater chip such that they completed the daisy chain connections. In 

addition to these, the pads were also connected to larger BOA size pads that allowed 

for external connections to be made. 

MCM assembly 

To assem ble the specimens, the heater chip was pl aced on top of the carrier chip using 

a fi ne placement machine. The assemblies were subsequently refl owed such th at the 

in terconnection layer would be complete and any initial misalignment would be 

corrected due to the surface tension of the molten so lder. Figure 3.2.2a, demonstrates 

the overall manufacturing route. 

Substrates: -

The MCMs were mounted on to substrates that were to serve two purposes: -

• To provide a base with suitable thermal characteri stics and 

• To provide a path for the electri cal connections 

The substrates were manufactured from either FR4 (poor thermal conductivity) or 

copper (good thermal conducti vity). The dimensions were 40x40xO.8mm for the FR4 

boards or 40x40xlmm for the copper boards. The MCM was posi tioned centrally on 

the substrate (see figures 3.2.3.c, d, and e.) 

Once reflowed, the assemblies had to be glued to the relevant substrate and electri cally 

connected. Finally external connections were made and the assembly was complete. 

Figures 3.2.3.c, d, and e show examples of fi nished assembl ies. Table 3.2. 1 di splays 

the purposes and resistance values of each of the connections labeled in figure 3.2. l.a 
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Figu re 3.2.3a: 
SEM micrograph a/the heater chip used 
in the assembly. The connections/or the 
heaters, the .J poim resistance 
measurements and half a/the daisy chains 
can be seen. The image was taken from a 
sample still atlached to a wafer 

(c) 

Figu re 3.2.3.c, d & e: 
Examples 0/ finished assemblies. (c) A 
complete assembly mounted on bare copper 
but not electronically connected (d) a close 
lip of an assembly mounted on FR4 with 
wires allached (e). and the SEM micrograph 
of a sectioned assembly. 

Figure 3.2.3b: 
SEM micrograph o/the carrier chip used 
in the assembly. It call be seen that the 
pads match those infigure 3.2.3.0 III 
addition the carrier chip has connection 
wires between the small flip chip pads 
and the larger external BGA pads 

(e) 
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13.3: Chip Preparation 

The heater and carrier chips were received in 100mm diameter wafers and the pads 

had been previously electroless nickel bumped. Prior to final MCM assembly, the 

chips had to be adequately prepared by dicing and/or solder bumping. This section 

describes these preparation stages. 

The carrier chips were received e1ectroless nickel bumped (but not solder dipped) and 

were in wafer form whereas the heater chips were received already diced and they had 

been previously solder dipped and stored fo r approx imately 3 years. However, to 

ensure the consistency of the so lder quality it was decided to dip all chips in a solder 

bath, regardless of whether they had or had not been solder dipped previously. 

Therefore before they could be assembled, the chips required wafer dicing, so lder 

dipping, cleaning and inspection. The fo llowing section describes the necessary 

preparation process . 

13.3.1 : Chip Dicing ' j' 
l~ _________________ . ___________ . ________ . _____ . __________________________________ . __ 

Due to limitations of the subsequenl solder di pping procedure (the opening of the 

crucible fo r solder dipping was 40mm in diameter) it was a prerequi site to dice the 

wafer into individual chips pri or to solder dipping. Furthermore, thi s ensured that each 

chip was submerged to the same depth fo r the same duration (chips at the bottom of 

the wafer would be submerged at a greater depth than those at the top). Thi s gave 

greater confidence that factors that may influence the quantity of the solder on the 

pads (e.g. wetting angle) were made as constant as possible. 
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Dicin g method 

The wafer saw used was a Microace 3 Series 2 Wafer Blade. The procedure was as 

follows: 

• Wafer was placed on film 

• Film was mounted in machine and blade was aligned 

• Wafer was cut in one direction and the film was rotated 90· and blade was 

aligned and the wafer dicing was completed. 

Using the wafer saw was much more desirable than hand scribing, with respect to both 

chip economy and size consistency (fewer chips were wasted and all were close to the 

required dimensions) . 

[ 3.3.2: Solder Dipping 
._- - ----------, 

Solder dipping was used for the deposition of solder on to the electroless nickel 

bumps. This method of bumping the chips was chosen instead of conventional wafer 

bumping methods as the test chips were designed for RF application, requiring a low 

standoff height of approximately 30~m (from heater chip face to carrier chip face). 

This technique had been used before to successfully assemble these devices (2). 

Before the chips were solder dipped, they first had to be coated with flux such that any 

oxides present were removed and good wetting could occur. Actiec 2 (0.2% activator) 

was used as a flux for the chips and this was app lied by brushing the surface of the 

chip with the flux just before dipping. 

Solder dipping was carried out using an RPS 6-sigma wetting balance tester supplied 

by Robotics Process Systems (RPS). This particular wetting balance machine 

contained lead free solder from previous experiments, so the 60/40 SnPb near eutectic 

solder pellets were placed in a separate crucible, that was subsequently mounted in the 

lead free solder bath to heat the 60/40 solder to the required temperature of 250 C. 
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Initially a manual method of dipping the chips was perfonned. Once the chip had been 

coated with flux, it was gripped with tweezers and held above the molten solder for 

pre heat (a time of 30 seconds was used) before the chip was dipped in the solder for a 

further 30 seconds. This method produced good wetting results, however as this was a 

manual process, consistency could not be guaranteed (e.g. hang time and dipping time, 

angle of the chip on entry etc.) It was therefore considered desirable to have the 

procedure automated and the wetting balance itself was used for the so lder dipping 

process, which enabled consistency as a fixed hang and dwell time could be ensured. 

Figure 3.3.2. demonstrates the dipping procedure, which was as follows. \) chips were 

brushed with flux and held by the edges using a spring clip, the clip was mounted on 

the wetting balance tester, 2) machine moved the clip over the molten solder and 

positioned it \ mm above the solder bath fo r 30 seconds (pre heat stage) 3) the chip 

was then submerged into the solder for the desired time period (30 seconds) before it 

was withdrawn and allowed to cool. 

Mounlingclip 
(welting balance) 

Chip (Heater or 
carrier) 

( I) 

(3) 

D 60/40neareuleclic 
solder balh 

0IIf---

(2) 

(4) 

Figure 3.3.2: 

Schematic of chip 
mounting and solder 
dipping p rocedure. 
The chip is pUI in the 
clip (I). then 
preheated(2) then 
submerged (3) and 
withdrawn (4) 
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l.3.3 .3~nsp~~ti~.~ __ . _______ ._ .. ______ ._. __ .. ___ . ___ m. ___ ._ •. _J 
Once the chips had been solder dipped, they then had to be inspected to check that the 

solder pads had been correctly capped with solder. Before thi s could take place, the 

chips first required cleaning to remove remaining flux residues. This was done by 

placing a chip in isoproanol (IPA) solution and then applying ultrasonic energy for 

three minutes. This time proved long enough to remove most flux residue though if 

any flux residue remained then the process was repeated until all the chips were free of 

flux. 

Following the cleaning, the chips were then inspected to verify that all the bond pads 

were properly capped with solder using an optical microscope. Satisfactory chips 

would have all the bond-pads spherically capped with solder. Any unsati sfactory chips 

(i.e. a chip with one or more pads that were only partially capped or didn ' t wet at all) 

were then solder dipped a second time while satisfactory chips were then referenced 

(i.e. it was assigned a number/letter) and considered for MCM assembly. 

13.4: MCM Assembly 

This section describes the experiments conducted to develop a suitable manufacturing 

process for the assembly of the MCMs. The assembly procedure involved placing the 

heater chip onto the carrier chip using a fine placement machine and then reflowing 

the device which was supported on a 90x90mm FR4 board. 

The MCM assembly procedure was initially carried out in the simplest manner 

available on a single test device that was subsequently cross-sectioned and examined. 

The joints obtained are di splayed in figure 3.4. It was evident that the manufacturing 

process was unsatisfactory as both mi salignment and poor chip wetting were apparent. 

It was then decided to examine each stage of the manufac turing process by choosing to 

alter certain variables/parameters and then preparing a test device to evaluate the effect 

on the assembly. Once the most suitable process for each stage was found this was 

subsequently used in the manufacturing process. 
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Figure 3.4: 
SEM micrographs o/the interconnection layer be/ore the manu/acwring process was refined 

~.4. 1: Fluxing J 
Before the chips could be placed and reflowed, it was first necessary to apply flux to 

ensure that the so lder caps were free of oxides that would inevitably impede the reflow 

process. Ensuring precisely the right amount of flux was applied onto the chip was 

crucial to permit an accurate reflow procedure; if insufficient flux was applied to the 

chip then the flux was ineffective, conversely if there was too much flux then the 

heater chip failed to make contact with the carrier chip due to the very low standoff 

heights. For these reasons, it was decided that the flux should be applied manually 

using a hand brush such that the amount of flux going on to the chip could be 

controlled. 

There were two fluxes available: Acti ec 2 (0.2% activator) and Actiec 5 (0.5% 

activator). Three fluxing techniques were considered: -

• Actiec 2 appl ied to carrier chip only 

• Actiec 5 applied to carrier chip only 

• Actiec 2 applied to heater and carrier chips 

Each technique was applied to three different test assemblies and they were 

subsequently reflowed and sectioned. 

Page 55 



Power Cycling of Flip Chip Assemblies 

Actiec 2 applied to carrier chip only. 

Actiec 2 was used initially, as it was the weaker strength flux and due to the relevant 

hazard and environmental concerns, it was favoured to use the weaker flux if possible. 

Furthermore it was desirable to avoid placing flux on the heater chip if possible as this 

could obstruct the subsequent placement stage (the flux may obscure the image of the 

solder bumps in the fine placer therefore making it difficult to align). Therefore Actiec 

2 flux was placed on the carrier chip only and the test device was then reflowed and 

sectioned. The cross section images of the assembly produced in thi s way are shown in 

figure 3.4.l a. From the cross-section, it could clearly be seen that the solder had failed 

to adequately wet the carrier UBM and there was very poor wetting on the heater 

UBM. In figure 3.4.1 a (ii), an adverse bulge of solder can be seen between the solder 

and the pad on the heater chip, this was possibly due to the fl ux fa iling to remove 

oxides on the pad of the heater chip. Such bulges may act as stress raisers that could 

potentially contribute to premature failure. 

Actiec 5 applied to carrier chip only 

Actiec 5 was used to investigate the influence of increasing the strength of fl ux used in 

the assembly. The application procedure was identical to that of the Actiec 2 flux 

described previously. The results of the cross-section through a sample are shown in 

figure 3.4.1 b. It could be seen that increasing the strength of the fl ux from that of 

Actiec 2 to Actiec 5 had improved the overall solder wetting of the carrier chip, 

however in 3.4.1 b (ii) the wetting of the heater chip was still unsatisfactory, and it 

could be seen that there was some misalignment of the bond-pads. 

Actiec 2 applied to both chips 

It was originally intended to avoid placing flux on the heater chips if possible as this 

would lead to visual problems when trying to align the heater and carrier chips during 

the chip placement stage. However it becanle apparent that the fundamental issue with 

the previous exanlples was that the flux was not cleaning the pads adequately on the 

heater chi p. Therefore it was necessary to apply a very controlled anlount of flux to the 

heater chip as well . Figure 3.4.1 c shows inJages of cross-sections through samples 

prepared in this way. The application of flux to both the heater and carrier chips had 
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the most significant effect on the quality of the joints; in particular the improved 

wetting on the UBM of the heater chip was noted. It was anticipated that the wetting 

could be further improved by applying Actiec 5 on both the heater and carrier chips so 

it was decided to prepare subsequent assemblies by applying Actiec 5 to both the 

heater and carrier chips. 

Figure 3.4. I a: 
SEM micrographs of interconnection layers o/II.t/CM assembled with Actiec 2 applied to the carrier chip only 

Figure 3.4.1 b: 
SEM micrographs of interconnection layers 0/ MCM assembled with Actiec 5 applied to the carrier chip 
only. The clumps at the side of the bumps are excess gold due to a/aulty gold coating process 

Figure 3.4.lc: 
SEAt{ micrographs 0/ illterconnection layers 0/ MCM assembled will! ACliec 2 applied to both the heater and 
carrier chip 
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I 3.4.2: Reflow Profile: - ---... - .. - ... --.----- I 
1 .. _ __ . ___ . __ ._ .. _ .. _. _____ , 

Reflow was conducted in a conveyor reflow oven. There was a choice between two 

types of oven that could be used: -

• 3-zone Surf Systems infrared reflow oven 

• 7-zone Quad QRS VII air convection reflow oven 

Each oven was profiled by securing an MCM to a 90x90mm board using loctite chip 

bonder adhesive, and attaching two thermocouples: one to the board and the other to 

the MCM which were then connected to a DATAPAQ data logger. The assembly and 

the data logger were passed through the oven and once complete the recorded 

temperatures were downloaded to a PC and analysed with the DA TAP AQ software. 

The three-zone oven was the initial choice for assembly due to the simplicity of the set 

up, i.e. only 3 zones and short time required to pass through the oven. Once thermally 

profiled the initial results implied that this would be a suitable reflow profile. However 

upon inspection it was found that the joints seldom reflowed and on occasions when 

reflow did occur, subsequent sectioning revealed that the quality of the reflowed solder 

joint was poor. Several attempts were made to rectify this issue including increasing 

temperatures as well as slowing the conveyor down but these methods did not improve 

the quality of the joints. It was noted that silicon may be infra red transparent, 

therefore the only heat transfer was from the FR4 board through the carrier chip and 

consequently the assembly failed to reach the correct reflow temperatures. 

A 7-zone convection oven was subsequently analysed for suitability as this was seen to 

potentially eliminate the problem of infrared transparency. Furthermore, the 7-zone 

oven would allow for a finer control of the obtained temperature profile. The oven 

zone temperatures were used are shown in figure 3.4.2a. 

Zone 2 3 4 5 6 7 

Temp.('C) 100 120 140 215 215 300 300 

Figure 3.4.211: Profile of the final femperafllres o/the zones IIsed. 
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The prototype board was passed through the oven with a conveyor speed of 

600mmlminute. Figure 3.4.2b displays the temperature plot obtained. 

The red line represents the temperature of the board while the green line represents the 

temperature of the silicon assembly. Due to the small thermal mass of the MCM, the 

temperature was assumed to be uniform throughout the MCM. It could be seen that the 

temperatures of the assembly were actually greater than the general criteria fo r 

reflowing 63/37 solder. (i.e. fo r the assembly to be above 183°C fo r a designated 

period and to reach a peak temperature of approximately 220°C). However due to the 

previous difficulty in getting the joints to reflow, it was decided that as the assembly 

contained no live components the maximum temperature reached during the reflow 

was less critical and it was considered of greater importance to ensure that the so lder 

melted correctly to ensure the alignment issues were corrected. 
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Figll re 3.4.2b: 
Rej10w profile of the test assembly IIsed ill preparation The general profile shows a temperature regime greater 
than generally required for the eutectic solder used. 
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3.4.3: MCM Inspection ........ _ .. __ ._ .... _ .. __ . ______ :~==:=~=J 
Once the components had been successfully reflowed, they then required inspection to 

verify that the solder had reflowed correctly. Probing the connections labeled in 3.2.1 

with a multi-meter to measure the resistance was used as a method of testing the chips. 

Successful assemblies would have all connections working with resi stance values 

close to those shown in table 3.2. L One such assembly was tested and found to be 

satisfactory, thi s was subsequently cross-sectioned and the obtained images are shown 

in figure 3.4.3 

Figure 3.4.3: 
SEM micrographs of a satisfactory test piece. The particles on the sample 
are dust that was contracted benveen sectioning and gold cooting. 
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13.5: MCM to Board Connection 

With the successful assembly of the MCM devices completed, they were then attached 

to a substrate, which had to support the electrical connections and to provide the 

desired thermal characteristics. 

_ ______________________________ J 
In total, three different methods of securing the MCM to the substrate were 

considered: -

• Loctite® 3608 Chip bonder 

• Araldite® Rapid epoxy 

• Chomerics ® THERMA TT ACH T404 Thermal adhesive pad 

Chip bonder: This was the initial choice for attachment as the adhesive was designed 

for similar purposes and also some of the necessary thennal data was available. The 

procedure was as follows: I) clean surfaces on both MCM and board using IPA and 

lint free cloth; 2) apply chip bonder to the specified area on the board and finally 3) 

position MCM on board and apply the necessary heat (150·C for 30 seconds). This 

method was not suitable as it was difficult to control the amount of chip bonder 

applied to the board. It was considered important to have a controlled amount of chip 

bonder from both a manufacturing consistency and thennal modelling perspective. In 

addition, the chip bonder had to be cured at a high temperature, which was difficult to 

control effectively. 

AraIdite Rapid epoxy: This was considered a viab le method, as the epoxy did not 

require high curing temperatures (room temperature cure). Araldite rapid was used 

because of the fast curing time. The procedure was as fo llows: - I) surfaces were 

cleaned using IPA and lint free cloth 2) Araldite mixture was correctly prepared 3) 

AraJdite was applied to the MCM (the back of the carrier chip) 4) MCM was placed on 

the board and left to cure for 15 minutes. This method provided adequate support for 
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the chips however, as with the chip bonder, the high viscosity of the glue resulted in 

difficulty in regulating the amount applied to the assembly and in addition, the thermo

mechanical properties of Araldite were unknown such that inclusion in the FE models 

was problematic. 

Chomerics ® THERM ATTACH T404 pad: This adhesive was purposely designed 

to attach plastic encapsulated or metallic components onto heat sinks, and was 

provided as a sheet of material such that it allowed for a controlled amount of the 

substance to be put in place. Furthermore, the relevant thermal properties were 

avai lable on the accompanying datasheet. The procedure for use was I) clean the 

surfaces of both the MCM and the board using IPA and a lint free cloth; 2) cut 

adhesive pad to size using a scalpel or knife; 3) remove the protective film from the 

correct side and place pad onto substrate surface; 4) remove the other side protective 

film and correctly position chip on top and 5) apply pressure for 30 seconds. 

The procedure used is shown in figure 3.5.1 This method also had its associated 

problems primarily due to the final part of the assembly stage (the uniform pressure 

application). The manufacturer specified a uniform pressure of 0.069 MPa for 30 

seconds. Several different methods of applying the uniform pressure (e.g. putting 

weights on the assembly) were tried but many of these resulted in destroying the test 

pieces. Tweezers were used by turning them to the side, placing them hori zontally 

over the edges of the carrier chip and then pressing down on the tweezers. As the 

pressure was applied by hand, there could be no guarantee that the applied pressure 

was in fact 0.069MPa. In addition the pressure was supposed to be applied as a 

uniformly di stributed load and in this case the pressure was applied in 4 individual 

loads (2+2). Figure 3.5.1 demonstrates how the loads were applied to the chip. As the 

silicon was rigid , it was assumed that the load was di stributed uniformly across the 

carrier chip base, however it is possible that the pad may not have adhered to the chip 

correctly around the central region of the carrier chip. 

Despite thi s flaw, the Chomerics adhesive pad was considered the best available 

method of securing the chip to the substrate as it allowed for a consistent and 

controlled amount to be placed down. 
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(1) 

Substrate 

Pressure (>O.069MPa) 
applied as two line - ,-----, 
loads ven ically 
(tweezer alignment) 

(4) 

Figure 3.5. J: 

T404 adhesive 

(5) 

Process route showing the securing oflhe MCM 10 the subsll°ate. It can be 
seen that the T404 adhesive pad is firsl placed onto the Sllbstrare and then a 
uniform pressure is applied (/&2). then the chip is positioned correctly (3) 
andfinally rhe required pressure to secure the MCM to the subs/rate is 
applied in two separate operations (4&5) 

Unifonn pressure 
applied to bond the 
pad to the substrate 
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~
---------- -----------------, 

3.5.2: Attaching Wires from MCM to Board i 
----------------------------------_._-----_._- ' 

It was initially intended to use a wire bond er to connect the larger BGA size pads from 

the carrier chip to the pads on the board, as this would be a controlled and automated 

procedure. However, as the carrier's external pads had already been solder capped 

from the dipping procedure this was unsuitable. It was therefore necessary to complete 

the connections from the MCM to the board by manually soldering each connection. 

To form the connections of the BGA pads on the MCM to the pads on the substrate a 

thin wire was used: An insulated wire was taken, the coating was stripped off and the 

individual wire strands were separated. Once separated a wire was tinned with solder 

using a conventional solder iron. 

The route for attaching the wires to the necessary pads is shown in figure 3.5.2 and the 

procedure was as fo llows I) solder paste was dispensed on top of the pads on the 

MCM, 2) the tinned wire was held close and the solder iron was placed on the joint. 

Once the so lder had reflowed, the surface tension of the molten solder pulled the wire 

close to the pad and once the solder solidified, a connection was made to the pad as 

shown in figure 3.5.2. Once completed, the solder paste was then appl ied to the pads 

on the board and the solder iron melted the solder and the surface tension drew the 

wire to the pad. When a connection was finished, the remaining wire was clipped from 

the assembly and the process continued until all pads were complete (see figure 3.5.2). 

Afterwards, the external connections to the board had to be completed. This was 

performed by simply hand soldering wires to the array of pads at the edge of the 

surface. Figure 3.2.3c, d & e show completed MCMs mounted on copper, FR4 and a 

section respectively. 
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( I ) 

(4) 

A Indiv idual wire 
strand to form 
conneclion to board 

4 -

pads 

(3) 

Figllre 3.5.2: 

(2) 

(5) 

Excess wire is cuI 
and Ihc process is 
repealcd for next pad 

Process route showing the electrical connections between lite MCM and tlte 
substrate. Shown is tlte securing of the wire to the MCM (/&2) and the 
subsequent wire attachment 10 the board (3, 4 & 5) 

Solder iron 
applied 
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13.6: Final Assembly Procedure 

The analysis and refinement of each stage in the manufacturing procedure resulted in 

the following manufacturing process that was used to manufacture all subsequent test 

vehicles 

1) Heater and canier wafers were diced using a Microace 3 Series 2 Wafer blade. 

2) Individual chips and substrates were coated with Actiec 2 flux by brushing the 

flux on top of the chip. The chips were then dipped in a 60/40 eutectic solder 

bath at 250°C for 30 seconds 

3) Chips and substrates were cleaned: they were placed in a beaker of IPA and the 

beaker was put in an ultrasonic bath, for three minutes . They were 

subsequently examined for defective solder caps. 

4) Satisfactory chips (i .e. chips that had all pads capped with solder) were then 

hand f1uxed using Actiec 5 and aligned using a fine placement machine 

5) The assemblies were reflowed using a Quad QRS VII 7 zone oven . All 

connections on the chips were checked and the resistance of each of the chips 

was recorded. 

6) Assemblies were placed on the appropriate substrates . They were bonded using 

a Chomerics T401 adhesi ve pad as specified in section 3.5.1 

7) Connection wires were then hand soldered from the connection pads to the 

appropriate pads on the board. 

8) External wires were then connected to the pads on the board to allow for the 

chip to be connected to the relevant power sources and monitoring points. 
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Chapter 4: Thermal Data Collection from MCM Assemblies 

As previously stated, the primary failure mechanism for flip chip assemblies has been 

identified as a consequence of the chip and substrate thermally expanding and 

contracting at different rates . This may happen as a consequence of: 

a) The chip and substrate being manufactured from different materials and 

consequently having different CTEs. 

b) The chip and substrate may heat up and cool down at different rates due to a 

potential non-isothermal temperature distribution within the assembly. 

Either scenario, or both together are known to instigate the failure mechanisms within 

a solder joint depending on the type of device. With reference to this experiment, it is 

the latter scenario that best describes the applicable failure mechanism and it was 

therefore necessary to capture the temperature distribution to assess its impact and to 

provide data to compare with the FE models . 

The aim of this chapter is to describe the hardware used to capture the thermal data 

and to present the results obtained from the MCM test vehicles. 

14.1: Power Cycling Chamber 

A controlled environment for the assembl ies to be tested in was necessary in order to 

ensure that the tests were carried out under known and repeatable conditions. 

Therefore a wind tunnel was used to provide such a controlled environment within 

which the cooling mode of the chips could be regulated. The wind tunnel is shown in 

figures 4.1 a to c and it had a rectangular cross-section with a fixed width of 250mm. 

The depth of the tunnel could be varied from 20 to 200 mm using a moveable 

platform, which had a leading edge of 1500mm. The chips were placed in the central 

"observation" region of the wind tunnel , where there was a removable panel that 

allowed for the area to be sealed or open. Figure 4.1a displays a simple schematic of 

the wind tunnel , which was situated in ambient conditions; i.e. air at room temperature 

and pressure (the cooling fluid) . 
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The wind tunnel was designed and hand built by the student to a specification 

requirement for an earlier set of experiments (I). The experiments in question required 

that a constant measurable airflow rate should be obtainable within the middle section 

of the tunnel such that novel heat sink designs could be assessed. Upon evaluation, the 

wind tunnel was found to provide a good control of airflow for the region where the 

assemblies were placed. The air was drawn into the tunnel by a fan that had a speed 

control to allow different airflow rates. The air velocity was measured by an Airflow 

T A35 anemometer through several probing holes situated at the specimen area as 

shown in figure 4.1 b. Unfortunately it was not possible to obtain a constant wind 

velocity for the whole specimen area (across the area the airflow velocity was 

observed to vary by 10%). 

The wind tunnel was situated in a multi-purpose laboratory and the temperature within 

the laboratory varied depending on the time of day/year. Consequently whi le the 

airflow within the tunnel could be controlled, there was very little control over the 

ambient air temperature; the temperature of the laboratory was known to be between 

17 and 25°C during the day while the tunnel was used. However, the temperature in 

the evening was not known. 

Airflows through 
IIInnel ducl at 
velocirv V ... 

Figure 4. 1 b: 
Schematic 0/ sample 
observation/probing 
area 011 the wind 
tunnel body (top view) 

Prob ing 
h nle~ 

200mm 

Fall 
generating 
airflow 

• 

Removable 
panel 

Figure 4.1 a: 
Schematic oJ wind 
lllnnelllsedJor power 
cycling experiments . 

250mm 
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Observation area 
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180mm (possible 
-, __ ~ variable distance) 

Wind TUllllel 
Body 

Time Controller 

Threads to adj ust 
height of platform 

Drive Belt 

Figure 4. l c: 
Schematic of/he 
variable platform 
mechanism 

The MCMs could be heated simply by connecting a power supply across the resistance 

heater. However, in order to carry out the transient power cycling trials a control timer 

was manufactured such that the power could be turned on and off at regular intervals. 

The timer was set for a 128s cycle time (64s on / 64s off) . 

14.2: Assembly Temperature Measurement 

In order to validate the thermal models it was necessary to obtain accurate 

measurements of the temperatures reached by the assemblies under di fferent 

power/airflow conditions. Several techn iques were evaluated as described in the 

fo llowing sections. 

~2. 1: Thermocouples 
_. __ ._----_._---

.. -.. --.. -..... -.. -... -.. -.. -... -.. -.. -.. ~==::J 
Three K-type thermocouples were used and they were attached using Loctite® 3608 

chip bond er adhesive to the heater chip, a corner of the carrier chip and on the 

substrate secured in place. Once a thermocouple was attached to its respective body, 

temperatures were then recorded when the test vehicle had been powered up, however 

while this was a convenient method, there were a number of factors that may have 

compromised the accuracy of the results. 

Thermocouple Attachment: The chip bonder adhesive requi red curing at 120°C fo r 

30 seconds and this was difficu lt to achieve in a reproducible manner. The adhesive 

was cured by using a hot air blower and this led to similar problems encountered when 

originally attaching the assembly to the substrate; there was no way of ensuring that 

thi s was the maximum temperature reached in the assembly. Moreover, thi s curing 
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procedure could compromise the joint integrity as well as adding further intermetallic 

growth to the solder joints. 

Thermal Contact: It was assumed that all contact between the assembly body and the 

thermocouples was good such that an accurate measure of temperature was obtained, 

however there was no way of verifying that this was the case. If the contact was poor, 

due to a layer of the relatively low conductive adhesive intervening, then the recorded 

temperature reading may have significantly underestimated the true temperature. 

Volume: It was noted that the thermocouples used were comparatively large compared 

with the dimensions of the assembly. Therefore the possibility of the thermocouple 

conducting heat away from the assembly could not be overlooked. Furthermore, the 

volume of the adhesive used was significant compared to that of the assembly, which 

may also have obstructed the convection cooling, reducing its efficiency (if not 

increasing the volume of the whole assembly to be heated.) 

It was clear that readings obtained by thermocouples alone could not be relied upon to 

be totally accurate, especially for rapidly changing temperatures, therefore a more 

robust method of obtaining the temperatures was investigated. 

,._ ... __ .. _ .... _._._. __ .. _ .. __ ._._---_._._-_._._------, 
i 4.2.2: Four Point Resistance Measurements I 
~. ___ .. _ ........ _. __ .... _._ ... __ ._ .. _ .. _ .. _ .. _._ ... _ ........ __ .. _. __ . __ ... _._ .. _ .... __ ._._. __ ..J 

On each heater chip there were two aluminium tracks that were each connected to four 

bond pads. This enabled 4-point resistance measurements to be made using a 

Keithley® 580 micro-ohmmeter. It is well known that the resi stance of a metal 

increases when the temperature is rai sed, therefore by monitoring the resistance of the 

track it was possible to determine the temperature of the heater chip. 

The tracks were located very close to the heater, therefore they were expected to 

provide an accurate value of the maximum temperature reached. Unfortunately, there 

were no such tracks on the carrier chip so an equivalent reading could not be obtained. 
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In order to use this technique, it was first necessary to calibrate the resistance of the 

track as a function of the temperature. This was done by placing the test pieces in a 

Siemens fan oven; the oven used was a domestic cooking oven that had the controls 

converted such that the user could accurately control the temperature to within one 

degree. A fan forced the air to circulate around the oven that ensured a uniform 

temperature distribution. 

The resistance readings were recorded for 5°C temperature increments. Once a 

temperature was reached, the oven was left to stand for a minimum period of 15 

minutes to allow the samples to reach steady state. A thermocouple was attached to the 

assembly and also, a thermocouple was placed loosely in the area of the test vehicles 

to verify the air temperature of the oven. In addition to this, the resistance reading of 

the track was monitored to observe any changes over time. Once the change was seen 

to be minimal (i.e. less than 0.0010 in one minute), it was assumed that the sample 

had reached steady state and the value was recorded. The calibration procedure was 

performed on four test pieces i.e. two samples for each type of substrate. Table 4.2.2a 

describes the resistance measurements for the test vehicles at room temperature, while 

figure 4.2.2 shows variation in resistance with temperature. Only one aluminium track 

was used for calibration though readings on the alternative track were checked 

periodically to verify that the resistance change was consistent with the track used. 

Sample Substrate Material Room Temperature Resistance 

00 1 
003 
AO 
Al 

FR4 5.7 170 (room temp=26°C) 
FR4 6.1940 (room temp=26°C) 
Copper 5.8250 (room temp=23°C) 
Copper 6.3350 (room temp=23°C) 

Tflble 4.2.2a: 
Table showing Ihe resistance oflhe specimens at room temperature prior 10 being profiled in Ihe oven. 
The difference in Ihe slarl lemperatures was due 10 theFR4! copper profiles performed on different days. 
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Figure 4.2.2: 
Graph of 4·point resistance of aluminium tracks against the oven temperature 

-+-001 (FR4) 
____ 003 (FR4) 

AO (Cu) 

__ A1 (Cu) 

[t can be seen that the resistance change with temperature was effectively constant 

with all the profiled assemblies. The gradients of the lines in figure 4.2.2 were 

compared to find the observed temperature change matching a I Q resistance increase 

for each test piece and the results for each assembly are shown in table 4.2.2b. It was 

assumed that the resistance change of aJuminum tracks on subsequent assemblies 

would follow the same behaviour and therefore were used to provide an approximation 

for the maximum temperatures reached by assemblies in the subsequent power cycling 

tests. 
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Assembly Observed change (0 CID) 

001 47.88 

003 44.91 

AO 48.25 

A I 45.33 

Average 46.59 

Table 4.2.2b: 
Table showing Ihe 
lemperalUre rise for each 
assembly corresponding to J 
f} observed rise in resistance. 

Based on the above readings, an estimate for the mean temperature rise for IQ 

increase was 46.59°C/Q with a standard deviation of 1. 715°C/Q . Therefore for the 

subsequent power cycling tests, each assembly could have a 4-point resistance 

measurement taken at the very end of each ON or OFF cycle to allow an estimate for 

the temperature change to be made. 
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I 14.2.3: Thermal Imaging Cameras 
. - _________________ --1 

Though the 4-point resistance measurement provided an estimate of the temperature of 

the heater chip, it failed to provide any estimate for the temperature of either the 

carrier chip or the substrate or the overall temperature distribution. It was necessary to 

obtain a temperature plot of the whole assembly such that the heater chip temperature 

could be displayed relative to that of the carrier chip and the substrate. Thermal 

imaging cameras coupled to two-dimensional thermal imaging software were therefore 

used to present the thermal distribution of a given area. Two cameras were available: -

• High resolution thermal image camera 

• Low resolution thermal image camera 

Figure 4.2.3 shows examples of the data that could be captured from each camera. The 

specimen captured is the MCM mounted on FR4 board. 

High Resolution: The ThermaCAM® P40 Infrared camera was used to capture the 

image of the specimen. The resolution of the obtained images was 320x240 pixels. 

The camera was held and focused by the user and a still image was taken. The camera 

used could only capture still images and was incapable of capturing transient thermal 

movies. 

Low resolution: The low-resolution camera available was an IRISYS® IR 11002 

Infrared imager (multi-point radiometer) allowing for image capture of no more than 

16x 16 pixels for a given area. The camera came supplied with a Germanium lens that 

was to be used at a specified focal distance; in order to obtain a useful resolution from 

these experiments the manufacturer recommended that the camera be placed 100mm 

away from the san1ple. The camera lens had a 20° angle, such that the area covered 

was most of the board (an area of 35.2x35.2mm was obtained) therefore each pixel 

represented an area of 2.2x2.2mm2 
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42.3·C 

40 

30 

20 
20.0·C 

(a) Chip 

(b) High resolut ion 

Figure 4.2.3: 
Examples of a high-resolution 
thermal pIal against the low 
resolution equivalent. Also 
included is the original 
assembly showing the 
orientation 

Airflow in this 
direction for all 

images ~ 

~~ 

(c) Low resolution 

" 
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On the high-resolution camera, the bodies of the heater and carrier chips could be 

clearly identified, as well as the immediate surrounding substrate area. Furthermore 

some of the copper tracks could be distinguished as these become slightly warmer due 

to heat conduction. When using the low-resolution camera, the MCM assembly could 

be distinguished from the surrounding substrate, though differentiating the heater and 

carrier chips was less obvious. The hottest pixel was assumed to be the heater chip, 

while adjacent chips were considered to represent the carrier chip. Despite the poor 

resolution (compared with that of the ThermaCAM P40) the rRlSYS camera was 

considered useful as it had the facility to record transient thermal images. Furthermore, 

the camera was positioned first and then controlled by a PC so positioning errors were 

minimised. 

It is clear that no single measuring technique could be used to capture all the thermal 

data required however, when used in conjunction with each other adequate 

temperature data could be obtained. 
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Two sets of thermal data were required; namely the steady state temperature 

distribution and the transient profiles. It was decided that the four- point resistance 

measurements could be used to obtain an absolute maximum temperature in the 

assembly, and the cameras could record the temperature distributions. The high

resolution camera was used to capture an image of the chip at steady state, while the 

low resolution could be used to record the transient behaviour of the assembly. 

14.3: Thermal Data Capture from the MCMs 

The MCM assemblies to be imaged were manufactured in accordance with the 

procedure derived in chapter 3. In addition, the assemblies were sprayed matt black to 

ensure uniform and high emissivity, such that good thermal images could be obtained 

from them. When the test vehicles were being profiled, they were secured to the 

viewing platform in designated positions by attaching high temperature tape to the 

corners of the substrate. It was decided to record images of different power levels 

while keeping the airflow rate constant. The results of the thermal profiles were to be 

compared with those obtained from the finite element models later. 

Two sets of data were required from the test vehicles: steady state and transient data. 

steady state meaning the final temperature distribution of an assembly following a 

constant power suppl y whi le the transient data refers to the manner in which an 

assembly heats up and cools down. The steady state data was profiled at 5m/s due to 

use of the high-resolution thermal canlera, while the transient data was recorded using 

an airflow rate of lOm/s. 
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14.3.1: Steady State Procedure 
---------------1 

____________ J 
I 

The MCMs were directly connected to the power source to provide constant power 

dissipation in the assemblies and the ohmmeter was also connected to the 4-point 

resistance track so the temperature could be measured. After the desired power level 

and air velocity had been correctl y veri fied, the samples were left to reach steady state; 

steady state was determined when the ohmmeter detected a resistance change of less 

than 0.001 n in one min. When the specimen had reached steady state, the camera was 

positioned and a thermal image of the sample was taken. Once captured, the next 

power level was set and the process was repeated. 

4.3.1.1: Assemblies OIL FR4 Subslraie 

Apparatus and Setup 

The ThermaCAM high-resolution camera was used to capture the thermal profile of 

the assemblies at steady state, as this camera offered the highest level of detai l fo r any 

chip. In order to correctly use the ThermaCAM high-resolution camera, the central 

panel of the wind tunnel was first removed such that there were no physical 

obstructions between the camera and the test vehicle. An airflow rate of 5m1s was used 

to profile the test vehicles at steady state, as this was the maximum airflow rate 

obtainable in the wind tunnel without the central panel in place. Figure 4.3. 1.1 a shows 

the apparatus setup for data capture using the TbermaCAM camera. The camera was 

held manually at a working di stance of approximately 500mm from the profiled 

specimen such that the correct focus was obtained. After data for all power levels had 

been captured, the results were then analysed to find the respective temperatures of the 

heater and carrier chips. Table 4.3 .1.1 displays the recorded power levels against the 4-

point resistance of the aluminium track. 
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Results 

ThermaCam 
High-resolution 

Wind tunnel 
body 

Airflow in 
this direction Specimen 

being profiled 

Figure 4.3. J. I.a: Schematic of high-resolution camera set up as llsed for 
thermal profiling (not drawn to scale) 

Test vehicle 003 was one of the samples used to obtain a thermal profile for the 

MCMs on FR4 substrate, therefore a direct temperature correspondence to the 

recorded 4-point resistance could be obtained. The observed resistance changes for 

chip 003 in section 4.2.2 were used to obtain the maximum temperature reached within 

the assemblies for a particular power level. The observed resistance was recorded and 

the following conversion was used. 

I T,= (Robs-RRT) x44.91+RT 

Key: 
T, = Predicted temperature 
Ro/}J = Observed resistance 
RNT = Room lemperamre re,fistal1ce (6. /94il in flu'S case) 

44.9/ = Obsen1ed temperalllre dWIIgefor olle il rise ill resistance. 
RT= Room temperature (ill this cru;e 26°C) 

The thermal profiles of the MCM on FR4 were obtained at various power levels 

ranging from 0.065W to I.4W and are displayed in table 4.3.1.1a. It can be seen that 

the maximum temperature of the assembly varied from 27.7°C through to 130.6°C 

depending on the power level used, with an ambient temperature of 26°C. The 

temperatures were obtained by noting the 4-point resi stance value obtained for a 

specific power level and using the above formula to convert the resistance into 

temperature. The thermal profiles of the assembly at given power levels are also 

shown. For all the plots obtained, the heater and carrier chips are clearly identifiable as 

they each exhibit uniform and distinct temperatures accord ing to the scale. For the 

substrate however, the warmer area is only that which is very close to the MCM while 

I This formula was only valid when test vehicle 003 was profiled 
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the remaining areas can be seen to be at room temperature. Table 4.3.1.1 b shows the 

temperatures obtained form the thermal profiles, whi le figure 4.3. l.l b shows the 

temperatures of the bodies from the thermal images plotted against the temperatures 

obtained from the 4-point resistance measurements. From examining the 4-point 

resistance line a linear change with temperature and power levels can be seen. The 

deviations in the values were due to inconsistencies when posi tioning the camera (the 

camera was hand-held and therefore subject to human error i.e. distance, angle etc.) 

therefore a line of best fit was superimposed on the graph. While the absolute values 

obtained from the high-resolution camera may be subject to error, it was found that 

there was generally good agreement with the overall temperature distributions. 
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Image No Input Input Input 4-point Corresponding 
Voltage Current Power Resistance Temperature / 

(Amps) (Watts) (fl) °C 
1 l.31 0.049 0.0649 6.234 27.7 
2 (a) 1.61 0.61 0.0974 6.289 30.2 
~ (b) 1.74 0.065 0.113 6.32 1 31.7 .) 

4 (c) 2 0.075 0.15 6.378 34.3 
5 (d) 2.25 0.085 0.19 6.453 37.6 
6 (e) 2.5 0.094 0.234 6.527 40.9 
7 (t) 2.75 0. 103 0.282 6.612 44.8 
8 (g) ~ 0.113 0.337 6.705 48.9 .) 

9 (h) 3.25 0.1 21 0.395 6.813 53.8 
10 (j) 3.5 0.13 0.455 6.924 58.8 
11 (k) 3.75 0.139 0.519 7.027 63.4 
12 (I) 4 0.148 0.59 7. 154 69.1 
13 (m) 4.25 0.157 0.665 7.275 74.5 
14 (n) 4.5 0.165 0.743 7.407 80.4 
15 (p) 4.75 0.174 0.827 7.558 87.2 
16 (q) 5 0.182 0.91 7.702 93.7 
17 (r) 5.25 0.191 1.003 7.850 100.3 
18 (s) 5.5 0.199 1.095 8.0 11 107.6 
19 (t) 5.75 0.208 1.193 8.167 114.6 
20 6 0.216 1.293 8.352 122.9 
21 6.25 0.224 1.4 8.525 130.6 

Table 4.3. I. la 
Power input and resultant4-poim resistance measurements. Corresponding Ihermal imaging camera plots below. The 
lelters in the left hand box refer 10 the images below and the grey boxes indicate that no image was available. Tes! 
vehicle 003 was used/or the thermal profiling. 
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26 28 

26 
2' 

2' 

22 22 

20 ."C 20.2' C 
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Power Heater Carrier Substrate 
Level (W) Chip (DC) Chip(OC) temperature 

near MCM (DC) 
0.1 27.0 26.0 24.2 
0.11 29.8 28.5 25 .0 
0.15 30.5 29.2 25.2 
0.19 31.2 29.7 25.4 
0.23 41.2 38 31 
0.28 42.3 39. 32 
0.33 43 .6 40. 33 
0.4 44.8 41. 34 
0.46 54.5 49. 38 
0.52 57.7 52. 40 
0.59 65.4 59. 42 
0.67 71.7 65. 49 
0.74 74.8 68. 50 
0.83 77.0 70. 52 
0.91 81.8 73 . 55 
1.00 92.1 81. 57 
1.1 101. 91. 60 
1.19 108. 100 63 

120 

110 -

100 

-U 90 
0 -Cl> 80 ... 
:J .. 70 
." ... 
Cl> 

60 C. 
E lt~ -Cl> 50 
I-

40 X 

30 

20 

" " " o. " o. " .. " 
Power (W) 

Figllre 4.3. 1. 1 b: 

" 

Table 4.3.1. 1 b: 
Temperatures of each body in the 
assembly at g iven power levels. The 
temperatures were obtained by 
matching the colours of the body 
with the corresponding scale. The 
heater and carrier chips both showed 
uniform temperature. The substrate 
temperalllre near the MCM ;s 
defined as the immediate area 
surrounding the MCM that call be 
seell as a halter temperature than the 
remainder of the subs/rate. 

~4i)(lInt 

resistance 
___ Healer chIp 

Camercl"lIp 

~Subslrale 

near MCM 

--Unear 
(Heater chip) 

" 

Graphical representation of the data in table 4.3. I. lb. also included is the 4 point resistance measurements and a 
"lille ofbes/fit"for the temperature of the heater chip (table data) 
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Table 4.3 . l.lc shows the maximum temperatures obtained from the thermal imaging 

camera expressed as a percentage of the 4-point resistance measurements. It can be 

seen that for greater power levels that the temperature change recorded from the 

thermal imaging camera pers istently predicts between 80 and 95% of the maximum 

temperature recorded from the 4-point measurements, the discrepancies were 

attributed to the thermal camera having no fixed or defined position (the camera was 

held by hand so the position used to capture the image may have varied somewhat). 

Image No Input 4-point Corresponding Maximum %age 
Power Resistance Temperature temperature maximum 
(Watts) (OHMS) Rise ('C) rise from temp 

image recorded on 
camera 

2 (a) 0.0974 6.289 10.2 7 68% 
3 Cb) 0.113 6.321 11.7 9.8 83% 
4 (c) 0.15 6.378 14.3 10.5 73% 
5 (d) 0.19 6.453 17.6 11.2 63% 
6 (e) 0.234 6.527 20.9 21.2 99% 
7 (t) 0.282 6.612 24.8 22.3 90% 
8 (g) 0.337 6.705 28.9 23.6 81 % 
9 (h) 0.395 6.813 33 .8 24.8 73% 
10 Cj) 0.455 6.924 38.8 34.5 88% 
II (k) 0.519 7.027 43.4 37.7 86% 
12 (I) 0.59 7.154 49.1 45.4 92% 
13 (m) 0.665 7.275 54.5 51.7 94% 
14 (n) 0.743 7.407 60.4 54.8 90% 
15 (p) 0.827 7.558 67.2 57 85% 
16 (q) 0.91 7.702 73 .7 61.8 83% 
17 (r) 1.003 7.850 80.3 72.1 90% 
18 (s) 1.095 8.011 87.6 81 92% 
19 (t) 1.1 93 8.167 94.6 88 93% 

Figure 4.3. I. le: 
Comparison of the maximum temperature obtainedjrom the thermal image camera compared with the 4-point 
resistance measurement. The variation was due 10 Ihe camera having no fued position. 
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4.3.1.2: Assemblies 011 Copper Sllbstrates 

Apparatus and Setup 

Unfortunately, the TbermaCAM high-resolution camera was unavai lable to thermal ly 

profile the MCMs on copper boards so the IRISYS low-resolution camera had to be 

used. When using the low-resolution camera the arrangement shown in fi gure 4.3. 1.2a 

was implemented; the manufacturers recommendation that the sample was posit ioned 

IOOmm away from the lens was adhered to. When using the IRISYS camera, there was 

greater difficu lty in di stinguishing the heater chip from the carrier chip, due to the low 

resolution of the camera. However, the resolution of 2.2x2.2mm per pixel was 

considered to be sufficient to identify the major parts of the test vehicle. The heater 

chip was thought to be identifi able as the hottest pixel in any of the obtained images 

and it was anticipated that the copper board would form the majority of the image and 

it would be at uniform temperature. When the thermal images were captured, some 

pixels showed some inevitable overlap between the heater and carri er chip and careful 

interpretation was required. Figure 4.3. 1.2b displays fo ur possible pixel allocations 

using the IRISYS camera: i represents rotational misalignment between the camera 

and the MCM, in this case the di splay would bear linle resemblance to the MCM; ii 

shows the heater chip covered evenly over 4 di ffe rent pixels, if this were the case then 

there would be no clearly identifiable maximum temperature pixel; Hi the pixellocated 

at the dead-centre of the heater chip, in thi s case all surrounding pixels would display 

similar temperatures to each other; iv the pixel had fully located the heater chip but not 

on the centre, therefore the surrounding pixels would exhibit diffe rent temperatures i.e. 

some pixels would show greater temperature di ffe rence than others. The fi nal scenario 

was considered the most likely situation and the best means of obtaining the 

temperature of the carrier chip, therefore all the pixels surrounding the max imum pixel 

in each image were compared to find the one that exhibited the greatest temperature 

difference from the maximum and this was assumed to represent the temperature of 

the carrier chip. The IRISYS camera could be operated remotely therefore once it was 

correctly positioned it was not moved until all the tests were completed. 
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IRISVS low· 
resolution 
camera 
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Figure 4.3.1.1a: Schematic oJlow-resolution camera set up as usedJor thermal 
profiling (not drawn to scale) 
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(Hi) 
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(;v) 

Controlling PC 

Figure 4.3.1.2b 
Description o/the 4 
differem potential puel 
al/ocalions, Scenario (J) 
was anticipated to be the 
most likely method DJ 
idemifying the heater and 
carrier chip 
temperatures. 
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Results 

Test vehicle AO was used to test the performance of the MCM on copper substrate. 

Upon initial power-up of the device, it became apparent that the copper substrate test 

vehicles had a different temperature distribution to those on FR4, which allowed 

greater power levels to be implemented. Consequently the power ranges implemented 

were from 0.075 through to 3.3W as shown in table 4.3.1.2a. The formula below was 

based on the observed 4-point resistance changes for assembly AO in section 4.2.2 and 

was used to convert the obtained resistance reading to the corresponding temperature. 

T,= (n..,- 5.825)*48.25+RT 2 

Key: 
T, = Predicted temperatflre 
n. = Observed resistance 
5.825 = Resistal/ce at room tempemtllre 
48.25 = Observed temperature chal/ge/or J n rise ill resistoll te. 
RT = Ambit'" t/!mperomre (23°C) 

To obtain the thermal profiles, the camera was positioned in a manner such that 

scenario D in figure 4.3 .1.2b was apparent, potentially allowing the clearest 

temperature of the heater and carrier chips to be obtained. Once correctly positioned, 

the camera was not moved until all the thermal images were captured for different 

power levels. Figure 4.3. 1.2c is an image capture of the assembly powered up and the 

pixels used to obtain the heater and carrier chip temperatures are labeled. From 

observing the plot, it can be seen that the substrate is at a uniform temperature, so 

some area away from the MCM was chosen for the substrate temperature to prevent 

potential overlap with the MCM. The thermal images corresponding to the power 

levels from table 4.3.1.2a are also shown and the temperatures obtained from the 

images are shown in table 4.3.1.2b, it can be seen that at high(er) power levels the 

areas of the assembly become clearer where the MCM can clearly be distinguished 

from the substrate. While the heater and carrier chips are identifiable, there is no 

indication whether the temperature across them is uniform as the allocated pixel area is 

a large percentage of the MCM dimension, so fine detail cannot be obtained. 

Figure 4.3. 1.2d shows the temperatures from the 4-point resistance readings plot with 

the temperatures obtained from the therrnal imaging camera. It can be seen from both 

profiles that a linear relationship exists with the power level and the resultant 

temperature. Towards the lower power levels, it can be seen that the temperature of the 

heater chip (and the carrier chip and the substrate) are all greater than that indicated by 
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the 4-point resistance measurements, this error was attributed to noise contributing to 

the image. At these low power levels in the corresponding images, it was difficult to 

identify the heater chip as the camera has a low temperature range to operate in . 

Image No Input Input Input 4-point Corresponding 
Voltage Current Power Resistance Temperature 

(Amps) (Watts) (Q) (AD) (OC) 
I (a) 1.5 0.065 0.0975 5.903 26.7 
2 (b) 2 0.084 0.168 5.939 28.5 
3 (c) 2.5 0.104 0.259 5.995 31.2 
4 (d) 3 0.122 0.366 6.060 34.3 
5 (e) 3.5 0.141 0.492 6.141 38.2 
6 (t) 4 0.159 0.636 6.231 42.6 
7 (g) 4.5 0. 177 0.796 6.328 47.3 

8 (h) 5 0.195 0.975 6.432 52.3 

9 Cj) 5.5 0.212 1.166 6.552 58 
10 (k) 6 0.230 1.38 6.69 1 64.8 
11 (I) 6.5 0.248 1.612 6.833 71.6 
12 (m) 7 0.265 1.855 6.974 78.4 
13 (n) 7.5 0.282 2.115 7.132 86 
14 (p) 8 0.299 2.392 7.309 94.6 
15 (q) 8.5 0.316 2.686 7.483 103 
16 (r) 9 0.332 2.988 7.659 111.5 
17 (s) 9.5 0.348 3.306 7.853 120.8 

Table 4.3.1.2t1: 
Table showing power input and resultant 4-point resistance measurements for fhe MCM assembly on a copper board. 
The temperatures were obtainedfrom the 4-point resistance measurements and were converted to temperatures Ilsing 
the waph/or AO in .fi~lIre 4.2.2 

2 Formula is only val id when test vehicle AO is lIsed 
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Chip 

I _________ -"C~arrier Chip 

(Assumed) 

(a) Power =O.0975W 

(c) Power =O.259W 

~ 

- 110 

100 

(b) Power =O.168W 

(d) Power =O.366W 

Figure 4.3. 1.2c: 
Assumed pixel allocation, 
the hottest pixel was 
assumed to represent the 
heater chip while the pixel 
adjacent was thollght to be 
the carrier chip. As the 
s llbstrate showed a uniform 
temperatlire, a pixel f ar 
away was chosen to be sure 
an adequate representation 
was obtained. 
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(p) Power =2.11SW 

(q) Power =2.686W (r) Power =2.988W 

(s) Power =3.306W 
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Power 
Level(W) 
0.0975 
0.168 
0.259 
0.366 
0.492 
0.636 
0.796 
0.975 
1.166 
1.38 
1.612 
1.855 
2. 11 5 
2.392 
2.686 
2.988 
3.306 

'" 
'" 
'" 

Heater Carrier 
Chip tC) Chip tC) 
32 31 
34 32. 
36 33 
38 35 
41 37 
44 40 
48 43 
53 46 
57 49 
63 53 
69 56 
75 60 
82 65 
90 70 
97 75 
105 80 
113 86 

Substrate 
Temperature (OC) 
29 
30 
31 
32 
33 
34 
35 
36 
37 
40 
42 
43 
45 
47 
49 
51 
53 

M' 

Table 4.3. 1.2b: 
Table showing the temperature 
readings for each body, g iven 
the assumed pixeJ al/ocation 
described in figure 4.3. J .2b 
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PIOI a/the body temperatures obtained from table 4.3. J .2b. Also included is Ihe temperature obtained from Ihe 4-poinl 
resistance measurements. Comparing with the results from the high resolution camera, it can be seen (hat the low
resolution camera provides a better agreement of data as it was secured in the same position for all the recordings, 
such that once it was set up, all the recordings were made wilh the camera ill a consistent position This was in 
contrast to when the high-resolution camera; where the position was held by hand, and had to be foc used when each 
new power level was set: therefore the camera position is likely 10 have changed when different measurements were 
taken. 
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-----------------------l 
____________________________________ --.1 

The IRISYS low resolution thermal imaging camera was used to capture the transient 

thermal profiles experienced by the MCMs during power cycling, therefore the setup 

described in figure 4.3.1 was implemented. The assemblies were first connected to the 

power supply via the timer such that the ON/OFF periods could be controlled. As the 

tunnel was sealed (i.e. there were no large open gaps) this allowed for the maximum 

airflow rate of I Omls to be utilised. When the air speed was set to the correct level the 

test vehicle was powered and allowed to cycle until it stabilised; this typically meant 

leaving it to complete a minimum of 4 cycles. Once ready, the camera was turned on 

and 3 or 4 complete power cycles were recorded. After the last cycle had completed a 

new power level was set and the process was repeated. 

4_3_2_1: Trallsiellt Image Results (FR4 substrate) 

The transient images were initially displayed as a dynamic thermal plot. Figure 4.3.2.1 

shows one such plot at a maximum value, as well as the corresponding "real" device. 

In accordance with the procedure described in section 4.3.1 b, the hottest pixel was 

initially located, and then pixels adjacent to it either horizontally or vertically were 

compared to see which exhibited the greatest temperature difference. Referring back to 

the 4 pixel allocation scenarios described in section 4.3 .1 c, it was clear that scenario d 

was the case with the obtained thermal plots as the upside and right hand side pixels 

demonstrated the greatest temperature difference. Figures 4.3.2.1 b, c and d show the 

labeled axes, the pixel allocation for the right hand side and the upside respectively. 

Therefore the pixel values along the upside and right hand side axis were plotted in a 

time versus temperature graph to obtain the transient profile of the whole assembly 

along these pixels. 
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Figure 4.3.2. l a: 
Examples oia low resolution thermal plol. Also 
included is Ihe original chip showing the Orie fl/al ion 

Figure 4.3.2. 1 b: 
Demons/ration of how puel al/ocation relates to the 
graphs displayed, (i) shows a generic description, (ii) 
shows 'he right hand side allocation while (iii) shows 
the lip-s ide allocation 
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The results of power cycling between 0.9 Wand I.4W are displayed. Superimposed 

on the plot are lines so the estimated temperatures of the heater and carrier chips can 

be obtained. 
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From figure 4.3 .2. 1 b, there were a total of 9 pixels used for the upside of the chip 

profile and 8 pixels for the right hand side profiles. It could be seen that the shape of 

the graphs fo r the different power levels was consistent across the power range 

considered. A ll curves exhibited an initial steep temperature rise, which subsequently 

reduced the rate of change as the assembly approached steady state. From the graphs, 

it can be seen that at the peak temperatures (i.e. time = 64, 192 & 320 seconds) there 

was a greater degree of temperature difference in the upside graphs than on the right 

hand side. For the right hand side profile, it could be seen that all the connecting wires 

were to the right of the assembly. Also from the thermal plot in 4.3 .2. 1 a it was clear 

that these wires demonstrated an increase in temperature as the power cycle was on. 

The heat was found to spread further out across the substrate, which was attri buted to 

the connecting wires that assisted in the heat conduction. The small temperature ri se 

observed in the peripheral pixels was attributed to the poor thermal conductivity of the 

FR4 substrates used. The implication of thi s was that the temperature changes within 

the FR4 substrate were limited to areas local to the MCM and therefore very little 

temperature change was noted on the board parts further away from the MCM. 

4.3.2.2: Transient Thernzal Data for MCMs 011 Copper Sllbstrates 

As with the FR4 substrate specimens, the results from the assemblies on copper 

substrates are displayed as a thermal plot in figure 4.3.2.2. The values recorded for 

each pixel were subsequently extrapolated and the graphs were plotted. From the plots 

obtained, it could be seen that the greatest temperature diffe rences between the hottest 

pixel were the upside and the right hand side pixels. Therefore an average of these two 
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pixels was used as an estimate for the temperature of the carrier chip. It can be seen 

that the graphs lack the "smoothness" of the previous FR4 curves, which was 

attributed to background noise picked up by the camera due to the lower temperature 

range. 

32 

31 :1 
, 
I: 
j . 
• . " . " ., 

Upside pixels 

Right hand side 

Figure 4.3.1.2a: 
Examples o/a low resolution thermal plol. Also 
included ;s the original chip showing the orientation. 
The darker regions in the corner of the plots are where 
lope was Ilsed to posilion/secure the chip in the wind 
fllnnel. 

Also demonstrarion a/how fhe puel allocation relales 
10 'he graphs 
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• '. f 

Page 99 



Power Cycling 0/ Flip Chip Assemblies 

The results of power inputs from 0.92 W to 1.44W are displayed. 
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A total of 6 pixels were used for the upside profile, while 8 pixels were used in the 

right hand side profile. All the graphs showed a concentration of lines further away 

from the maximum pixel representing the copper substrate, implying that a uni fo rn1 

temperature existed across the substrate. The general profile of the curve is seen to 

have a very steep initial gradient that abruptly changes to a more gentle increase as the 

duration of ilie cycle continues and a similar trend is noted on the OFF cycle. The 

initial steep temperature rise is attributed to only the MCM assembly heating up at that 
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specific moment; that is to say the copper substrate has yet to be influenced by the heat 

generated within the chip. In fact it will be shown later that the behaviour/profile of 

the MCM at this moment is identical to that of the samples on the FR4 substrate. 

When the gradient of the graph changes, this was thought to be the influence of the 

copper substrate conducting the heat away from the MCM. It was noted that the 

temperature rise of the copper substrate was not apparent until the change in gradient 

of the MCM pixels. It was also noted that the temperature gradients of all pixels 

recorded then followed a similar temperature profile. As expected, it was found that 

the maximum temperature of the MCM during the ON cycle was still significantly 

greater than that of the copper substrate. Therefore, when the cycle was turned OFF 

the initial temperature change was great as both the copper substrate and the convected 

air both play important cooling modes in the MCM; the air played a great part due to 

the small thermal mass of the MCM and the copper board acted as a heat spreader. 

However, once the chip reached the temperature of the copper board, the rate of 

cooling slowed to match that of the rest of the assembly. 

14.4: Discussion 

4.4.1: Comparisons of Assemblies on FR4 and Copper 

Steady State 

The choice of substrate used in the MCM had a profound influence on the final 

temperature reached as well as the resultant temperature distribution of the substrate. 

Based on a maximum· operating temperature it can be seen that the MCM on the 

copper board had the potential to accommodate three times the power input of the 

equivalent assembly mounted on FR4. In addition, the temperature of the substrate can 

be seen to be uniform across the copper substrate compared to the case with FR4 

where the heat was largely centred around the area of the MCM. 

The final temperatures of the carrier chip and the substrate from table 4.3.l.lb and 

4.3.1.2b are shown as a percentage of the heater in tables 4.4.1a and b. The 

temperatures used were all obtained from the thermal "images, therefore the 
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temperature ranges of the maximum! minimum were used. It can be seen that for the 

assemblies on FR4, the carrier chip was always between 85 and 90% of the 

temperature of the heater chip, while the area of the substrate chosen was between 48 

and 57% of the heater chip temperature. The inconsistencies of the substrate 

temperature were considered to be due to the large thermal gradient at the area chosen 

to record the temperature, resulting in difficulty in ensuring the exact same spot was 

chosen. For the MCMs mounted on copper board, the carrier chip was at 91 % of the 

heater chip temperature for a low power level (0.0975W) while for 3.3W, the final 

temperature had decreased to 71% of that from the heater chip. This effect can be seen 

to a greater extent on the substrate where the temperature had decreased from 75% to 

35% of the heater temperature. From examining the transient graphs of the copper 

assemblies (namely the gradient at the end of the ON cycle) it was apparent that the 

assemblies on copper substrate had not yet reached steady state, while the assemblies 

on FR4 board were close to, if not actually at steady state. 

Transient 

The MCM assemblies both exhibited different transient profiles depending on the 

substrate used. While the MCM on FR4 shows a smooth decline in the temperature 

increase as the ON cycle continues, the copper substrate is an almost "box-like" 

profile in the temperature increase. As the steady state and transient profiles were 

obtained at different airflow rates, a direct comparison between the two was not 

possible. 
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Power . .. Heater Percentage 
Level(W) Chip (OC) temperature 

carrier chip 
0.1 27 85% 
0.11 29.8 88% 
0.15 30.5 88% 
0.19 31.2 86% 
0.23 41.2 85% 
0.28 42.3 85% 
0.33 43.6 85% 
0.4 44.8 85% 
0.46 54.5 85% 
0.52 57.7 85% 
0.59 65.4 86% 
0.67 71.7 87% 
0.74 74.8 88% 
0.83 77 88% 
0.91 81.8 86% 
1.00 92.1 85% 
1.1 101 87% 
1.19 108 90% 

Power Heater Percentage 
Level(W) Chip rC) temperature 

carrier chip 
0.0975 32 91% 
0.168 34 85% 
0.259 36 81% 
0.366 38 83% 
0.492 41 80% 
0.636 44 83% 
0.796 48 82% 
0.975 53 79% 
1.166 57 78% 
1.38 63 76% 
1.612 69 73% 
1.855 75 73% 
2.115 . 82 72% 
2.392 90 71% 
2.686 97 71% 
2.988 105 71% 
3.306 113 71% 

Percentage 
temperature 
(substratej 
57% 
51% 
49% 
48% 
52% 
54% 
55% 
56% 
52% 
53% 
48% 
56% 
55% 
56% 
57% 
57% 
49% 
48% 

Percentage 
temperature 
substrate 
75% 
71% 
69% 
67% 
62% 
58% 
54% 
48% 
46% 
46% 
45% 
42% 
40% 
39% 
38% 
36% 
35% 

Table 4.4.Ia: FR4 results 
Temperatures of carrier chip 
and substrale results from 
table 4.3. J./ b expressed as a 
%age of temperature 
reached by the heater chip. 
It can be seen that there is 
general good agreement 
with the 'Yoages of the heater 
and carrier chip over the 
given temperature range. All 
the temperatures are 
obtained from the images 
(i.e. 4-point resistance 
temperature was neglected) 

Table 4.4.1 b: Copper 
results 
Table showing the 
temperature readings of the 
carrier chip and substrate 
location as a percentage of 
the heater temperature. 
Note how both the 'Yoages 
decline rapidly as the 
power levels increase . . All 
the temperatures are 
obtainedfrom the images 
(i.e. 4-point resistance 
temperature was neglected) 
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14.4.2: Comparison with Other Studies 

The steady state results were in good agreement with those of Trigg and Corless (2) 

who showed that shear stress resulting from die/substrate temperature differences are 

apparent even when both materials are silicon. From the results, it can be seen that the 

heater chip reaches a higher temperature than the carrier chip when either substrate is 

used. As both the heater and carrier chips were silicon, this implied that a difference in 

thermal expansion that would lead to some shearing action occurring within the 

interconnection layer, that would not be expected to occur during conventional thermal 

cycling. Additional information obtained was the nature of the transient thermal 

profiles of the assembly and influences of the substrate were highlighted. This detail of 

information was not reported in the studies ofTrigg & Corless. 

Sur and Turlik (3) have monitored transient thermal behaviour and observed the rate at 

which the assemblies heat up and cool down. In their work, the assembly heated up 

fairly quickly (the die steady state was reached in 20 seconds) but the substrate was 

slower due to the higher thermal mass. In contrast however, the assembly took a 

comparatively long time to return to room temperature, for which the substrate was 

considered to govern the cooling rate of the die. In the results reported earlier, this was 

echoed with the case when the MCMs were mounted on copper substrate, where the 

substrate governs the rate in which the MCM heats up/cools down. 

In the work of Sur and Turlik (3), the temperature profiles of the different bodies of 

the assembly did not appear to follow each other, while in this work, the bodies of the 

MCMs showed similar trends regardless of whether the assembly was heating up or 

cooling down. This was attributed to the nature of the convection cooling. The model 

by Sur and Turlik was cooled by natural convection and the heat transfer rates show a 

strong dependence on the ambient temperature (Le. the smaller the temperature 

difference is the lower the heat transfer coefficient), therefore the heat transfer rates 

are increasing as the ON cycle continues but decreasing as the OFF cycle continues. 

The MCMs in this experiment were cooled by forced convection, where the cooling 

mode is governed by the air speed and not the temperature difference. 
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14.4.3: Hardware Merits and Flaws 

Despite the setbacks and limitations of the hardware available, they were able to 

obtain some of the necessary thermal data for the assembly. The calibrated 4-point 

resistance tracks on the heater chip provided a simple, yet effective means of obtaining 

the maximwn temperature within the assembly. In addition, physically observing the 

change in resistance allowed the user to determine how close the assembly was to its 

maximwn temperature. It is only unfortunate that there were no such tracks on the 

carrier chip. 

The ThermaCAM high-resolution camera was able to provide a detailed temperature 

distribution of the FR4 assemblies. It showed that the heater and carrier chips both had 

distinct and uniform temperature distributions, and captured how the temperature of 

the substrate a distance away from the MCM was largely unaffected by the heat from 

the MCM. However, as the camera was hand held, the positioning of the camera 

effectively limited the repeatability of the experiment and therefore compromised the 

accuracy of the temperatures obtained. From graph 4.3.1.1 b these positioning effects 

are clearly apparent from the non-linearity of the plots compared with that of the 4-

point resistance measurement. However, the results from table 4.4.1 show that the 

captured temperature distribution is the same, regardless of positioning 

inconsistencies. Therefore the ThermaCAM was useful in providing a thermal 

distribution; but could not be relied upon to give an exact maximum temperature. 

Further experiments should use a suitable clamp or holding mechanism to rectifY this 

problem. 

The IRISYS low-resolution camera proved invaluable as it could be secured in a 

position therefore eliminating the problems associated with the high-resolution camera 

and allowing for repeatability. The obtained steady state temperatures were in 

adequate agreement with those obtained from the 4-point resistance readings, and the 

camera captured the transient profiles of the assembly. There were two drawbacks 

noted when using the low-resolution camera: a) When the camera was used to obtain 

images when there was a large temperature difference, the obtained profiles were 

fairly sharp, however when the temperature change was small (as with the case for the 
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lower power levels used) the images were contaminated with noise, which was noted 

on both the steady state and transient profiles; b) the resolution of the camera was low 

and this resulted in difficulty when differentiating the heater from the carrier chip and 

the improvisation explained in section 4.3.1.2 had to be made. This also meant that the 

uniform temperatures of the heater and carrier chips observed on the MCM on FR4 

could not be confirmed when the assembly was mounted on copper. The camera 

manufacturers offered to supply a lens that would be suitable for capturing finer detail 

of the MCM assembly by focusing on a smaller area, though this approach was proven 

to be cost prohibitive. 

14.5: Conclusions. 

The hardware has been used to capture the thermal characteristics of the MCM on 

different substrate materials. The thermal profiles have shown that the material 

properties of the substrate have a substantial effect on the MCM, for the same power 

levels. Namely the maximum temperature reached and the transient profiles of the two 

scenarios are different depending on if the substrate is a thermally conductive or 

insulating material. 
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• Chapter 5: Finite Element Model Developnient 
'. '. '.' .;: , :.... ", .' '. . 

Within the past 50 years the role of computers in product design and evaluation has 

increased dramatically. Over this period, their use has evolved from merely correcting 

a fault once it has happened to anticipating where and when such a fault is likely to 

occur. Consequently manufacturers can now base their merchandise on cost effective 

designs rather than inefficient methods and materials resulting in high safety factors. 

Though the concept of finite element modelling was initially developed for general 

purposes, the analysis of electronics reliability has greatly benefited from this 

technique. The concept of Finite Elements or FE can be used to assess the impact 

such mechanical or thermal loads have on a given design of a product. 

FE may be conveniently separated into two individual areas: the mathematical theory 

behind the technique otherwise known as the Finite Element Method (FEM) which 

is beyond the scope of this thesis, though a thorough review of the subject is covered 

in (1); and Finite Element Analysis (FEA) which refers to the practical application of 

this using relevant computer software. 

Analysis Type 

On a global scale, the analysis type is the most obvious factor likely to affect the 

results. According to Ogunjimi et al (2) and later Degryse and Bell (3), there are 4 

different FEA modelling strategies that are commonly used, they are: 2D plane strain 

analysis, axi-symmetric analysis, 3D slice analysis and full 3D analysis. Following is 

a brief description of each of the essential characteristics of each meshing technique 

with examples of how they may be applied to a flip chip assembly. For detailed 

discussions on the individual meshing techniques interested readers are advised to 

read (1-3). 

2D plane strain analysis is the simplest modelling technique to execute, whereby a 

simple 2-dimensional representation of the structure is presented as shown in figure 

5.a It is also used for simpler analysis when 3-dimensional effects of an assembly are 

less apparent (4-14). As well as the simplicity of the model produced, the added 

advantage is that the FE model analysis time is typically short and the results files are 
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small compared to other FE modelling methods. However the elements are often 

given an assumed thickness and consequently the true 3-dimensional effects of the 

geometry are often neglected, potentially compromising the accuracy of the results. A 

simple way to address the issue of the 3D effects without increasing the number of 

elements used is to perform an axi-symmetric analysis This type of modelling is 

based loosely on the 2-dimensional plane strain analysis and can be seen in figure 5b, 

however the geometry is centred around one axis such that the elements that are a 

specific distance from the axis of symmetry are represented as a continuous circle. It 

is for this reason that axi-symmetric analysis is unsuitable for modelling flip chip 

assembly as the solder joints would be represented as a continuous solder ring hence 

would be a poor representative of the true flip chip solder joint geometry. A simple 

way to account for the geometry of the solder joints is to perform a 3D "slice" model 

analysis (15,16); where the full geometry of the solder joints are considered in the 

model. The "slice" is typically chosen such that the corner joint is modelled, the 

corner joint is furthest away from the neutral point and is therefore expected to endure 

the most stress, hence the worst case scenario is accounted for as shown in figure 5c. 

However, there remains the omission of potential influences of neighbouring 

geometry such as adjacent joints or underfill. A way of rectifying this is to perform a 

full 3D analysis (16-21) where all geometry is considered and this modelling method 

naturally offers the best agreement with experimental methods; however, it is often 

expensive to produce and perform an analysis (often extensive time is needed to 

create the model, long computational time and large amount of memory is often 

required in comparison to other methods). Furthermore, locating the critical stress can 

also be complicated due to the large number of elements. However modelling only 

part of the geometry as opposed to performing a full 3D analysis can often reduce 

these impedances. For example when a flip chip assembly is modelled in FE, typically 

only \1" Y. (16-20) or potentially only lis (21) of the geometry need be considered 

when the relevant laws of symmetry are applied. Figure 5d shows I/sth symmetry 

applied. 
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Figure Sa: 
Example of a 2D plane strain analysis 

FigureS.c: 
Example of 3-D Slice model geometry 

Figure S.b: 
Example ofaxi-symmetirc model geometry. 
The grey ring on top shows how the solder 
is typically represented 

FlgureSd: 
Example of 3·D foil analysis. 
This example shows lIB of a 
complete model. 

Ogunjimi et al (2) conducted an evaluation study comparing the relative merits and 

flaws of 2D, rod-symmetric and 3D analysis FE models utilising 926, 860 and 3038 

elements respectively. They modelled a die attached to a substrate using a thermally 

conductive adhesive. The assembly was cooled from the adhesive curing temperature 

of 27S'C to room temperature 2S'C and stresses at various points in the model were 

conducted and compared with each other for analysis time memory requirements as 

well as results. As anticipated, 2D analysis was the quickest but gave poorest results 

while the 3D model offered the best results but took a long time to complete the 

analysis, furthermore a substantial time was utilised when creating the 3D geometry. 

The rod-symmetric model offered the best all round compromise as it offered results 

comparable with the 3D model in a time only marginally longer than that required for 

the 2D analysis. It is unfortunate that the very nature of the modelling method renders 

it unsuitable for modelling flip chip applications. 

Due to the simplicity of the model and the speed in which results can be generated, 

2D FE analysis is suited to situations when several models are required for 

comparison purposes. A typical example for flip chip is the comparison of underlills 

when an analyst is required to compare several and find out which is the best, but an 
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accurate value is not critical. 3D FEA on the other hand, should be used when 

accurate values are required such as when detennining a maximum stress level is 

important, but several models are not needed. 

In this study, MARC- MENT AT was used to create a FE model of the dimensions of 

a flip chip assembly; the geometry was such that the area of particular interest (the 

interconnection layer) was very small in comparison to the overall dimensions. 

Therefore issues such as mesh density and refinement became major factors when 

ensuring an acceptable model was created using an adequate number of elements. 

Furthermore, as the FE models were simulating a power cycle, the thennal boundary 

conditions also require careful consideration. 

From the literature review, it can clearly be seen that FEA is a powerful tool to 

contemporary electronics analysis. It is also acknowledged that it is only a tool, one of 

many available to the thennal or stress analyst. As with all tools, FEA is only as 

effective as the knowledge of the implementing operator, hence it is important that the 

analyst is aware of the key criteria when implementing FEA. The number of elements 

used to represent specific parts of the model is crucial in ensuring that a good 

representation of the temperature/stress is obtained in a reasonable analysis time: if 

too few elements are used then the FE model is a poor representation of the true 

geometry in question; conversely, when a large number of elements are used then the 

model may not only take a long time to calculate but computer limitations (processing 

and memory) become significant factors. Furthennore, in scenarios such as the 

interconnection layer of a flip chip assembly, it may be impractical to create an entire 

model with elements at the density required with the disproportionate dimensions 

often involved. This critical issue is less apparent in conventional mechanical FE 

where generally objects are of reasonable size with each other. Therefore due to the 

computational expense of building a model with several elements, it is logical to 

consider local mesh refinement ,methods such that good results may be obtained 

within a reasonable calculation time and computer resources. 

The aim of this part of the work was to investigate what impact the mesh density and 

element distribution had on the accuracy of the results as well as the time taken for the 

analysis to complete. Several different meshing techniques were investigated and both 

Page 112 



Power Cycling of Flip Chip Assemblies 

the results and the analysis time were taken into consideration when each scenario 

was evaluated. It was also desirable to verify the results by means of an alternative 

solution (where possible) to ensure there was good agreement with the FE results. 

This chapter shows how an adequate element density for the model was established 

using MARC MENTAT FEA software; it starts with an overview of the MARC 

MENTAT package, then the mesh density was assessed from a thermal perspective. 

The results then influence the densities of the final FE models built. 

15.1: MARC MENTAT Package Overview 

The structure of MARC MENTAT 2001 by MSC Software is typical of most self

contained FEA packages, where most are structured such that the analysis procedure 

is split into 3 stages: pre-processing, the model solution, and post-processing. 

MENTAT provides the user interface for all pre and post processing activities and 

communicates with the default FE solver MARC. 

In the pre-processing stage, the geometry of the product must be specified. This is 

typically done by the analyst first defining the domain geometry, and then the 

necessary mesh is created. A mesh determines the relationship the nodes and elements 

have with each other, with respect to the represented domain. Within this stage, the 

mesh density, refinement and node repositioning are included. The boundary 

conditions (the external forces or physical restrictions imposed on the model) must 

also be defined and applied to the necessary geometry as well as the initial conditions 

(the state the model is in at the start of the analysis e.g. the initial temperature of the 

body). Also the material properties (such as the Young's modulus or thermal 

conductivity etc.), contact conditions such as friction (if relevant) and fatigue/fracture 

mechanisms are also created in the pre- processing stage. 

The MARC solver requires the user to define a necessary load-case for the FE model. 

This includes specifying the analysis type (e.g. is it a mechanical or a thermal 

problem), the real time the analysis is simulated for and the number of increments the 

analysis is to perform, the types of elements and solver methods used and other 

relevant solver criteria. After the load-case has been completed, the user must then 

create a job to submit to MARC. As well as the load case, a job must include the 
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required output parameters (namely the element scalars and tensors) and the element 

types (dependent on the analysis type and the solver used). When this is complete the 

"job" is then submitted to the solver MARC where it is checked and then solved. 

The post processing includes presenting the results in a "user-friendly" format so the 

failure analysis can be performed. The failure analysis typically includes identifying 

where and when a critical stress occurs, a maximum temperature and what the 

implications from the results are. MENT AT can display results at either a nodal or 

global level. To display the results at a nodal level, the user must manually select the 

node/nodes of interest by entering the node number, and then the data is collected 

such that a history plot (e.g. time-temperature graphs) may be displayed for that 

specific node. Conversely, at a global level the analyst can obtain a graphical plot of 

the thermal stress profile of the whole body. The different scalar/tensor regimes are 

often displayed as contour-bands or by some similar method of discretisation. A scale 

defining each range is given with the plot. MENTAT may also display each 

increment sequentially such that the analyst can observe the transient behaviour of the 

model (e.g. the model heating up or buckling etc) as a movie. 

Element Classification 

As well as the mesh density, the type of element used to represent the geometry is 

also known to influence the results significantly. When performing 3D analysis, 

MARC allows for either one of two element shapes to be used: hexahedral or 

tetrahedral. Hexahedral shape elements are generally preferred as they are known to 

offer marginally more accurate results due to a greater presence of near right angles; 

in addition when modelling in MENTAT hexahedral elements are simpler to 

manipulate. Conversely tetrahedral elements may offer a more accurate representation 

of the actual model geometry and furthermore, for some 3D analysis I/ll of a model 

can commonly be represented without difficulty using tetrahedral elements whereas 

the use of hexahedraI elements effectively restricts the FE representation to Y. of the 

object. The nature of the symmetry of the MCMs in question for this experiment 

dictated that they may be simplified to a minimum of Y. of the model, therefore there 

was no apparent benefit from using tetrahedral elements. As a result, all the flip chip 

models built utilised hexahedral elements. 
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In addition to the criteria mentioned previously, the number of nodes per element is 

also a consideration as there are several different types of elements available for the 

analyser to use. Taking 2D Quadrilateral elements as an example, MENTAT offers a 

choice between 4 noded and 8 noded elements. 4 noded elements use 1 integration 

point within the element and 8 noded elements use 4 as shown in figure S.1.3a. For 

3D analysis there are 8 and 20 noded hexahedral elements utilising one and eight 

integration points respectively. As a rule of thumb, the more nodes per element, the 

longer the equations take to solve, though in some cases offer a faster convergence 

rate. 

/ 
+ 

/ 
+ 

+ + 

Hex 20 

/ 

V 

+ 

Hex 8 

Figure S.1.3.a: 
Examples of both Hex 8 & Hex 
20 elements. 

Details show the nodes (black 
circles) along with the 
integration points (black 
crosses) 

If either type of element is to be effective, then the aspect ratios should be kept as low 

as possible, therefore care should be practiced to ensure that a similar ratio of length! 

width and height is kept whenever possible. For the case of hexahedral elements it is 

desirable that the elements are as close as possible to a perfect cube whereas for 

tetrahedral elements, an equilateral tetrahedron is sought after. It is acknowledged that 

it is seldom the case that it is possible for all elements to be represented this way, 

therefore some distortion in the element shapes is permitted by most FE packages. 

Most FE packages have their own tolerances when determining what extent the aspect 

ratios can be away from the ideal and elements can often be verified they are within 
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the package tolerances by performing an element check. Figure S.1.3b shows 

examples of both good and bad elements for quadrilateral and triangular analysis. 

Figure S.I.3.b: 
Examples of both triangular and quadrilateral element 
types showing ideal geometry (green shapes). and bad 
geometry (red shapes) 

5.2: Model Construction for Thermal Analysis 

I 

To ensure that an accurate model of the MCM was built it was necessary to ensure 

that the correct elements were used. The aim of this work was to examine the impact 

the element type, size and mesh refinement method would have on both the analysis 

time and the results accuracy. This was performed by a FE simulation of a Silicon 

block subjected to a heat flux at one face and a convection heat loss implemented in 

the remaining faces. Two separate issues were evaluated in this section: the mesh 

density and the mesh refinement methods used. These issues were evaluated 

separately i.e. when the mesh density was being investigated, there was no mesh 

refinement employed at all. The model results were subsequently compared with an 

alternative solution to verify that they were correct. The following sections describe 

the geometry and boundary conditions used in these tests. 

Test Model Description 

The geometry modelled was a silicon block with dimensions 6x6x39mm.The block 

height was given an oblong shape so a clear temperature gradient could be observed 

over its length without difficulty. The heat flux of 4.8 Jls was supplied at one end and 

an arbitrary convection coefficient of 444W/m2 was applied to all of the remaining 

faces as depicted in figure S.2.b. For the case with no mesh refinement the geometry 
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of the block was modelled with either I, 8, 64, 512 or 4096 elements; the required 

mesh density was achieved by subdividing the existing model by 2x2x2 in the x, y 

and z-axes. The subsequent refinement methods utilised either 7 or 341 elements. As 

the mesh refinement was typically biased, (e.g. one end very finely meshed and the 

other is coarse) the end to which the heat flux was applied to was also varied. 

A load case was created where the block was subjected to a transient thermal analysis 

for twenty seconds with twenty increments. From figure 5.2.3 later on it can be seen 

that this was sufficient time for the model to reach over 99% steady state. The time 

taken for each analysis to complete was recorded and the maximum and minimum 

temperatures of each analysis were compared with models of the alternative mesh 

densities andlor refinements as well as the alternative numerical solution. 

/ 

39 

I I 
'41 6 .. 

Results 

FlgureS.2a 
Dimensions 0/ test 
piece (all dimensions 
in mm). Material is 
Silicon. 

FigureS.2b 
Example of boundary 
conditions with 
convection applied to 
all faces 

Convection 
applied to all other 
faces (h=U4WIm') 

Heat flux (4.8 Jls) 
going Into bottom 
face 

The results obtained for each scenario are shown in their respective sections. Table 

5.2a shows the recorded criteria for each model. Each model was given a unique 

identifier: for the case when hex-8 elements were used this identifier was a number 

whereas when hex-20 elements were used it was a letter. The manipulated variables 

were either the number of elements used or the mesh refmement method 

implemented. The measured variables were the time taken for the analysis to complete 

and the acquired temperature distribution. The maximum and minimum temperatures 

are displayed in the tables while the temperature distributions are shown as thermal 

plots. 
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Model number .••. .• . ....•. Identifier for model analysis 

Number of elements Number of elements used in the model 
Time taken .'. ......... Real time taken for the solver to complete the analysis 

Maximum " Greatest temperature recorded in the model (typically 
temperature. ,', ' from a node at the heat flux end) 
Minimum ." . Smallest temperature recorded in the model (typically at 
temperature .. ' the end furthest from the heat flux) 

Table 5.2a: Description of criteria recorded from the FE models 

15.2.1: Models Evaluated with re~pect to Mesh Density 

Initially the block was modelled without any mesh refinement to act as a benchmark 

for the other methods to be compared against and to evaluate what mesh density 

would offer good results within a reasonable time. This was an appropriate control 

condition, as there were no areas of discontinuity or 'cracks' within the model. In 

addition all the elements were of the same size and were of identical proportion to the 

original silicon block with internal right angles. The model was initially created as a 

one-element model using an 8 noded hexahedral element and after each simulation a 

copy of the model was made and subdivided by 2x2x2 to obtain the next level of 

refinement resulting in the following mesh densities: 

I) One-element model 
2) 8 element model (2x2x2) 
3) 64 element model (4x4x4) 
4) 512 element (8x8x8) model 
5) 4096-element (16xI6xI6) model 

The simulations were repeated with the same mesh densities, however the 8 noded 

elements were replaced with 20 noded hexahedral elements. 

Table 5.2.1a shows the results obtained from the case when 8 noded elements were 

used while table 5.2.1b shows the results when 20 noded elements were used. From 

the maximum and minimum temperatures obtained and the analysis time it could be 

seen that when 8 noded hexahedra1 elements were used, the model had to be 

subdivided 3 times (64 element model) before convergence of the temperature was 

observed (Le. temperature change was 0.2°C or less). When the 20 noded hexahedra1 
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elements were used, an equivalent convergence was obtained after only two 

subdivisions. For the case when 20 noded elements were used, it could be seen that 

convergence at lower mesh density occurred though this benefit was compromised by 

the extra time required for the solver to complete the analysis. 

Taking models 5 and C into consideration, the same temperature values were 

obtained, however when the 20 node elements were used the result was reached in 

1I20th of the time taken for a model with the 8 noded elements. Model 3 used 4 

elements across to represent a particular feature whereas modelS utilised 16 elements. 

Based on these results a minimum mesh density of 4 elements in the length width and 

height in the x, y, and z-axes utilising 20 noded hexahedra1 elements should be used. 

Test Number of Time taken Maximum Minimum 
... elements (Seconds) . temp. (CC) temp (CC) 

1 1 11.29 44.21 28.08 
2 8 11.69 46.79 30.26 
3 64 16.94 47.46 30.77 
4 512 70 47.64 30.90 
5 4096 763.39 47.69 30.93 

Table 5.2.1 a: Results for 8 noded hexahedral elements with no refinement 

Test .. Number of Time taken Maximum. Minimum 
elements (Seconds) . temp. (CC) temp (CC) 

A 1 11.66 47.22 30.85 
B 8 15.04 47.64 30.90 
C 64 39.32 47.69 30.93 
D 512 246.68 47.70 30.94 
E 4096 2973.4 47.70 30.94 

Table 5.2.1 b: Results for 20 noded hexahedral elements with no refinement 
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15.2.2: Mesh Refinement Evaluation 

5.2.2.1: Refinement Model 1 : 

It is well known that FE models with a large number of elements are undesirable as 

they often require a long calculation time. In an attempt to minimise unnecessary 

elements, a model of the silicon block was created to investigate the impact of some 

crude meshing or nodal discontinuity caused by poor refinement techniques. Though 

poor accuracy was anticipated, its use may have been justified if a solution could be 

obtained in a quick analysis time and the degree of error was investigated and found 

to be within an acceptable limit. Therefore this crude mesh refinement method may 

allow for a flip chip design to be implemented rapidly and a prediction of the final 

temperature distribution obtained. To ensure element distortions did not influence the 

results all the elements used were kept in the same proportion (i.e. length, width and 

height ratio) as the original block dimensions. 

A so-called refinement level of 1 was used to create the FE geometry where the 

refinement level 1 refers to the level of discontinuity as depicted in figure 5.2.2.1. In 

this example, the model refmement was as follows (12_22-42_82_162) elements. Two 

cases were considered, one where a coarse mesh was used at the end where the heat 

flux was applied and the other where a fine mesh was applied at the heat flux end. 

Model61F 

flux 
Model7/G 

Results 

Model Characteristics .. . 
61F Refinement level 1, heat flux applied at fme mesh end 

. 

Figure 5.2.2.1 
Diagrams shawing 
mesh refinement 
models used 

.' . 

7/0 Refinement level 1, heat flux applied at coarse mesh end 
Table 5.1.2.1 a: Refinement method and model .dentifier 
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Test Numberot Time taken Maximum Minimum .. elements . (Seconds) temp. re) temp roe) 
6 341 47.36 49.11 30.13 
7 341 52.55 47.09 30.06 
Table 5.2.2.1b: Results of models when 8 noded elements were used 

Test ~ Numberot Time taken Maximum Minimum 
, elements (Seconds) temD. roe} . temp roe} 

F 341 160.87 48.84 30.48 
G 341 165.94 47.83 30.56 
Table 5.2.2.1 c: Attributes of models when 20 noded elements were used 

Figure 5.2.2.1 shows the end the heat flux was applied to (either the fme end or the 

coarse end) while table 5.2.2.1a shows the corresponding model number. The results 

are shown in tables 5.2.2.1 b & c for when 8 noded and 20 noded hex elements were 

used respectively. It can be seen that when the refinement was applied at the heat flux 

end, the temperatures of this face were significantly greater than the case when there 

was no refinement, while the models with the heat flux applied to the coarse end 

appear to underestimate the predictions of the values with no mesh refinement. These 

discrepancies were attributed to the discontinuity for the various nodal paths. It was 

also noted that the times taken for both the FE analyses to complete were sti11lengthy, 

so both refinement methods were neglected, as there was no benefit of time or 

elements saved. Even when considering the case when 20 noded elements were used 

(Le. F, & G) the models could be seen to over estimate the maximum temperatures 

reached by an unacceptable degree, therefore these results confirm that this mesh 

refinement method is unreliable. 

A possible way to overcome the limitations of these models is to employ tying 

equations. This involves modifying the equations at the nodes at the refmement 

interface, such that the equations account for the path discontinuity that exists within 

the model. However, this process requires manual input for each node where the 

discontinuity exists and is therefore a very labour intensive procedure. If this method 

is to be implemented then an evaluation study that investigates whether the extra time 

spent selecting and amending the nodes would benefit the subsequent analysis. 
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5.2.2.2: Refinement Model 2 

The previous experiment had established the importance of nodal path continuity 

when refining the model. An alternative refmement method was investigated that 

involved ensuring continuity between all nodes within the model (i.e. no cracks) 

although this led to skewness of internal angles as a result of the necessary element 

distortion. Using the same overall model geometry, two different variations of this 

were implemented both using 7 elements; two elements had no distortion, while the 

remaining 5 exhibited internal acute angles. Two models were created: one with the 

heat flux applied at the refmed end and the other with the heat flux applied at the 

coarse end. 

~~'----_~(I-Heat flux 

Results 

Flgu,e S.2.2.2a: 
Diagrams shOWing mesh refinement models usedfrom side view and plan 
view 

Table 5.2.2.2a explains which end the mesh refinement was applied to while tables 

5.2.2.2a and b show the recorded results from the analysis compared with the models 

2 and b. This particular experiment was to investigate how element distortion 

influenced the analysis time and the accuracy of the results. The models were 

compared with those that used a similar number of elements from section 5.2.1 (i.e. 

without mesh refinement). Therefore models 8 and 9 were compared with model 2 

while model H and J were compared with model B. The results showed an excellent 

agreement with respect to the final values reached, particularly for the case when the 

heat flux was applied at the densely meshed end as shown in table 5.2.2.2b. Thereby 

showing that a moderate level of element distortion does not compromise the model 

results. 

Figure 5.2.2.2.b demonstrates how such a refinement method can be used to ensure 

continuity from a small body to one that is semi-infinite as is the case for solder joints 

in flip chip assemblies. This technique should be used to model the solder joints and 
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ensure continuity. The correct mesh density can then be obtained by subdividing the 

entire model as performed in 5.2.1. Furthermore, figure S.2.2.2c shows how such a 

meshing technique can be used to model an entire solder interconnection layer, so less 

elements are used in the surrounding bodies. 

Model Characteristics ..... 
'.' 

. ........ 
.' ...... ..' . 

81H Refmement model 2, Heat flux applied at fine mesh end 
9 Refmement model 2, Heat flux applied at coarse mesh end 
Table 5.2.2.2a: Model parameter Identifiers 

Test Number of Time taken Maximum Minimum .. 
' .. elements (Seconds)' . temp. fOC)' temp fOC) 

8 7 11.95 46.78 30.28 
9 7 11.89 46.64 30.24 
2 8 11.69 46.79 30.26 
Table 5.2.2.2b: Results of models With 8 noded elements 

Experimental results for 20 noded 3D elements 

Test Number of 
elements 

Table 5.2.2.2c: Results 

Solder 
bumps 

" 
I 
,~ --

/ 

\ 
Figure 5.2.2.2b: 
Demonstration of how the mesh refinement may be applied to 
localised areas a/interest (orange mesh represents the area of 
interest (e.g. solder joint, small in comparison to other 
geometry) 

Figure 5.2.2.2c 
Demonstration of how 
interconnectionjoints can 
be modelled utilising the 
mesh refinement me/hod 

Page 123 



Power Cycling oJ Flip Chip Assemblies 

I 5.2.3: Alternative Solution_(Numerical) --, 
----.~-------------~ 

From table 5.2.1 a and b (when no refinement method was used) it can be seen that as 

the number of elements is increased, that the models appeared to converge to what 

could only be assumed were the correct values. If these are the correct temperatures 

then these values can be verified by some alternative method. Due to the difficulty in 

obtaining a viable analytical solution for this particular problem, it was decided to 

calculate the heat transfer by taking the temperature gradients and working backwards 

to obtain the power required to create such a temperature profile. Model 4 was used in 

the experiment as it showed a reasonable level of convergence without an excessive 

amount of elements used where it can be seen that there is a linear temperature 

gradient across the vertical surfaces of the block and a uniform heat loss from the top 

face. The time/temperature graph for the heated face (where the heat flux was applied) 

and the far end (where the coolest temperature was detected) is shown in figure 5.2.3 

It can be seen that the model appears to have reached steady state, so Newton 's Law 

of cooling may be used to evaluate the steady state heat transfer. 

~.-----------------------------, 

" 

" ..... ~~-----------l 

~~------------------------------~ 
o 10 12 1. le 18 ~ 

Time (51 

-+- Heated end 
___ Far end 

Figure S.2.3a: Transiem profile oJ two nodes taken Jrom either end oJ the model. Jrom where the heat flux was 
applied and the Jar end. 

To perform the calculation, the block was divided up into separate faces based on the 

vertical node distance as shown in figure 5.2.3 b. The temperatures for each node 

surrounding the face were taken and an average obtained which was assumed to be 

uniform across the surface. 

Page 124 



Power Cycling of Flip Chip Assemblies 

For the top surface the heat fl ux was calculated using: -

dQ = Ah(T-T ) 
dt ~ 

~(6x 10"), x 444(30. 94-25) 
~0.0949j/s 

Using the temperature of 47.7°C obtained from the converged FE model (no 4) and 

applying Newton's law of cooling the heat loss from the top face was found to be 

0.0949J/s. The same procedure was applied to the external faces of the other elements 

as shown in table 5.2.3 which gave the total heat loss through the face of each model. 

, , 

dQ = Ah(T-T) 
dt ~ 

JVllere 
A = area of surface 
h=444 
T= Surface femperature 
T a. =Ambient temperalllre 

T2 ,-.. .... ---0---.. 

, , , , 

, , 
, , 

, 
, , 

", ~ , 

Average Temperature T of th is 
area A required 

T= (TH T2)/2 

Tl 

Fig"re & table 5.2.3b 
Example of how average 
lemperalllres were obtained 
and processed 

Actual Nodal Temp/ 'C Average temp between dQ/dt(J/s) 
nodes/CC 

47.69 (T I ) 45.355 0.2643504 
43.02 (TZ) 4 1.265 0.21 12336 
39.5 1 (TJ) 38. 135 0. 1705842 
36.76 (T4) 35.72 0. 1392206 
34.68 (T5) 33.92 0. 11 58440 
33.16 (T6) 32.63 0.0990908 
32. 10 (n) 3 1.775 0.0879869 
3 1.45 (T8) 31.305 0.0818830 
3 1.1 6 (T9) 

Total 1. 170 1935 

Total energy lost through one face is 1.170 1935 J/s 

Multiplying by 4 to getlossJrom 011 sides is 4x l .1701935 ~ 4.680774 l is 
Now adding loss/ram lop/ace is 4.680774+0.0949~ 4.77 l is 
The value obtained of 4. 77 l is was in good agreement with the original 
hear flux IIsed in the model of 4.8 l is 
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15.3: Heat Transfer by Convection 

15.3.1: Introdu.::.ct.::.io.::.n:.:...-____ _ ________ ..1 

Convection is defined as the heat transfer between a solid surface and a surrounding 

fluid. In comparison with conduction, convection is distinctive as fl uid motion 

contributes significantly to the resultant heat transfer. Convectional heat transfer to 

and from the environment plays a central role when either thermal or power cycling 

an electronic assembly: if it is thermal cycled then the assembly is both heated and 

cooled by means of convection; however convection only contributes to the cooling of 

the assembly if it is power cycled. In either case, the rate of convection heat transfer 

can be determined by Newton's law of cooling or: 

Q=hA(Ts-T "') 

Key: 
Q- heal energy 
h"'Col1vection ileattrallsfer coejJicienl 
As::Area of convection surface 
T. = Temperature of slIIface 
T .. = Natural temperature of.flllld. 

Once the value of the convection heat transfer coefficient h has been successfully 

determined, Newton ' s law is directly applicable to all but the most complex 

convection scenarios (22-24). onetheless, obtaining the correct h value can be 

challenging and problematic as this coefficient is dependent on several individual 

parameters and conditions, thus determining the correct h coefficient is an intricate 

task. 

When an electronic assembly such as a flip chip is subjected to thermal cycling, the 

typical slow ramp times and long dwell times involved permit the assumption that the 

temperature of the component is the same as that of the surrounding fluid . 

Furthermore, the experimenter often rigorously controls these temperatures at any 

given time, so that only a basic knowledge of convection heat transfer is necessary 

when thermal cycling a component. Power cycling on the other hand, requires a more 

profound knowledge of the relevant convection heat transfer mechanics. For example 

when an electronic component is subject to an internal heat flux , the convection heat 

transfer rate ultimately determines: 
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• The maximum temperatures the various assembly bodies reach when the heat 

flux is applied 

• The time taken for the whole assembly to reach this maximum temperature or 

steady state 

• The rates the bodies cool down after the heat flux is removed. 

Though a convection heat transfer value has been briefly discussed and implemented 

in the preceding subsection, the number was used without revealing how such a value 

was or should be obtained. Though the h coefficient is dependent on several 

parameters, the fundamental criterion in determining the h value for any surface to or 

from a fluid is the type of convection heat transfer the assembly is subjected to. 

Convection is typically classified as either forced or natural (22-24). 

Forced Convection 

Forced convection occurs when a fluid is forced to flow over or through a body. 

Typically some mechanical apparatus such as a fan or pump initiates the fluid motion, 

however the fluid motion may also be induced by natural mechanisms such as wind or 

similar fluid current surges. Forced convection may be further sub-categorised to 

either external or internal convection. External convection is used to describe fluid 

flow over a surface, whereas internal forced convection indicates that fluid is flowing 

through a body by means of a pipe or duct. With specific reference to electronics 

cooling, a component is said to be cooled by external convection if a cooling fan 

forces air across the component surface, conversely it is cooled by internal convection 

if the assembly has cooling fluid passed through internal vias or channels. Apart from 

the physical properti es of the cooling fluid , the fluid velocity principally governs how 

effective the coolant wi ll be. 

One of the assemblies modelled in this study was a MCM that was mounted onto a 

much larger substrate; the whole assembly was subjected to an environment such that 

airflow was at a constant velocity across the body. Therefore the electronic assembly 

in question was subjected to external forced convection and for the purposes of 

modelling the thermal behaviour, it was necessary to determine appropriate values fo r 

h, which will be discussed later. 
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~ 

Cooling fluid 

t=: ~ 

~ 

Convected body 

Figure 5.3. la &b: 
Illustration 0/ a body cooled by forced convection. The body is cooled by external 
conveclion (a) and internal convection (b) 

atural Convection 

The fluid motion In natural convection models occurs as a consequence of the 

buoyancy phenomenon. It is well known an area of warm fluid is of less density than 

the cooler surrounding fluid. Consequently the warmer fluid molecules rise until the 

thermal energy is diffused. The larger the temperature difference between the surface 

and the ambient fluid, the more significant the influence gravity has on the cooler 

fluid molecules, hence the greater the fluid velocity at the component surface and the 

larger the resultant heat transfer rates. 

Generally the heat transfer rates are lower for a component cooled by natural 

convection than those subjected to forced convection. However, natural convection 

heat transfer rates are normally greater for vertically aligned surfaces than the 

hori zontal equivalents. In the case of surfaces that are vertically aligned, the 

convection current is parallel to the surface as shown in figure 5.3. I c. For hori zontal 

surfaces, the heat transfer rates are strongly dependent on the direction of the face and 

whether it is warmer or cooler than the ambient fluid as depicted in figure 5.3.1d. It 

can be seen that cases a and b allow higher heat transfer rates to and from the 

environment as the surfaces are aligned with the buoyancy effect. In scenarios c and d 

the surface orientation impedes the natural convection flow as the fluid must flow 

across the surface before it can continue. 
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Heat transfer from 
surface to the fluid 
warms the fluid so fluid 
experiences upwards 

Plate warmer 
tltallflllid 

Ambient fluid at 
temperature T~«T,) 

a) Cold plate facing 
downwards in a 
warming fluid 

c) Hot plate 
facing downwards 
in a cooling fluid 

Heat transfer from fluid 
to surface. Fluid loses 
thermal energy is cooled 
alld experiences a 
downwards velocity 

b) Hot plate 
facing upwards 
in a cooling fluid 

Plate cooler 
tltall flllid 

Figure 5.3./c: 
Schematic showing 
the vertical natural 
convection 
currents depending 
on if the fluid is 
cooler or warmer 
than the surface 

Figure 5.3. 1 t/: 
Schematic showing the 
horizontal convection 
characteristics of 
different plate 
configurations 

I:!!!: I 
d) Cold plate 
facing upwards in 
a wamling fluid 

Once a basic understanding of fluid flow concepts has been established, then it is 

possible to correctly obtain an adequate convection heat transfer value. This short 

section serves to define some fluid flow characteri stics that are common to both 

natural and forced convection, namely the velocity and thermal boundary layers. 
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5.3.2. 1: Velocity BOllndary Laver 

Forced Convection 

Due to bonding properties of fluid molecules, the speed that a fluid flows over a 

surface or body varies with the distance from the surface. Fluid molecules in direct 

contact with the surface may adhere to it, and the motion of the layer of molecules 

immediately above these will be restricted so they move very slowly in the direction 

of the fluid flow. Molecular layers further from the surface flow at greater velocity 

and thus a velocity gradient exists within the fluid flow from directly above the 

surface until the fluid molecules are far enough away from the surface for the 

adhesion effects to be negligible. ffU is defmed as the fluid velocity within the region 

between the body surface and some point vertically above, then U", will represent the 

velocity of the fluid when it is far enough from the surface for free fluid flow to occur. 

Thus the values of U range from 0 at the surface of the object to U", and this region is 

defined as the velocity boundary layer. The velocity boundary layer initiates when the 

fluid flows over the surface leading edge, and its thickness 0 increases with the 

distance from the edge as shown in figure 5.3.2.1 a. The velocity boundary layer is 

defined as the region where VI V ", <0.99 

Figure 5.3.2./a: 
Scliemalic of 
drag/adhesion 
effects as ajluid 
flows over a 
surface 

In itial fluid Velocity 

~t U .. 

Veloc ity 
Boundary 
layer (8) 

The nature of fluid motion may be classified as either laminar or turbulent. When 

the fluid flows over the body in a smooth and orderly manner the fluid flow is said to 

be laminar, whereas turbulent fluid flow implies that it is hectic and random in nature. 

For forced convection, the fluid motion is initially laminar until some critical distance 

over the surface is reached (xc) then a transition occurs berween laminar and turbulent 

flow. This transition is characterised by minor fluctuations or ' ripples' and some 

distance after this, the fluid flow becomes fuJly turbulent as shown in figure 5.3.2.1 b. 

The positions of these critical points are dependent on the fluid properties, the 

velocity and the surface geometry. 
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Flu;dflow;s 
~ __ ~L=am~in=a~r r~eg~i o=n~~.~+~Tr~a~ns~it~io~n~re~gi~on~ .. ' .•• ~T~u~rb~u~len~t~re~g~io~n initially U~ ..... - - - - -

~ 

+-______ x~' ______ ... : 

atural Convection 

Figure 5.3.2. I b: 
Fluidjlowevolving 
{rom laminar. 
through transition 
to turbulent 

[n natural convection, fluid and body surface adhesion still occurs and some velocity 

gradient exists within the local space very close to the surface. However, the velocity 

of the fluid reaches a maximum value some small di stance away from the surface and 

after thi s point the fluid velocity dimi nishes as the thermal energy is diffused. For 

natural convection the velocity boundary layer is specified to be the distance where 

there exists fl uid motion as a result of the temperature difference between the surface 

and the ambient fl uid . 

Figure 5.3.2. l e: 
Illustration of natural 
convection where velocity 
atlhe surface is O. which 
reaches a maximum in the 
boundary layer before 
diminishing as it reaches 
the edge. 

As wi th the case for forced convection, the fl uid flow within the velocity boundary 

layer is initia lly laminar until some critical distance is reached and turbulence is 

introduced into the fl uid flow. However, unlike the case fo r forced convection where a 

significant transition region exists, the change is characteri sed as instantaneous. 
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5.3.2.2: Thermal Boulldarv Laver 

As there is heat transfer between the surface and the fluid , this indicates that some 

thermal gradient exists within the fluid ; hence a thermal boundary layer similar to that 

of the velocity boundary layer exists. 

At the surface of a component, the fluid velocity is zero; therefore the heat transfer at 

the surface is initially by conduction only. These fluid particles then emit thermal 

energy to the moving adjacent layer and so on. It should be noted that as the heat is 

transferred to above layers the fluid motion is playing a role of greater and greater 

significance, consequently the transfer of thermal energy diminishes across the 

thermal boundary as demonstrated in figure 5.3 .2.2 and these thermal characteristics 

are the same for both forced and natural convection. If the temperature at the body 

surface is defined as T, and the temperature significantly far away from the body is 

T." then let T be the fluid temperature between these two. In thi s case the thickness of 

the thermal boundary layer e is defined as (T, - T)/(T,-T .,)<0.99 

Figure 5.3.2.2: 
Schema/ic diagram 
showing propaga/ion of 
/he /hermal boundary layer. 
Example is for a warm 
plate in a coolingjluid 

In itial fluid 
flows al Tt 

-+ 
-+ 
-+ 
-+ 

Tempera/tire 
gradient 

Thermal 
Boundary 
layer (8) 

--~-.J 

It is often assumed that the thermal boundary layer always starts at the leading edge of 

a surface. Whi le thi s is indeed the case for a uniform heated surface, for a non

uniformly heated surface (i.e. leading edge is not heated) the thermal boundary layer 

may propagate after the velocity boundary has formed. 

[5:3.3: Dimensionless Parameters 
--------------------l 

As the convection coefficient h is dependent on many variables, several dimensionless 

numbers are defined that describe the relevant characteristics of either the heated body 

or the surrounding fluid (24). These numbers significantly simplify the subsequent 

calculation of the h coeffici ent and thi s section first introduces these numbers and 

later describes the relationship the numbers have with each other. 
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5.3.3.1: Prandtl Number 

The Prandtl number fundamentally describes the generic properties of the fluid that 

are not specific to the fluid velocity or surface geometry. Namely it is a ratio of the 

fluid kinematic viscosity and the thermal diffusivity of the fluid. That is to say, the 

Prandtl number describes the growth of the thermal boundary layer with respect to the 

velocity boundary layer and vice versa. The Prandtl number may be defmed simply 

as: -

Pr=via or Pr= ~cpfk 
Key 
v = Kinematic viscosity offluid 
a = Thermal diffusivity of fluid 
J1 =Dynamic viscosity of fluid 

Cp = specific heal a/fluid (consl pressure) 
k= thermal cot/duc/wily of fluid 

A Prandtl number less than I implies that the thermal boundary layer is growing faster 

than the velocity boundary layer, conversely a Prandtl number greater than one 

indicates the velocity boundary layer is growing faster as shown in figure 5.3 .2.l a and 

b respectively. Prandtl numbers can be grouped according to their value, and range 

from very low for liquid metal s, to very high for some industrial oils. 

Air (in either a forced or natural convection model) is a common cooling fluid for 

electronic assemblies and was used in the experimental and modelling studies 

presented here. The Prandtl values for air show a very small change in value «0.00\) 

within the necessary temperature regions considered, therefore the Prandtl value 

implemented in the models was assunled to be constant and temperature independent 

between 25 and lOooe and was 0.714 (24). 

-Initial fluid flow 
is U .. andT", -

__ --~ G 

___ --- /i 

Figure 5.3.2.1 a &b: 

(a) 

-Initial fluid flow -
Graphs depicting the scenarios (a) Pr is less than I (i.e. thermal 
hmmnnMJ O,.n\4,1<;' rn<::fp,. n nri (hI whpn ,hp vplnritv Im/p,. o ,.nw<;: fn<;: fP,. 

__ --~ /i 

._--- 0 

(b) 
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5.3.3.2: Revnolds Number 

The Reynolds number is a dimensionless parameter used to describe fluid velocity 

properties driving forced convection. The Reynolds number is defined as the ratio of 

the inertia force against the viscous force within the boundary layer. A large Reynolds 

number implies that inertia forces are dominant, whi le a small Reynolds numbers 

indicates that viscous forces are dominant. Over a flat surface the Reynolds number 

may be specified as: 

Re= U",x/ v 

Key 
u~ = ambient fluid velocity 
x =le llSlh of surface 
V = Kinematic viscosity offluid 

All the relevant data regarding the fluid flow and the geometry are expressed as one 

number. Therefore the Reynolds number for air flowing at 5m/s over a 2m long 

surface has a value equivalent to that of air flowing at 10m/s over a I m long surface. 

Furthermore, the Reynolds number can be used to determine whether the airflow is 

laminar, turbulent or in the transition region (24). A Reynolds value up to and 

including 5x I 05 designates that the airflow is laminar, Reyno lds values between this 

and I x 106 denote the transition region, whi le greater values indicate that the airflow 

is fully turbulent, though specific surface or fluid criteria may alter these values. 

Velocity Boundary Layer Thickness 

The maximum boundary thickness 1> can be determined from the Reynolds number 

also. For the laminar region of the fluid flow, the boundary may be determined as: 

1>/x=5/--JRe 

5.3.3.3: Graslzofand Ravleir::1z Numbers 

While the Reynolds number IS used to describe the flow conditions 1Il a forced 

convection environment, fluid motion for natural convection may be summarised 

using an equivalent number. The Grashof number describes the ratio of the buoyancy 

force and the viscous force within the boundary layer and is expressed as: 
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Key 
P '" the buo)'tJt1cy force (P: /fT for an ideal gas), 
x· the characteristic length· 
g - gravity 
T, .. Temperature at the surface 

T rI;: = Ambielll temperature 
\/= kinematic viscosity of the fluid 

·r-length for vertical plate and 
r- Area/Pcrimeler for horizontal plate 

Another dimensionless number can be used to determine if turbulence exists along the 

surface. The Rayleigh number is defined as the product of the Grashof and Prandtl 

number such that: 

Rax=Grx Pr 

As there is no transitional region between laminar and turbulent airflow in natural 

convection, there is one Rayleigh value identified that is considered to correctly 

represent the change from laminar to turbulent airflow: below 109 the flow is laminar 

and above this the flow is turbulent (23 ,24) 

5.3.3.4: Nusselt Number 

Whereas the Reynolds and Grashof numbers simplify the fluid motion characteristics 

for forced and natural convection respectively, the Nusselt number (Nu) is used to 

simpli fy the thermal properties of the fluid. In particular it provides a measure of the 

convective heat transfer at the surface. The greater the usselt value, the larger the 

temperature gradient at the surface, hence a large heat transfer coefficient. The 

Nusselt number is principally defined as: 

Nux= hxlk Where 
h- Convection heat transfer coeffiCient 
x- surface length injluidjlaw directian 
k- Thermal conductivity of thejluid 

5.3.3.5: Relatiollships Behveell the Dimellsiollless Parameters 

The Nusselt number can also be expressed as a function of either the Reynolds 

number or Grashof number depending on the type of convection used. For forced 

convection, the usselt number is given by: 

Nux=CRex mPrn 
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Where C, m, and n are constants whose values depend on the Prandtl number of the 

convection fluid and the type of fluid flow (i.e. laminar or turbulent). For a heated 

surface subject to being cooled by forced air the full expression is 0.332Re, 1!2Pr"3 

(equation 5.3.3.5 a;)for laminar airflow and 0.0296Rex
4

!5Pr"3 (equation 5.3.3.5a;;) 

when the airflow is turbulent (24) 

The Nusselt number may also be obtained as a function of Rayleigh and Prandtl 

numbers for natural convection. Table 5.3.3.5 describes the various expressions for 

the Nusselt numbers for any fluid depending on the conditions. 

Nusselt number expression Rayleigh Plate conditions 

number 

0.68+(0.670Ral'I4)/ [1 +(O.492lPr)""O],N Ra < 10" Vertical 

(O.825+(O.387Ra, "0)/[ I +(O.492IPr)",or")' 10· '<Ral< IO' · * Vertical 

0.96Ral "o 200<Ral< 10' Horizontal (upwards heated) 

0.59Ral"4 200<Ral< 10' Horizontal (upwards heated) 

0.54Ral I,. I O'<Ral< 1 0 ' Horizontal (upwards heated) 

0.15Ral ,,> I O'<Ra,<1 0" Horizontal (upwards heated) 

0.27Ral "' 10'<Ra,< lO'u Horizontal (upwards cooled) 

Table 5.3.3.5: Summary of the different nalllral convection parameters used 

Once the nature of the fluid flow has been established, a value for the Nusselt number 

can be obtained by measuring the relevant parameters and collecting published data. 

Once the Nusselt number has been determined equation 5.3.3.4 may be rearranged to 

obtain a specific value for h. This expression can then be multiplied by 2 to obtain the 

average convection heat transfer coefficient for the whole surface, such that: 

h= 2( Nux ek)/x (equation 5.3.3.5.b) 

Non-heated Starting Length 

It is often assumed that the velocity and boundary layer initiate from the same starting 

point. While this is the case for a uniform heated surface, this is an invalid assumption 

for the case where the starting length is not heated and the thermal boundary layer is 

instigated some time after the velocity boundary layer. In this case then the following 

formula is used: 
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(equation 5.3.3.5c) 

Where 
Xo = the unheated starting length 
x =is the entire length 
& the Nllsselt, Reynolds and Prandrl numbers as 
defined previously 

L5.3.~: Heat Transfer Coefficient for th~ MCM Models .--.---=:::-~:=] 

From equation 5.3.3.5b, it can be seen that the heat transfer coefficient is strongly 

dependent on the surface length in the fluid flow direction. Therefore the value may 

vary significantly depending on how the surface geometry is considered. The purpose 

of this section is to show how the convection coefficient was obtained, the method of 

deriving its calculation and the approximations of the model geometry that would 

ultimately result in the calculation being simplified. 

All models were created utilising the mesh generation technique described at the end 

of this section. In addition, particular care was taken to ensure that the cross-sectional 

area of the solder joints on the FE model were equivalent to those on the actual 

assembly. The centre point of each solder joint was measured in Cartesian form from 

what was considered to be the centre of the chip using an optical microscope, and 

these reference points were used to generate node locations. The remainder of the 

model was constructed with respect to these positions. 

The following is a discussion of the different ways in which the experimental 

geometry was interpreted to influence the convection heat transfer coefficient h. The 

coefficient was evaluated for the MCMs based on the environment they were to be 

operated in. For each convection scenario, the h values were obtained by first 

detenmining the Reynolds number, subsequently deriving the Nusselt numbers and 

finally obtaining the average h coefficient. The equations for the dimensionless 

parameters specified in section 5.3.3 were utilised for this work, while the model used 

fo r the verification work was the MCM assembly mounted on FR4 substrate, powered 

up with I W and a steady state analysis. The results were compared with the results 
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from the thennal imaging camera of the MCM powered up with the same conditions 

from table 4.3.1.1 b 

a) Leading edge x starts at the entrance of the wind tunnel (lSOOmm) 

To begin with, the leading edge (entrance) of the wind tunnel was considered as the 

point from which the velocity boundary layer would propagate from. The position of 

the MCM assembly was 1.5 metres away from the wind tunnel entrance. However as 

this was unheated, this required the use of equation 5.3.3.5c to evaluate h at the point 

ofthe assembly. 

Figure 5.3.4.a 
Leading edge considered 10 be wind lunllel 
pial/arm. 

Lenglh=-

i)Determine the Reynolds number (Re,) for the wind tunnel entrance: 

x 
Re , =U~ 

v 
: . Re , = 471994.965 

ii ) Determining Nusselt number (Nu,) 

Uao=' 5m1s 
x= 1.5m 
v= 15.89x I 0.6 m2/s 

Leading edge of the tunnel is not heated, so equation 5.3.3.5c should be used : 

Nu , = 0.332 (Re ) ~pr l {I-( 7 r r 
=l 

: . Nu , =0.332(471994.965+ ~0.714 l r l -( \,~6Yr 
:. Nu, = 0.332(687.019XO.894X3.68] 

:. Nu, = 750.198 

iii) Determining the maximum convection coefficient (h,) 

.N.,::"'!"" _o .::,k h =-, x 

h = 750.198 x 0.0263 = 13. 153 
, I.S 

Re,= 471994 .965 
Pr =0.7 14 
Xo = 1.46m 
x = l.5m 

Nu,= 750 .198 
K=0.0263W/m2 

x = 1.5m 

But to obtain the average heat transfer coefficient, the maximum value must be mult iplied by 2 

11 = 2 x h, = 2 x 13 .1 53 = 26.307 W/m' K 
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b) Leading edge x is the dimension ofsubstrate (40mm) 

The subsequent analysis involved taking the assembly into iso lation (i.e. neglecting 

the characteri stics of the leading edge of the wind tunnel) it was noted that the length 

of the substrate dominates the overall chip geometry; therefore the calculation of the h 

value only considered the length of the substrate and neglected the geometry of the 

assembly. The thermal effects of the chi p were considered to start in the region of the 

chi p and the model was assumed to have an unheated starting length. 

Unheated starting 
let/RIII - 17",m 

: :t 

.4 , 

Thermal boundary 
lenRlh=23mm 

L __ 1:::j __ _ 
,, _____ - I 

Plate length =40m", 

i)Determ ine Reynolds number 

x 
ReJl =Uco; 

v 
:. Re , = 12586.532 

ii) Determining usselt number: 

• 

Figure 5.3.4.b 
Schematic of unheated starring length of 
the subsrrate. MCM is placed after 
J t mm on the board. 

Uo:>= 5m!s 
x=0.04m 
v= 15.89x 10·6m'/s 

Leading edge not heated so equation 5.3 .3.5c should be used 

Nu , = O.332(Re) XPrl { I -( X; rr 
:. Nu , = 0.332(12586 .532 ' ~O.714 l il- ( O~o~:Yr 
:. Nu, = 0.332(112.19XO.894XI.283] 

:. Nu, =42.708 

iii) Determining the Convection coefficiem 

NUJI • k 

X 

42.708 x 0.0263 = 28.08 1 
0.04 

:.h =2x h, = 2 x 28.081 =56. 161 

Re,= 12586.532 
Pr =0.7 14 
Xo =0.0 17m 
x =0.04m 

Nu,= 42.708 
k=0.0263W/m' 
x =0.04m 
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c) Heater and carrier chips, and the substrate considered separately 

The final approach was to consider each body of the assembly individually, I.e. to 

consider independent h values for the heater chip, carrier chip and the substrate. This 

was thought to be a better approach due to the widely different temperatures of the 

parts of the assembly that made an average, or overall , h coefficient inappropriate. 

Most of the heat loss from the assembly was expected to be through the heater and 

carrier chips, as opposed to a longer route through the substrate due to the distance the 

substrate is from the heat source (the heater chip), the thermal impedances 

encountered and the comparatively poor thermal conductivity of FR4 compared to 

silicon. 

Air initially flowing 
at free stream 
velocity (U«?J 

§ 
Healer chip: 

Specific boundary layers propagate 
over indi\,idual surfaces 

i)Determi ne Reynolds number 

x 
Re z =Uoe -

v 

:. Re x = 943 .99 

ii) Determining Nusseh number: 

Figure 5.3.4.c 
Schematics o/individual convection coefficients 

Each body has a 
unique h vallle 

u~= 5mJs 
x=3xIO·3m 
v= 15.89x 10·6m'/s 

No unheated starting length so eq uation 5.3 .3.5a i should be used 

Nu x = 0.332(Re) XPr 1 ) 

: . Nu x = 0.332~43 .99 1 XO.714 l ) 

:. Nu , = 0.332(30.724 XO.894) 

:.Nu , =9.1 17 

iii) Determin ing the Convection coefficient 

Nu, • k 

x 

h = 9.117 x 0.0263 79.926 
, 3 x 10 -' m 

: .h =2xh, = 2 x 79 .926= 159 .852 

Re,= 943.99 
Pr =0.714 
x =3x I0·3m 

NU,= 9.11 7 
k=O.0263W/m' 
x =3xI0·3m 
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Carrier chip: 
i)Determine Reynolds number 

x 
Re , = U~ 

v 
:. Re , = 1887.98 

ii) Determi ning Nusse lt number: 

u~= 5m1s 
x=6xIO·Jm 
v= 15.89x 10·6m2/s 

No unheated starting length so equation 5.3.3.5ai should be used 

Nu , = 0.332(Re,1 ~pr j ) 
:. Nu , = 0 . 332~887.98 + ~0.714 j ) 
: . Nu , = 0.332(43.451 XO.894) 

: . Nu , = 12.893 

iii) Determining the Convection coefficient 

h, 

h, 

NU ;t · k 

x 

12.893 x 0.0263 = 56.5 16 
6 x 10-' m 

:. h = 2 x h, = 2 x 56.5 16 = 11 3.033 

S ubstrate: 
i)Determine Reynolds number 

x 
Re ;t =Uoc -

v 

:. Re , = 12586.532 

ii) Determining Nusselt number: 
No unheated starting length so equation 5.3.3 .5ai should be used 

Nu , = 0.332(Re,t ~Pr j ) 
:. Nu , =0.332(12586.532+ ~0.7 14 j ) 
:. Nu , = 0.332(11 2.19XO.894) 

: . Nu , = 33.29 1 

iii) Determining the Convection coeffic ient 

h = Nu , • k , 
x 

h, = 33.291 x 0.0263 = 21.888 
0.04m 

:.h = 2 x h , = 2 x 21.888 = 43.777 

Re,= 1887.98 
Pr =0.714 
x =6xIO·3m 

u,= 12.893 
k =O.0263W/m2 

x =6xI0·3m 

u~= 5m/s 
x=0.04m 
v= 15.89x I 0·6m2/s 

Re,= 12586.532 
Pr =0.7 14 
x =O.04m 

Nu,= 33.29 1 
k=O.0263W/m2 

x =O.04m 
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Effect of "h" Value on FE Model Results 

A summary of the relevant convection criteria is shown in table 5.3.4. a. The results of 

using the different convection heat transfer coefficients were evaluated against an 

actual assembly. The MCM assembly mounted on FR4 substrate where the assembly 

was powered by I W and left to run to steady state with airflow of 5m/s as described 

in section 4.3. The results of the temperature of each body were assumed to be an 

adequate benchmark for evaluating the heat transfer coefficients and are displayed in 

table 5.3.4b. The temperature values used were taken from the relevant thermal image 

in section 4.3 . 

Modelled parameters 

a) Unheated starting length ( 1.5rn) 

b) Unheated starting length(O.04rn) 

c) Separate h coefficients 

Coefficient value (W/m ) 

13.15 

56 

159 (heater). 
I 13 (carrier). 
43 (substrate) 

Table 5.3.4.a: Summary ofConveclion values used 

Scenario Heater chip ("C) Carrier chip ("C) Substrate near MCM ("C) 

Control exp 90 82 57 

a) D~ 1.5rn 166.6 160.3 109.1 

b) D~O . 04rn 11 2 105.4 64.9 

c) Speei fie h values 87 81.4 54 

Table 5.3.4b: Summary of values obtained 

It can be seen that scenario c (where each body had specific coefficients applied) 

provided the best agreement with the practical trial. with only a marginal discrepancy. 

Average coefficients for the entire assembly as used in sections a and b greatly 

overestimated the temperature reached. therefore they were considered inadequate 

ways of obtaining the convection heat transfer coefficient. 

The size of each body part was observed to be the dominant factor when obtaining the 

convection coefficient for the MCM. In the case of obtaining an average convection 

coefficient for the whole assembly. the h value was observed to vary considerably 

depending on whether the velocity boundary layer was assumed to propagate from the 
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wind tunnel entrance or the substrate. To investigate this further, two MCMs were 

secured to two different size FR4 substrates: - measuring 40 and 90mrn in the airflow 

direction respectivel y. The assemblies were run to steady state concurrently and 

resultant thermal characteristics were recorded. A negligible difference was observed 

in terms of both the maximum temperature reached and the overall temperature 

distributions. However, when the different scenarios were modelled using method 

"b", the h value changed from 57 (40mrn substrate) to 38.5 (90mm substrate). 

According to the FE models the maximum temperature increased from 11 2°C to 

132°C. Clearly thi s was unrealistic and an average coefficient for the whole assembly 

is inadequate for this example. 

7h!rmal bormdllry 
lelll.'/h ]Jmm 

l..eodlllg tligr JWWI« 40mm 

Figure 5.3.4.1(/ 
Schematics of different assembly substrate dimensions 

Thermal bormdllry 
'tllfllh~lJ",m 

The influence of surface radiation: The radiation effects were considered and found 

to be negligible within this modelling work, as the high airflow rates were seen to 

dominate the heat transfer mode. Two thermal analyses of the model were ran, one 

with 0% emissivity and the other with 100% emissivity, and a negligible difference in 

the final thermal profiles was observed. 
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15.4: Material Properties 

All of the material properties used for the FE modelling are summarised in table 5.4 

and apart from the solder, all were assumed to be linear elastic, isotropic. Apart from 

the L TCC data which was supplied by Dupont and the adhesive data supplied by 

Chomerics, all material properties were initially obtained from MatWeb group (25), 

which is a large searchable database of material properties where manufacturers 

voluntarily submit material data. Afterwards the data was checked with other values 

used in previous modelling work (8-11,14,18,20,21) and they were found to be in 

general good agreement. 

FR4 material properties: It was decided that, as the FR4 board was not in direct 

contact with the solder joints, any stresses present in it and board bending were of 

little interest (the boards were there to provide the necessary thermal characteristics 

and a rigid surface to enable connections). Therefore to simplifY the model it was 

decided to model the FR4 board with isotropic material properties. In addition, this 

also permitted fewer elements to be used when modelling the board hence further 

simplifYing the model. 

Material Young's POisson's CTE (parts per 

. 
Modulus (GPa) Ratio mllllonrC) 

Silicon (Die) 160 0.28 2.5 

Nickel (UBM) 207 0.31 13.1 

Aluminium (Bond pad) 68 0.33 24 

Adhesive 0.069 0.34 100 

FR4 (substrate(MCM» 18.2 0.25 15 

Copper (substrate (MCM» 110 0.343 16.4 

Alumina (Substrate (DCA» 370 0.22 7.4 

LICC (substrate (DCA» 142 0.17 5.8 

Table 5.4a: Lmear mechamcal properties of the materrals used 
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Material Thermal Conductivity Heat Capacity Density (glm") . 
lWlm-K) . (JIKg- 'ci 

Silicon 124 702 2330 
Nickel (UBM) 60.7 460 8880 
Aluminium 210 900 2699 
Adhesive 0.37 109 1420 
FR4 1.3 810 2520 
Copper 385 385 8960 
Alumina 30 850 3960 
LTCC 3.3 100 3100 
63/37SnPb solder 50 173 8600 
Table 5.4b. Thermal properties of the materials used 

The 63/37 SnPb eutectic solder thennal properties were assumed to be constant 

however the mechanical material properties required careful consideration as the 

values of the Young's Modulus and the yield strength are known to be heavily 

dependent on the nature and temperature the initial tensile tests were recorded at. The 

value obtained initially from the MatWeb database was 33 GPa which was in good 

agreement with the value used by Pang et al (10), though Stoyanov et al (20,21) 

model the Young's Modulus with a much lower value of 10 GPa presumably 

accounting for the lower values at high temperatures. Hong and Burrell (8,9), Lau 

(11), Lee (18) and Yang et al(14) all modelled their solder properties as temperature 

dependent. The final temperature dependent solder values used are shown in table 

5.4c based on the results ofLau and Lee. According to Lau and Lee, after the applied 

stress has exceeded the yield strength, eutectic solder behaves super-plastically at high 

temperatures. 

Temperature Young's Poisson's Yield Strength 

('C) Modulus (GPa) Ratio (MPa) 

-33 39.435 0.36 38 

7 33.367 0.37 32 

47 27.299 0.37 25 

87 21.231 0.38 18 

127 15.163 0.38 8 

Table 5.4c: Temperature dependent properties of63137SnPb EutectIc solder used 

Page 145 



------------......... 
PfJWer Cycling of Flip Chip Assemblies 

15.5: Model Generation 

This experiment has shown that for identical models with consistent boundary 

conditions, that depending on the meshing techniques employed by the operator, very 

different results may be obtained. Though the mesh density and refinement level were 

shown to be significant factors, the dominant factor proved to be the element type 

used in the analysis. Using 20 noded hex elements instead of 8 noded ones proved to 

increase the accuracy of the results. It does this to such an extent that according to the 

results, an 8 noded mesh would have to be 4 times the density to achieve the 

equivalent results. However it should be noted that calculation time and computer 

memory also consequently increase for equivalent results. 

Therefore it is recommended that the user initially meshes their models using 8 noded 

brick elements for a pilot study; to first obtain a general idea of the expected results, 

but then the 20 noded elements should be used to confirm these results (predictor/ 

corrector scenario). 

It was intended to use the same base-model for both the thermal and stress analysis 

with the thermal model being run first and the stress analysis performed later. As the 

model could only be simplified to Y. symmetry hexahedral elements proved to be the 

most economical. 

For the thermal work the most suitable type of elements offered were eight noded, 

isoparametric three-dimensional brick elements with tri-linear interpolation (MARC 

element no 43) with one degree of freedom (thermal). The primary objective of the 

thermal work was to obtain an overall temperature distribution and for each of the 

"important" parts of the model there were an adequate number of elements such that 

there was little benefit in employing 20 noded elements. 

For the stress modelling, it was intended to convert the models from 8 noded to 20 

noded elements such that a better representation of the interconnection layer would be 

obtained. However, in attempting to run the model, there were insufficient computer 

resources available to run such a model so 8 noded distortable elements equivalent to 
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those from the thermal analysis were used (MARC element no 7). It is acknowledged 

that this may compromise the accuracy of the stress results, though unfortunately with 

the available resources there was little that could be done to rectify this issue. 

This section first describes how the model was constructed and then how the 

boundary conditions were applied. In addition the models would have an initial 

condition applied to· the model such that the ambient temperature was room 

temperature and the solder at a stress free initial state. All the thermal and mechanical 

analyses were performed using an explicit solver. 

15.5.1: Mesh Generation Procedure 

This section describes a generic procedure for creating the FE model geometry for the 

flip chip assembly. The aim is to describe the overall process how models were 

created. It neither describes any specific model nor addresses complications that arose 

when such models were created. The model development was divided into three 

stages: 

I) Joint creation 

2) Interconnection layer completion 

3) Remainder of the model geometry 

For each of the stages, a flowchart is shown detailing the procedure used. The 

flowcharts also make reference to some graphical representations of the stages which 

are also presented. 

The example used was a generic model that could potentially be modelled utilising 

I/Sth symmetry. However, the models to be considered had different numbers of 

solder connections depending on which side of the die was of interest (i.e. the sides 

with the daisy chain had S connections while the sides with the 4-point resistance and 

power measurements had 10 joints) They were also of different pitch so the model 

could not be modelled using the I/Sth symmetry and Y. was the most it could be viably 

reduced to. 
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Position nodes in approximate location for one of the joints 
with respect to the origin and for Y. model to be created. 

Create 2-Dimensional element 
on relevant nodes (a) 

Subdivide element 
into four elements (b) 

Determine the correct location of nodes and 
shape of elements to create octagonal shape 
with the correct joint area 

Move the relevant nodes to 
the obtained coordinates (c) 

Yes 

Considering the required distances for the remaining 
geometry, duplicate elements and position above for the die 
& UBM and below for the pads and substrate. Specify all 
material properties for all elements at this point 

Extrude elements to required height. Make necessary 

Flowchart 1: 
Joint creation 

No 

changes (e.g. subdivisions, repositioning of nodes etc.) ..... 1-----1 
to ensure geometry is adequately represented. (d) 

No 

Yes 

EXIT 
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Taking into account the required pitch of the joints 
(in the relevant directions) correctly position nodes 
to represent the joint immediately surrounding die 

and substrate 

Create elements on relevant nodes 
and assign elements as die or 

substrate (e). 

Extrude elements to specified thickness 
and duplicate to obtain correct thickness 
of diel substrate, such that the joint now 

resembles a "block of elements" as 
shown in (1) 

Yes 

Duplicate all elements for the 
number of joints within the 
interconnection layer and 

correctly position adjacent so Y4 
of the chip is represented 

Exit 

Flowchart 2: 
Interconnection 
layer completion 

No 

Flowchart 3: 
Remainder of 
the geometty 

Considering the location of 
existing nodes, specify new 

nodes for remaining geometry 
and create elements for die 

and substrate 

Extrude, duplicate and correctly 
position the elements until the 
required die/ substrate thickness 
is reached (h) 

Define thermal boundary 
conditions (heat flux, edge 
films (convection rates) 

Subdivide model to obtain 
necessary mesh density 

Apply mechanical boundary 
conditions (restrictions in x 

and y axis) 

~ 
Exit 
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(a) Nodes correctly positioned and 
clcment created 

(c) Nodes reposit ioned using 
trigonometry to obta in octagona l 
shape 

(b) Element was subdivided to create 
4 new elements 

(d) Duplicate original elements created. The 
original c lement assigned so lder materia l properties. 
Other elements ass igned si licon and substrate 
properties 
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(e) Adjaccnt nodes placed around silicon 
and FR4 and elements defined with the 
correct properties. Finally elements a re 
extruded to correct Icngth 

(g) All ex isting elements were 
duplicated to create 1,4 of all the 
solder joints in the device 

(t) Duplicate elements and place on 
top of existing elements until desi red 
height was reached. so that a 
complete joint is created. 
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(h) Remain ing elements to complete 
the die and sllbstrate created 

(a) All elcments subdi vided to obtain 
bellcf mesh density 
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[ S.S'-2":-SOU nda ry Cond i-tio-n-s---:::~=-_-._ -_--_. __ . ____ ·:~~:=:·-··········-1 

Thermal Boundary Conditions 

Heat flux: The heat source was modelled by applyi ng a heat flux to the area 

representing the resisti ve element on the heater chip as shown be low. The user 

specifies the va lue of the heat flux for the designated area in un its ofW/m2
• 

Figure 5.5.211: 
Ileater chip \Iiewed 
(rom Ihe bOIlOIll. rhe 
highlighled are is 
where Ihe heal jlllX 
was aplied 

Convection coefficient: The FE model had to simulate the cooling conditions the 

te t-pieces were subject to in the trials. This invo lved a forced convect ion scenario 

where air is forced to flow over the top of the assembly at a constant rate. The 

convection mechanism was applied utili s ing the procedure described in section 5.3.4 

(case c) where each of the bodies had their own specific coefficient. The temperature 

of the cooli ng air was always spec ified as x· Co 

Heater Chip Carrier Chip 

Figure 5.5.2b: SlIIfilces where Ihe cOllvection coefficiem was applied 011 the hemer alld carrier chips 
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Substrate 

Mechanica l Boundary Conditions 

The model was a Y. representation of the assembl y so there was symmetry assumed 

about the x and y axes; these symmetric boundary conditions were app lied by fi xing 

all the nodes along the re levant axis such that they could not move during the 

analysis. A further restricti on in the z ax is was also app li ed. In addit ion, the thermal 

characteri stics at thi s edge we re perfectl y insul ated Cv. symmetry) 

Symmetry abollt the x axis 

z axis restriction 

Symmetry about the y ax is 

Figure 5.S.2e: 
Symmeuy lines about 
the x (md y axes 10 

ensure I ~ model is 
represemed. 
ReSlrictioll of olle 
node ill the : axis 10 

maintain stability of 
the model 
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15.6: Conclusion 

A method for creating the FE models has been derived. The required mesh density 

was evaluated using a thermal simu lati on of a block heated with a flux and observing 

when suitable convergence had occurred. Various refinement methods were also 

evaluated to investi gate how areas of interest could be represented adequately without 

compromisi ng the overa ll analysis time and memory usage; a suitab le method was 

found and will be employed in subsequent FE models. 

The necessary convection coefficient was obta ined fro m first principles, and an 

endeavour was made to ensure that it was temperature independent. This meant 

a suming that cooling is so lely by fo rced convection. 

Combining the two allowed a model deve lopment procedure to be de ri ved utili sing 

the mesh density, refinement and boundary conditions used. However creat ing the 

model was inevitab ly labour intensive, and in addition the overall geometry is semi

infinite compared to the in terconnection layer. Therefore there is still likely to be a 

large number of e lements in the subsequent models. despi te the best efforts to reduce 

the number of elements. Therefore adequate time and resources must be provided to 

allow the models to complete. 
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Chapter 6: Finite Element Model Results (Thermal) 

6.1: Introduction 

The model was built with the pad and chip dimensions as spec ified in chapter 3. 

Having constructed an FE model of the MCM assembly with the necessary refinement 

and boundary conditions considered, it was then necessary to va lidate the model 

predictions compared with the thermal profil es obtained fro m the " rea l" devices. This 

was carried out fo r both steady state and transient results over the same range of 

power levels. 

Model Construction and Boundary Conditions 

Pli ncipall y, it was requi red to check how the temperature of each body wi thin the FE 

model compared to that of the experimental devices under the same test conditi ons. 

The power leve ls and the cooli ng airflow rates were the two variables that were 

manipulated in the FE model, the power levels were represented as a heat flux app lied 

to the surface of the underside of the heater chi p over the same area as the heater on 

the "real" device. The cool ing airflow on each of the bodies was represented as a face 

film applied to each of the surfaces as described earli er in section 5.5. 1. The analysis 

was performed both for FR4 and copper substrates. The fact that it is possible to 

amend the material properties with relative ease demonstrates the principal advantage 

of creating the FE model as opposed to manufacturing a phys ica l test vehicle (all the 

manufacturing processes need not be considered, and the inevitable hurdles faced 

when implementing a manufac turing method are also bypassed). 

The model results were ex tracted uti lising the post processing features of MENTA T ; 

as descri bed in chapter 5, the results were presented at a global level as a thermal plot 

using contour-bands, as well as at a nodal level (as a graph). The global thermal plots 

enab led a di rect comparison with the equivalent thermal images obtained from the 

steady state experimental analysis, whi le the graphs of the selected nodes could be 

compared wi th the graphs of the transient experimental work . If a record of the 

selected node was kept then the same node could be examined in subsequent analysis, 
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therefore allowing for consistency and repeatabili ty as onl y a change in the desired 

vari able could have resulted in the new profile . In totalS nodes were selected from 

the model such that each of the cli tical areas of the model were represented. Table 6.1 

shows the node reference numbers and their location on the assembl y and their 

locations on the FE model are shown in fi gures 6. 1 a and b. The node on the centre

top of the heater chip (a) was se lected to allow fo r a basic temperature compari son 

with that obtained from the experimental MCM. Nodes on the side (b) and the corner 

of the carlier chip (c) were se lected to observe the temperature gradient over the 

carli er chip. Two further nodes were chosen on the substrate: one close to the MCM 

(d) and the other much further away (e) again to observe the temperature di stribution. 

Location Comments 

6992 (a) Heater chip: (located centrall y on the top surface) 

8339 (b) Carri er chip: (on the side of the chip 

9679 (c) CatTier chip: (located on the corner) 

166 19 (d) Substrate: Located near the MCM 

20850 (e) Substrate: Located at the fa r corner 

Table 6. J,' Local/oil oJ nodes alld description o/represelltGfIOIl 

r-__________________ o»,(b) 

9679 (c) 

16619 (d) 
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Figure 6. 1" & b: 
Location of nodes chosenfor 
the thermal analysis. Figure a 
displays those on /he MCM and 
those close 10 il, while figure b 
shows Ihe node far from the 
MeM. 

20850IC) _____ _____ -.C 

Thi s chapter presents the results for the thermal FE analysis, first for steady state and 

then transient condi ti ons. Following this is a di scussion on how the different 

conditi ons compare with each other and fi nally a comparison with the FE results and 

the " rea l" experiments is carried o ut. 

6.2: Steady State Finite Element Results 

A heat transfer steady state analys is was perfo rmed on the FE models when FR4 and 

copper substrates were lIsed with an airflow rate of 5m1s for consistency with the 

previous thermal profiling work, power ranges between 0. 1 to I .4W in increments of 

0. 1 W were modeled. With in the model, the air temperature was set to 20' C, however 

in the experimental work air temperatures of 26 and 23 ' C were recorded during the 

tests of samples with FR4 and copper substrates respecti vely. The temperature change 

within the model was therefore used fo r subsequent analysis and compari son with the 

"real" test devices. 

I 6.2.-1 :-F'R4-Res-ults -.-.---
I 

-------·-----·-··-------1 

i L-_______ ._. _______ . __ . ____ .. _. ____ _ _ _______________ J 

Figure 6.2 .1 a &b show the temperature distribution obtained fo r an MCM mounted on 

FR4 with a power level of 0.2 & 1.2W respecti vely. It can be seen that while the 

temperatures reached may be di fferent, the overall thermal profil es are very similar; 

i.e. both the heater and carri er chips show a fa irly uni fo m1 temperature across their 

top surfaces , with the heater chi p exh.i biting the greater temperature, though a slight 

gradient can be seen with a finer temperature range in the cross-sections of figures 
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6.2 .1 c. Figures 6.2 .1 c & d also show the interconnection layer with the corresponding 

temperature scale standardised to highlight differences over the MCM. The 

interconnection can be seen to be at a temperature in between the heater and the 

carrier chip. The fi gures also show the temperature gradient across the heater chip. In 

figure 6.2. ld, the area immediate ly below the solder joint on the right hand side is 

marginally warmer than the rest of the chip where there is a direct link to the hotter 

heater chip. Figure 6.2. 1 e & f focus on the temperature di stri bution on the substrate. 

The area beneath and local to the MCM is very close to the MCM temperature but it 

can be seen that the temperature rapidl y diminishes as the di stance from the substrate 

increases. 

As expected, the heater chi p showed the highest temperature and most of the heat is 

conducted through the so lder jo ints to the carrier chip, which is at a marginall y lower 

temperature, and fi nall y through the adhesive laye r and to the substrate. As also 

anticipated, there is an even temperature distribution across the heater and carrier 

chips but on the substrate the temperature rise is very local to the MCM . 
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I Figure 6.2. lfl: 
Temperature 
distribution 0/ 
FE model of the 
MCM 0 1/ FM 
witll O.2W 
powering the 
chip. The 
minimum 
temperature 
displayed is 
26.5"C wh~/e the 
maximum IS 

33,J"C . The . 
view is isometnc 

Figure 6.2. J b: 
Temperature 
distribution of 
FE model o/the 
MCM 01/ FR4 
with 1.2W 
powering the 
chip. The 
minimum 
lempertlfw.'e 
displayed IS 

60.YC wh~/e the 
maximum IS 

100.5 ·C. The 
view is 
isometric. 
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MSC 

Figure 6.2. l c: 
Close lip of the 
illferconnection 
layer when the 
MCM is powered 
with 1.2W. Note the 
significant 
temperature 
difference between 
the healer and 
carrier chips. The 
view is takel1from 
the x {uis (orig in). 
The temperature 
scale isfrom 101 to 
91 'C 

Figure 6. 2.1 tI: 
View of the 
i llIerCOtlnect i on 
layer with the 
heater and part of 
the carrier chip 
included. Note the 
warmer region of 
the carrier chip to 
the right hand 
side of the chip. 
As the blimp on 
the RHS is close 
to the origin while 
the others are 
{urther away from 
the origin 
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Figu re 6.2. / e: 
Fill! view o/the side 
0/ the assembly. 
Note how on the 
subslrate (FR-I)the 
temperalllre 
decreases the 
further away from 
the MCM. The view 
is taken/rom the x· 
(L"(is and Ihe power 
level lIsed was 1.2111 
alld the temperature 
range is/rom 101 to 
20 'C 

Figure 6.2.1/: 
View of the MCM 
with part o/the 
sl/bsl/'are (FR~), 
Note how the 
temperatllre 
appears lIni/orm 
across the Me M but 
only part 0/ lite 
subs/rate close to 
'he MCM is 
s ignificantly warm. 
The view is a plan 
view (from above) 
with Ihe power level 
of 1.2 IY I/sed and 
the temperatllre 
range is 10110 
20'C 
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Effect of Input Power Level on Temperature for MCMs on FR4 Substrate 

Table 6.2.1 shows the temperatures obtained at the selected nodes for their respective 

power levels while graph 6.2. 1 g shows the relationship graphically. Despite the 

different temperatures reached, the models exhibit imilar thermal profi les. Observing 

table and graphs 6.2.1 a li near relationship exists between the power input and the 

resultant temperature for the se lected nodes. For the heater chip, a 6.7°C rise in 

temperature was observed for every 0.1 W increase at the node on the heater chip (a) . 

The temperature changes exhibited by the nodes located on the carrier chip were both 

seen to be over 90% of that of the node located on the heater chip; (the node on the 

side of the carrier chip (b) was observed to be 92% of (a) while the corner (c) was 

91 %) indicating that there is very little temperature change across the carrier chip and 

that there is substantial heat transfer from the heater to the carrier chip, whilst some 

heat is lost through convection. A more rapid temperature decline could be seen 

across the substrate, where a significant increase in temperature could be seen in the 

node close to the MCM (d), while there was an almost negligible temperature rise in 

the node located at the far corner (e). This was attributed to the poor conductivity of 

the FR4 substrate. 

Equivalent Heater chip Carrier chip- Carrier chip Substrate Substrate (far 
power input node (a) side node (b) corner node (near MCM) corner) node 
(W) ('C) Cc) (c) (,C) node (d) Cc) (e) CC) 
0.1 6.7 6.2 6.1 3.4 0 
0.2 13.4 12.4 12.2 6.8 0.1 
0.3 20.1 18.6 18.4 10.2 0. 1 
0.4 26.8 24.8 24.6 13.6 0. 1 
0.5 33.5 31 30.7 17 0.2 
0.6 40.2 37.2 36.9 20.4 0.2 
0.7 46.9 43.4 43 23 .8 0.3 
0.8 53 .6 49.6 49.1 27.2 0.3 
0.9 60.3 55.8 55 .3 30.6 0.3 
I 67 62 61.5 34 0.4 
1.1 73 .7 68.3 67.6 37.4 0.4 
1.2 80.4 74.5 73 .7 40.8 0.4 
1.3 87.7 80.7 79.9 44.2 0.4 
1.4 93.8 86.9 86 47.5 0.5 

Tllble 6.2. 1": 7 atJ/e aisptaying t e equivalent power input and tne corresponaing temperature rise 
above the ambienllemperature (20 ·C) 

Page /66 



Power Cycling 0/ Flip Chip Assemblies 

'~r-------------------------------------------------' 

" = 

01 02 0) O. 0$ O' 07 O' 0_' 11 12 I) I . 

Power (Watts) 

Figure 6.1.1g: Graph of the power alld temperatllre readings displayed ill table 6.2.1 

--+-Heater e/IIp (Il 

_ Clmer-sicle(tl) 

Carrler.comer 
col 

~Subslrale (near 
MCM) (d) 

______ Subslrale 

(mmet) (e) 

1.-------------------------------------------------------------------------------------------------, I 6_2 _2: Copper Substrate i 
_________ ._._ .. ____ ... _ .. _ .. _ .. _. __ ..... _._ ... ___ ... _. __ ._._. ____ .....1 

The thermal profi les for the MCM on copper substrate are shown for 0_2 and l .2W in 

figw-e 6.2.2a and b respectively. The temperature di stributions are equivalent apart 

from the overall temperature difference. It can be seen that the (emperature of the 

heater chip is s ignificantly warmer than the carrier chip, as anticipated. Furthermore, 

whi le the carrier chip is fairly uniform, a mi ld temperature gradient can be seen on the 

heater chi p. The intercorlllection layer is shown in fig ures 6.2.2c and d. It can be seen 

how the temperature is wannest in the heater chi p and cools thro ugh the so lder joints 

and then through the carrier chip; the solder joints show a clear temperature gradient. 

Figures 6.2.2e & f are concerned with the substrates thermal characteristics; a uniform 

temperature can be seen across the substrate as anti cipated due to the high thermal 

conductivity of copper. 
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Figure 6.2.1a: 
Temperature 
distribution of FE 
model of the 
MCM on copper 
with 0.2 W 
powering the chip. 
The minimum 
temperawre 
displayed is 
2 i .5"C while the 
maximum is 
2-1.5 ~C . Tlte view 
is isometric 

Figure 6.2.2h: 
Temperature 
distribution of FE 
model of the MCM 
on copper with 1.2 
Wafts p owering tlte 
chip. The maximum 
temperature 
displayed is 47.1 ·C 
while the minimum is 
31.5 "c. The view is 
isometric. 
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Figure 6.2.2c: 
Close up of the 
interconnection layer. 
Note the significant 
temperature 
difference between 
the heater and carrier 
chips. The view is 
laken from Ihe x axis 
(origin). The 
lemperalllre scale is 
{rom .1 7 10 37°C 
(1 .2 11) 

Figure 6.2.2" : 
View of the 
interconnection 
layer with Ihe 
Itealer and pari of 
lite carrier chip 
included. NOle Ihe 
warmer region of 
lite carrier chip 10 
lite right hand side 
by Ihe chip. The 
lemperalUre scale 
is/rom 47 10 37°C 
(1.2W) 
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Figure 6.2.2e: 
Full view of the 
side of the 
assembly. Note the 
uniform 
lemperature of the 
subs/rate. The 
view is takenfrom 
the X-{Lr:is alld Ihe 
temperature range 
isji-om -17 10 
31.5·C (J .2IY) 

Figure 6.2.2J-
View of/he MeM 
wilh parr of the 
subs/rOle. Again Ihe 
substrale is of 
uniform 
temperature. The 
view is a plan view 
(from above) and 
the lempertlture 
range is 47 to 
31.S·C (1.2 f1? 
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Effect of Power Input on Steady State Temperature for the MCM on Copper 
Substrate 

When the substrate material properties were changed to those of copper, the data 

shown in table 6.2 .2a was obtained and the relationship can be seen in graph 6.2.2g. 

As with the FR4 substrate, the plots for the copper substrate also demonstrated a 

li near relationship between power and temperature. However, the temperature ri se 

was much lower than fo r FR4 and an increase of 2.1 8"C was recorded for each 0.1 W 

power increase in the heater chi p at node (a) . Furthermore, within the MCM there was 

a larger temperature gradient between the carrier chip and the heater chip. On the 

carrier chip at node (c) the temperature increase was 73% of that exhibited by the 

heater chi p. 

Equivalent Heater chip Carrier Carrier Substrate Substrate 
power input (a) Cc) chip- side chip corner (near board) (far corner 
(W) (b) Cc) (c) Cc) (d) Cc) He) CC) 
0.1 2. 18 1.64 1.6 1 I. 0.96 
0.2 4.35 3.28 3.21 2 1.91 
0.3 6.53 4.92 4.82 2.99 2.87 
0.4 8.7 6.57 6.43 3.99 3.83 
0.5 10.88 8.2 1 8.04 4.99 4.78 
0.6 13.05 9.85 9.64 5.99 5.74 
0.7 15 .23 11.5 11.25 6.99 6.7 
0.8 17.4 13. 14 12.86 7.98 7.66 
0.9 19.5 8 14.78 14.46 8.98 8.61 
1 2 1.75 16.42 16.07 9.98 9.57 
l.l 23.93 18.07 17.68 10.98 10.53 
1.2 26. 1 19.71 19.29 11.98 11.48 
1.3 28.28 2 1.35 20.89 12.97 12 .44 
1.4 30.45 ?' -" 22.5 13 .97 13.4 

Table 6.2.2a: 
Table showing the equivalent power input alld the resultant temperolllre rise relative to the 
ambient at the specified nodes. 
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~ U U U U U U U U 11 1.2 1.3 1.4 

Power (W) 

Figure 6.2.2g: Plots o/the temperoture readings displayed in table 6.2. 20 

6.3: Transient Finite Element Results 

Transient Tbermal FE Models 

c.me.. cnlp COITICIf ,<, 
~SubW3I1' (ne'f 

bG81d) (11) 

~s..D$lIalt (I.f 
corner) (e) 

The FE simulations were started from rest and as with the steady state procedure, an 

ambient temperature of 20°C was u ed. Three complete power cycles were simulated 

so that transient thermal profiles could be obtained. The FE model used 300 

increments to simulate the three complete cycles totaling 384 seconds; therefore each 

increment represented 1.28 seconds. There were no adaptive increments and all 

calculations were made using an explicit so lver. 

The transient thermal results were di splayed at a nodal level so that graphs could be 

directly compared to the results captured by the IRISYS thermal imager during the 

experimental power cyc ling. Nodes (a), (c) and (d) were selected to obtain the 

transient temperatures of the heater chip, carrier chip and the substrate area near the 

MCM. Nodes (b) located on the carrier chi p and (e) near the far co rner on the 

substrate were omitted from the ana lysis as: i) very little difference was seen between 

node (b) and (c) so the carrier chip was considered to be adequately represented by 

node (c) on its own and ii) node (e) showed a negl igible temperature rise in the FR4 

model and was seen to be very close to that of node (d) for the copper model. For 
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copper, one trial was perfo nned with node (e) and it was seen to fo llow the profil e of 

node (d) 

For each section, there are transient graphs of power levels 1.4 and 1.2W. 1.2W was 

chosen as opposed to the lower power levels to enable a direct comparison with the 

experimental results; the lower power transient resul ts for copper samples presented in 

section 4.3 were suspected to be contaminated with background "noise". In each 

section the thermal hi story from each node is shown as a graph. In add it ion to the 

graphs, two tables are presented to show the transient behaviour of the 0 and OFF 

cycles. They show the temperature change noted fo r each interval from the previous. 

An interval was defined as 5.12 seconds within the cycle time. The interval started at 

the beginning of a particular part of a cycle (i.e. the start of either an ON or OFF part) 

and a total of 6 intervals were used for the purpose of thi s analysis, therefore the table 

characterized approximately Y, a cycle. Also a steady state analysis of each scenario 

(i.e. steady state profil e of the MCM powered with I.4W cooled with IOm/s air flow) 

was perfo rmed such that it could be seen how close each body came to its respective 

steady state temperature. 

1s:3~1-~------
~FR4 Substrate 

Figures 6.3. 1 a & b capture the transient thermal profi le of the MCM on FR4 substrate 

for both I.4W and 1.2W power cycle scenarios. It can be seen that the profiles of the 

graphs are similar. Tables 6.3. 1 a and b characteri ze the rates of temperature change 

for the ON cycle and the OFF cycle respectively. Both graphs exhibit a large initial 

temperature change which gradually and steadily declines as the cycle time continues 

and a similar trend can be seen in the off period . Table 6.3 .1 c shows how close the 

assembly is to steady state at the end of the cycle whi le the thermal plots of the MCM 

at steady state are shown in figures 6.3. lc; and c;; . It can be seen that the assembly 

reaches over 95% steady state within the allocated transient cycle time (the MCM is 

seen to reach 99%). Furthem10re, from examining table 6.3. 1 a it can be seen that the 

bodies initially heat at di ffe rent rates at the start of the cycle (the heater chip node 

enduring the greatest temperature change with the substrate showing the least); though 
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during the 4th interval (i.e. after 20.48 seconds) the temperature change is the same for 

the nodes reco rded. 

The trends noted in the 0 cycle were echoed during the OFF cycle: an initial large 

temperature decrease was noted for all the nodes in the first interval though the rate of 

temperature change declined during the later increments. Also from the first interval, 

it can be seen that the nodes started to cool at individual rates, with the heater chip the 

quickest, but by the 4th interval the entire assembly cools at the same rate. 

Taking the first intervals for both the ON and OFF parts of the cycle into iso lation, it 

was noted that the magnitude of temperature change was 8% greater for the OFF 

cycle than the 0 cycle for the MeM. This was considered to be due to the small 

thermal mass and high thermal conductivity of the MCM compared to those of the 

substrate, allowing convection and the cooler substrate temperature to have a large 

effect on the MCM at that specific moment. The subsequent intervals imply a 

temperature change equivalent to those of the ON cycle. 
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Figure 6.3. 1 fI: 7i·onsielll profile of FlU substrate model. power cycled with 1.4 Wails. 
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Figure 6.3. 1 b: Transient profile 0/ FR-I subs/rate model power cycled wilh 1.2Waus 

Node Interval number (power on) (LIT 'C) 
1 2 3 4 5 6 

(a) 42.6 13 .1 7 4.1 2.5 1.6 
(c) 34.8 13.2 7 4.1 2.5 1.6 
(d) 10 8.4 5.8 4.1 2.5 1.6 

Table 6.3. 1 a: Temperature change between intervals (interval is 5.12sec) when MCM is power cycled wilh 1.4 
Walls (ON parI) 

Node no Interval number (Power off) (LIT 'C) 
1 2 3 4 5 6 

(a) -46.6 -11 6 3.6 2. 1 1.5 
(c) -38.9 -1 1 6 3.6 2.1 1.5 
(d) -9 -7.7 5.2 3.5 ? 0 _ .J 1.6 

Table 6.3.1 b: Temperature change between imervals (interval is 5. 12sec) when ""CM is power cycled Wilh 1.4 Waits 
(OFF PART a/cycle). 

Node no Maximum temp in Steady state % steady state 
cycle time (LIT 'C) (LIT 'C) reached 

(a) 74.0 74.52 99% 
(c) 66.4 66.93 99% 
(d) 33.4 34.8 95% 

Table 6.3.1 c: ComptJrisoll of maxim um temperafllre reached dllring power cycling and steady Slale 
lemperalUre. The sleady Slate models were of 1.-1 W cooled wilh airflow at 10"'/5 
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Fig ure 6.3.1 Cj ami Cj( Thermal profiles of MCM steady s/{lIe when cycled wilh 1.-1 IV and airflow ar 10111/5 (plan 
view of assembly) 
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Figure 6.3 .1 d shows the temperature difference between the heater chip and the 

carrier ch ip as a function of time. During the ON cycle, it can be seen that the 

temperature difference peaks after one second and remains almost constant 

afterwards; for the remainder of the cycle the temperature difference reduces by 

O.I ·C. For the OFF cycle, the temperature difference is negative, implying that the 

heater chip is actually sl ightly cooler than the carrier chip. The heater chip is cooler 

than the carrier chip by O.I ·C also after I second, but the difference decreases as the 

cycle time increases. This could be attributed to the smaller thermal mass and the 

surface area in direct contact with the free flow convection. 

F;gure 6.3. 1 (/: TemperafUre difference between heater alld carrier chip for olle cycle. 
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Figure 6.3. J e: Temperature difference between heater and carrier chip Jor three cycles. 

I 6.ii Copper SUbstrate --------- i 
L __ . _______ . ___________________________ ... ______ . ____ ._. ______ -.J 

Figures 6.3.2a & b show the transient thermal profiles for the assembly for when the 

power levels lAW and 1.2W were used respectively. Both graphs exhibit identical 

characteristics, apart from the final temperatures reached. From both graphs, it is clear 

that the MCM exhibits a large temperature change during the start of the ON cycle. 

However, there is an almost instantaneous and sharp change in the subsequent 

temperature profil e. It can be seen that the rate of temperature change was slower 

throughout the assembly for the remainder of the cycle time. The temperatures of the 

assembly at different time interva.i s during the ON and OFF cycles are shown in tab les 

6.3.2a and b respectively. The bodies within the assembly are shown to initially heat 

up at di fferent rates (the heater chip being the quickest, the substrate being the 

coolest) however, the rates of temperature change are observed to be un iform across 

the assembly after the second interval. The obtained thermal plots are shown in 

figures 6.3 .2c; and Cii where the copper substrate can be seen at unifo rm temperature. 

The comparison with the steady state temperature is shown in table 6.3 .2c, where it 

can be seen that the assembly is significantly far away from steady state at the end of 

the ON cycle when copper substrate is used. 
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When the heat flux is removed, the MCM endures a rapid temperature drop until it is 

the same temperature as the substrate. Once the MCM has reached thi s temperature, it 

then continues to cool at a rate governed by the substrate. From table 6.3 .2b it can be 

seen that the assemblies cool in a manner consistent with the heating cycle. According 

to the graphs, it is also apparent that no part of the assembly returns to room 

temperature after the power cycl ing has started. 

\J \J 
. ' 
"J 

~ --------------------------------------------~ • ,~ , . ~ '" ~ * -
Time (5) 

Figure 6.3.111: Tr{lfIsienl profile 0/ copper subslrale model willl 1.,/ IV power cycling. 
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Figure 6.3.1b: Transienl profile o/Copper sllbslrale model willl 1.11V power cycling. 
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Node no Interval (Power on (.1T 'C) 
1 ( C) 2 ( C) 3 ( C) 4 ( C) 5 ( C) 6 ( C) 

Ca) 18.3 0.8 0.7 0.7 0.6 0.5 
Cc) 10.3 0.8 0.7 0.7 0.6 0.5 
(d) 1.4 0.8 0.7 0.7 0.6 0.5 

Table 6.3.1(1: Temperalllre change between illlervats (illlerval= 5.t2sec when MCN! ;s power cycled wirh 
I.4W (ON PART). 

Node no Interval (Power off, (.1T 'C) 
1 ( C) 2 ("C) 3 ("C) 4 ("C) 5 ("C) 6 ("C) 

Ca) -18.6 -0.5 -0.5 -0.4 -0.4 -0.4 
Cc) -10.5 -0.5 -0.5 -0.4 -0.4 -0.4 
Cd) -1.2 -0.5 -0.5 -0.4 -0.4 -0.4 

Table 6.3.2b. Tempel arlll e change berween mrerva/s (mrerva/,s 5.12sec) when MCM IS power cycled will! 1.4 1V 
(OFF PART). 

Node no Maximum temp in Steady state % steady state 
cycle time (.1T 'C) temp (.1T 'C) reached 

Ca) 23.8 25.87 91% 
Cc) 15.9 17.98 88% 
Cd) 7.4 9.72 76% 

Tflbfe 6.3.2c: Comparison of steady slale lemperalltre and fif/al femperafUre reached ill assembly. 
The steady slate model was oJthe MCM 0 1/ copper board power cycled with 1.4W and (Ill airflow rare 
oJIOml, 
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Figure 6.3.2cj ami Ci/ : Steady state thermal profile of assembly on copper board powered wirh I." IV and airflow 
or IOmls(plan view) 

The transient temperature diffe rence between the heater and carrier chips are shown in 

figure 6.3.2d and e. While the temperature increase is marginally greater than that of 

FR4 (S·C) the temperature diffe rence remains constant throughout the cycle. Also on 

the OFF cycle, there is no temperanlre difference between the heater and carrier chips 

after the initial rapid cool down. 

Figure 6.3.2{/: Temperature difference between heater and carrier chip for r"efirsl power cycle 
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Figure 6.3.2e: Temperature difference between heater and carrier chip for three cycles. 
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16.4: Discussion 

r 6.4~1-:--Effect-o-{Co-ppe-r-S-~-bSt-rat~-Com pared-with-FR4------------------1 
I .. ----.l 

6.4.1.1: Steady State Results 

Table 6.4.l.la compares the FE thermal results for the I.4W power simulation. It 

could be seen that the use of the copper substrate had a greater effect in cooling the 

carri er chip than the heater chip. This was attributed to the greater thermal 

conducti vity and mass of the copper substrate drawing heat away from the carrier 

chip. There was also a significant reduction in the temperature reached by the 

substrate (compared with the MCM), however thi s was very un iform across the 

copper substrate (node (e) was observed to reach 96% of the temperature rise of node 

(d» , which was attributed to the high thermal conducti vity of copper. 

Node FR4 model (LlT 'C) Copper model (tJT "C) Temperature rise from 
copper model as a 
percentage of FR4 mode' 

Ca) heater ch ip 93.8 30.45 32% 

Cc) carrier chip 86 22.5 27% 

Table 6.4.1.1,,: Table comparing the temperature increase exhibited by the bodies ot/the MeM. 

Node FR4 model (tJT 'C) Copper model (tJ T "C) Temperature rise from 
copper model as a 
percentage of FR4 model 

Cd) close to MCM 47.5 13.97 30% 

Ce) rar from MCM 0.4 13.4 3350% 

Table 6 . .4.1. J b: Table comparing the temperature increase exhibited by the slIbstrale 

Table 6.4.1.1 b displays the fi nal temperature differences recorded from the nodes near 

the MCM (d) and far away (e) . The poor conducti vity of the FR4 substrate impeded 

the thermal pathway of the assembly therefore the primary escape route for the 

accumulated heat was by convection through the surface of the MCM. As only the 

substrate area local to the board was heated, there was very litt le convection heat 

transfer from the substrate due to the small volume of the substrate actual ly heated. 

However when the material properties of copper were used, there was a viable 

alternati ve path fo r heat to escape; the thermal energy was spread over a much greater 
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area. Furthermore, the convection was applied to a much larger surface area as the 

enti re substrate was heated . 

6.4.1.2: Tral/siel/t Results 

The effects of changing the substrate properties from those of FR4 to copper are 

apparent. Namely the maximum temperature is reduced signifi cantly and the overall 

profi le of the assembly has changed dramatica lly. For comparison, the transient 

profil e of the FR4 and copper are shown for the nodes located on the heater chip, 

carri er chip and the substrate in fi gures 6.4.1.2a, b and c respectively. From the graphs 

contain ing the MCM nodes, a smooth curve can be seen on the nodes from the case 

when the FR4 substrate is used as opposed to the sharp change in gradient fo r the 

assembly with the copper substrate. When the FR4 substrate is used, it exhi bits a 

temperature change in character with that of the corresponding MCM, though steady 

state temperature is not reached. When the copper substrate is used, the substrate does 

not have the immediate temperature ri se as exhi bited in the case fo r FR4. 

Time (s) 

Figure 6.4.1.20: 
Temperature profiles 
of healer chip on 
FR.J and copper 
sllbslrale. The MCM 
lIIas pOlVer cycled 
with I..J lfIaffs 
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Figllre 6.4. 1.2b: 
Temperature of 
carrier chip on FR4 
and copper subslrate 
(I . ~Wa((s power 
cycled) 

Figllre 6.4.1.2c: 
Temperature of FR4 
and copper 
subs/rates (near 
MCM) when it is 
power cycled wilh 
1.4 Wails 

As the power/heat source was located in the heater chip, the subsequent heat 

generated must first pass through the interconnection layer and then through the 

carri er chip before the relevant substrate material properties can significantly 

influence the MCM temperature. Therefore it was anticipated that for both cases, the 

MCMs would exhibit identical them1al profiles until some critical time was reached 

and then the infl uences of the substrate would become apparent. This characteristic is 

implied from the graphs above however to view this in more detail , a separate 

transient analysis was performed for the assemblies for a time of I second with 40 

increments used. Figures 6.4. I .2d, e and f show the transient profiles for one second 

for the heater chip, carrier chip and the substrate. Con idering figure 6.4. I .2d first , 

(heater chip) it can be seen that the temperatures of the nodes for both types of 

assembly are identical up to approx imately 0.2 seconds after the heat flux has been 
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applied. A very steep thennal gradient is seen on both the assemblies for the first 0.2 

seconds before the slope of the curves levels out to those of the nodes on the carrier 

chip. 

On the carri er chip node, the divergence between samples on FR4 and copper was 

noted after 0.15 seconds. Comparing figures 6.4.1.2d and 6.4. 1.2e it can be seen that a 

marginally sharper divergence exists on the carrier chip than in the case of the heater 

chip. This was considered to be due to the carrier chip being situated closer to the 

substrate, and the solder interconnection layer would impede the substrate effects on 

the heater chip. Therefore the substrate influences on the MCM would be seen sooner 

on the carrier chip than on the heater chip. 

o' 0: 0 1 0.' U O. 01 Of O. 

Time (5) 

n 

Time (5) 

Figure 6.4. 1.2t1: 
Temperature of the 
healer chip on FR.J or 
copper substrare power 
cycled with I . .J IV 

Figure 6.4. 1.2e: 
Temperature of the 
carrier chip on FR4 or 
copper subslrale power 
cycled with 1 . .J Wolls 
applied for J second 
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Figure 6. 4.1.2f: 
Temperature o/the 
FR-I and copper 
subSlrates (near 
MCM) when il is 
power cycled with 1.4 
Wails for I second 

ON CYCLE: The slower rates of temperature increase shown for the assemblies of 

substrates on copper board were anticipated to some extent. Figures 6.4.1.2a shows 

the fina l thermal profi les of the assemblies for FR4 and copper. For the FR4 case, it 

can be seen that only a small volume of the substrate is warmed by the heat fl ux from 

the MCM, as opposed to the copper substrate where the heat fl ux is diffused 

throughout the substrate. When FR4 is used, the heat flux is effectively applied over a 

reduced volume therefore a greater temperature rise and peak may be expected. 

OFF CYCLE: Though both MCMs cool rapidly until they reach the same 

temperature of their respective substrates, the assembly characteristics after thi s point 

are markedly different. Whereas the FR4 assembly continues to cool off rapidly 

before levelling off, the copper substrate cools slowly. This was also considered to be 

due to onl y part of the FR4 substrate being heated; therefore the accumulated thermal 

energy is lost through the MCM. However, all of the copper material was heated and 

the only heat loss mechanism apparent in the substrate was convection, hence the 

slower cooling rate. It is also noted that the copper substrate assembly never returns to 

the initial, or ambient temperature; it remains significantly warmer than the ambient 

surroundings. 
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r,FR4 

g" copper 

Figure 6. 4.1.2g1 ami gii: Comparison o/board temperature distributions/or MCM powered with 
1.4 IV (IIu/ airflow oJI Omls. A temperalllre gradient can be seen on tile FR4 board while the copper 
board is alllniform temperature. 
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16.4.2: Comparison of FE Models with "Real" Thermal Profiling J 
~-----------------------------------------------------------------------

6.4.2.1: Steady State 

FR4 Samples 

Maximum temperature: The thermal profiles of the assembly powered at 1.2W with 

5mJs airflow from the experimental work and the FE models are shown in figures 

6.4.2.1 a and b respectively. It can be seen that both profiles identify the heater and 

carrier chips with di stinct and uniform temperatures. The absolute values of the 

maximum temperatures from the thermal images were questionable for reasons 

explained in section 4.4.3 so the temperatures from the FE model were compared with 

the temperature obtained from the 4-point resistance measurements. The FE model 

predicted a maximum temperature change of 80°C throughout the model while the 4-

point resistance measurement indicates that the temperature change was 90°C, 

therefore the FE model marginally under-estimated the final temperature reached. 

This may have been due to inconsistencies in the airflow in the experimental work 

caused by the large opening of the tunnel to allow the image to be taken and 

difficulties in positioning the airflow meter. 

Overall thermal profile and relative temperatures: The FE model persistently 

predicts that the carrier chip will endure 92% of the temperature change shown on the 

heater chip, while the thermal profi les predict the temperature change to be between 

85 and 90%. Both the models also show the rapid temperature decline in the substrate 

as the di splacement from the MCM is increased, however thi s region of the FE model 

is very small compared with that shown on the thermal image. Furthermore it can be 

seen that the actual temperature of the substrate was signi ficantly warmer than the FE 

model predicted (by an estimated lOT). It should be noted that the geometry of the 

wires from the carrier chip and the substrate, as well as the copper tracks on the 

substrate were neglected from the FE model as it was anticipated these would 

urUlecessaril y complicate the FE model. From the thermal images obtained figure 

6.4.2.1 a the copper tracks are clearl y considerably wanner than the remai nder of the 

substrate; the wires were also at the top of the MCM in the image. Therefore the wires 

and copper tracks may provide an addi tional thermal path to the substrate, hence 
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accounting for the greater temperature difference and the higher substra te temperature 

shown on the experimental profile. 

1 OB.4 'C 

100 

BD 

60 

40 

20 
1B.7 'C 

Figure 6.4.2. /fI: Comparison o/lemperafllre distributions 0/ "real" assembly and equivalent FE simulation for 1.2 
Watts. (FlU substrate) 
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Copper Samples 

Maximum temperature: The thermal profiles of the assembly obtained from the 

experimental work (1.38W) and the FE models (1.4 W) are shown in figure 6.4.2. 1 b. 

The FE model shows distinct and uniform temperatures on the heater and carrier chip 

bodies though this cannot be confirmed with the low-resolution camera. It can be seen 

that the model predicts a temperature change of 30°C while both the camera and the 

4-point resistance measurements show the change to be approximately 40°C. The 

wind tunnel was set to produce an airflow rate of 5m1s with the panel in place. This 

was difficult to accurately set the airflow speed as the variable fan rate controller was 

very sensitive in thi s region, so there may be di scretion due to inconsistencies in the 

obtained airflow rate. 

Thermal distribution: Due to the low resolution of the camera, it was not possible to 

obtain any fine detail of the assembl y, though the results from section 4.4.1 imply that 

the carrier chip endures a temperature change of75% of that of the heater chip; the FE 

model predicts that the temperature change is 71 %. Both the images clearly show the 

copper substrate to be of a uniform temperature. 
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Figure 6.4.2. 1 b: Comparison of temperature distributions from experimental work and FE models 0/ MCM on 
copper substrale powered with lAW (real assembly powered with 1.38 H? 
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6.4.2.2: Trallsiellt Allalysis 

FR4 Sa mples 

Figures 6.4.2.2a and b show the obtained thermal graphs fTo m the experimental work 

and FE simulations respectively. It can be seen that there is genera ll y good agreement 

with the temperature changes and the overall profil es of the graphs. However, upon 

closer examination it is apparent that the experimental graphs have yet to reach steady 

state whereas the FE results show that steady state is effectively reached at the end of 

the cycle. The omission of the copper tracks fro m the FE model as described in the 

previolls section may account fo r the under-estimation of the substrate temperature. In 

addi tion, it may also serve as an explanation for the fai lure for the assembly to reach 

steady state, as the effects of the heat fl ux may be apparent on the copper tracks, as a 

direct thermal path exists. 
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Figure 6.4.2.211: 
"Real" thermal profile 
of Me M 0 11 FR~ 

board. Power cycled 
with 1.-1 Walls. The 
carrier/substrate 
legend represel1lS a 
potential overlap 
where a pixel 
averages the 
temperalllre of the 
carrier chip and the 
substrote. The 
stlbstrate legend is an 
{Irea o/FR-I board. 
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Figllre 6.4.2.2b: 
Obtained profile 
from FE model. 1.4 
Watts simulated. 
Node (d) was 
anticipated to 
correspond with the 
legend "subs " from 
figll re 6. 4.2.20 

The experimental and the FE profil es of the assemblies with copper substrates are 

shown in fi gures 6.4.2.2c and d, it can be seen that the FE model over estimates the 

temperatures at the end of the cycle. The first cycle of the FE results exhibits a greater 

change in temperature than the subsequent cycles, thi s is due to the assembly 

stabil ising. Comparing the subsequent cycles, it can be seen that the general 

characteri sti cs are in good agreement. However, it can be seen that the FE model over 

estimates the temperature change of the copper substrate; a 5-degree temperature 

fluctuation is predicted by the model whi le the resul ts from the actual cycle shows 

that thi s ampl itude is 4 degrees. This over estimation was attributed to the attachment 

of the MCM to the substrate. The adhesive pad used requi red a uni fo rm pressure to 

secure bonding. However the MCM was applied by using tweezers in the manner 

described in section 3.5. This may account for reduced heat transfer to the substrate. 
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Figure 6.4.2.2c: 
"Real"' thermal profile 
of MCM mounted on 
copper sllbstrate. Power 
cycled with 1.4 Watts. 
The carrier _I legend is 
anticipated to be some 
overlap behVeen the 
carrier chip alld the 
sllbstrare while the 
substrate legend is 
though/lo cOtifidently 
represent/he 
temperature of the 
copper . 

Figure 6.4.2.2(/: 
Obtained /hermal 
profile/rom FE 
model power cycled 
with 1.4 Wails 
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, .. _ ... _ ... _ ..... _ ........ _ ........ _ ... _ ... _._ ......... __ ... _._ ....... _._._._._._._-_ ........ __ .. _._---_. __ ... _j 
16.4.3: Comparison with Other Studies 

-------------.------._--... _ ... __ ._._ .. _ ......... _ .. _._ ..... _ .. _._ ......... _ ... _ ..... _ ... _-

The detailed data capture of the FE models show the rates at which the individual 

bodies heat up and cool down. It can be seen that the heater chip does indeed endure a 

more instantaneous, rapid and larger temperature change than the carrier chip in 

agreement with the work of Trigg and Corless (1) . 

Previous published attempts at capturing a FE power cycle of a flip chip assembly 

were dependent on test vehicles being manufactured and thennally profiled to obtain 

the heat transfer characteristics. Some models used the recorded temperatures of the 

chip and substrate at any given time as the necessary boundary conditions (2), others 

used a natural convection heat transfer coefficient based on the temperature difference 

observed between the die and cooling air (3,4). Either way, the models are strongly 

dependent on a test piece previously being manufactured and profiled. The FE models 

created in this experiment eliminate thi s prerequisite as the convection heat transfer 

coefficient was obtained independently of an observed temperature change. 

Furthermore, the FE models that used a convection heat transfer coefficient failed to 

correctly capture the transient profiles (3,4). Th is was attributed to the temperature 

dependent heat transfer coefficient used. The models concerned based their heat 

transfer onl y on the maximum temperature observed from the assembly while in 

reality, the heat transfer rate is likely to be changing throughout the transient period 

and does not become constant until steady state is reached. As the heat transfer 

coefficients used in thi s exanlple were not temperature dependent th is allowed the 

transient behaviour to be a better representation of the true profiles exhibited by the 

assemblies. 

16.4.4: Direct Chip Atta·ch---·-···-----·--·------··-·--···-·----·-! 
L __ . ______ . __ .. __ .. ___ .. __ ._ .. _ .... __ . ____ . __ .. J 

The work presented so far has shown that the FE models can predict the overall 

thermal distribution for the MCM given its specific characteristics. How does the 

relationship between the FE model prediction and trial results compare for the case of 

a die mounted directl y on board, as in the case for direct chip attach (DCA)? 

Lenkkeri & laakola (5) power cycled dies attached to either alumina or low 
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temperature co-fired ceramic (L TCC) substrates with varied power levels and standoff 

heights as summari sed in table 6.4.4a. It was found that there was a relationship 

between the power levels and cycles to fai lure for a given substrate and (where 

applicable) standoff height. It was decided to create FE models of the test vehicles 

used from this DCA power cycling work in order to provide further validation of the 

modelling method. The models were created with the following assumptions: 

• Assemblies were cooled by natural convection 

• The temperature of the die was fa irly un iform (i.e. di ffe red by no more than 

one degree) 

• The ambient temperanlre was 20°C 

• Convection rates were constant throughout the cycle time (the maximum 

value) 

• Non-symmetrical entities were ignored such that the model could be 

simplified to I;' of the actual geometry (i.e. there were 21 bumps on the " real" 

assembly. In the model, it was assumed to be only 20 therefo re with thi s 

simplification, only 5 bumps need be created) 

The die used was a PST2 test-chi p with 21 pads (though thi s was simpli fied to 20 to 

reduce the size of the model). The dimensions of the die were 3.8x3 .8xO.63mm with 

pad diameters of 160Jlm and the varying pitches are shown in fi gure 6.4.4a along with 

the symmetry lines. The alumina substrate was 16.5x 19xO.89mm and had rectangular 

pads at either 200x 1 OOf,lm or 200x 150f,lm depending on the final standoff height, 

while the L TCC substrate measured 25x25xO.78mm and had circular pads with a 

diameter of200Jlm; both boards had their pads to match the pitch of the pattern on the 

die. The models were created in accordance with the meshing procedure described in 

section 5.5 .1 though the model onl y consisted of the die, the solder joints and the 

substrate, with all other parts omitted. The exclusion of one of the joints from the chip 

(i.e. considering 20 joints instead of 21) allowed the model to be simplified to Y.. such 

that the number of elements required was reduced, in addition the mechanical 

boundary conditions descri bed in section 5.5.2 were directly implemented. The power 

simulation was implemented by simulating a heat flux over the required area . The 

convection heat transfer coefficients were obtained by using the 6T va lues obtained 
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for each scenario from the experimental work and implementing them in the relevant 

equations fo r natural convection from section 5.3 .3. (i. e. first obtaining the 

Grashof/Rayleigh numbers, then the Nusselt numbers and finally the convection 

coeffi cient) . In section 5.3.3 , the orientation of the surface was shown to substantially 

influence the convection rate therefore it was necessary for the die ' s horizontal 

surfaces to have a di fferent coefficient from vertical surfaces; therefore each model 

utilised three different h values as shown in figure 6.4.4b. 

It is known that the natural convection heat transfer coeffi cient is dependent on the 

temperature difference between the surface of the body and the ambient temperature. 

Only the fina l temperatures of the die were reported (i.e. no transient data was 

available) therefore the heat transfer coefficients were obtained based purely on the 

final temperature. Consequently good agreement with the final temperatures was 

anticipated, however the prediction of accurate transient profi les was less certain. 

Substrate Power input (W) Substrate pad Bump height (pm) 
dimensions (pm) 

Alumina 5.29 200xl50 70 

Alum ina 5.35 200xl00 SO 

A lumina 6.06 200x 150 70 

A lumina 6. 14 200x l00 SO 

LTCC 3.39 200 80 

LTCC 4.03 200 80 

LTCC 4.I S 200 80 

Table 6.4.401: "st o/each model parameters 

Symmetry 
applied I1 
these lines 

, 
: 3$0111'\ , , Figure 6.4.40: 

Example of the pitches oJ 
tlte pa ds on the die: the 
d ie ;s simplified 10 ~ 
where Ihe lines of 
symmellY are shown. 

Figure 6.4.4b: illustra tion oJ ~ FE model 
and how convection coefficie flls were 
applied separately 10 tire horizontal and 
vertical surJaces oJlhe die. The subsll'ates 
were anticipated to show much smafler 
remperalllre changes due 10 Ihe large 
thermal mass. alld (comparatively) Iow 
conductivily. there/ore the subsll'ate had only 
one convection value applied. 
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Substrate Input h , (Wlm ') h2 (Wlm ') h3(Wlm ') 

power (W) 

Alumina (5 .29) 782 .946 1043.63 173 .205 

Alumina (5.35) 784 .95 5 1046.23 173.205 

Alumina (6.06) 808.449 1076.7 173.205 

Alumina (6.14) 810.68 1079.58 173 .205 

LTCC (3 .39) 799.68 1057.5 172.673 

LTCC (4.03) 820.646 1092.5 172.673 

LTCC (4. 18) 872 .38 110 1.25 172.673 

.. 
Table 6.4.4(111: Lw o/noturol convecllon coefficlems used. 

Thermal Results 

Table 6.4.4b shows the temperature changes exhibited by the models compared with 

those from the recorded experiments. For the alumina substrates it can be seen that 

for some cases the FE model predicts very closely the temperature change for the 

experimental work (S.29W and 6.07W), while marginall y overestimating the 

temperature change (S.35W and 6.14W). These discrepancies were very likely due to 

the approx imations of the model. The FE model predicts more consistent results for 

the case with L TCC substrates, however on the model it over estimates the 

temperature reached by I I' C in all cases. The over estimates were possibly due to the 

omission of the cooling plate that the assemblies were placed on in the experiments. 

Furthermore, it was clearly evident that less power was needed for an equivalent 

temperature change when LTCC was used than with alumina. 

The transient results from the models are characterised in figure 6.4.4b . It can be seen 

that the temperature profi les are different depending on whether the substrate was on 

Alumina or L TCC. The substrates on LTCC appeared to reach their max imum 

temperature very quickly. After only 10 seconds the thermal profil e of the LTCC 

assemblies exhi bit steady state characteri stics. The profi le of the chip when alLUnina 

was used implies that the assemblies are still in transit at the end of the 0 cycle. 

This slower time to reach steady state was attributed to the higher conducti vity of the 

alumina substrate compared to L TCC. This behaviour is in good agreement with the 

results of the thermal profiles of the MCM, where the more thermally conductive 
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substrate acts as a heat spreader (albei t to a lesser extent) therefore requiring more 

time to reach steady state . 

Substrate Power(W) LJ T (FE model) LJ T (Experiment) 

(Lenkker; and Jaakola) 

Alumina 5.29 94.5 92. 1 

Alumina 5.35 100 .3 93 .2 

Alumina 6.06 107 .3 107 

Alum ina 6.14 11 3.8 108.4 

LTCC 3.39 108.6 98. 1 

LTCC 4.03 126.6 114.9 

LTCC 4. 18 130.6 11 9.5 

Table 6.4.4b: Comparison o/the temperatures reached /ram a given power/evel 
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Figure 6.4.4b: Graphs a/transient thermal profile of each of the assemblies 
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Figure 6.4.4c: 
Profile o[ DCII 
assembly on 
A lumina subslrate 
(5.29W powered). 
The femperature 
SpOilS 17" C across 
fhe sllbsfrale (rallge 
is 7~-5 7"C) 

Figllre 6.4.U : 
Profile o[ DCA 
assembly on LTCC 
subsfrllfe (-I. l BW 
powered). The 
temperatlire spans 
80 ' C across the 
substrate (range is 
100-21 "C) 
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16.5: Conclusion 

With careful consideration of the modelling parameters, and when substantial care is 

taken when defining a convection heat transfer coefficient, FE models can be used to 

estimate the resultant temperature of the MCM assembly. The studies appeared to 

show somewhat better prediction for the assemblies on FR4 than on copper substrate 

though these may be attributed to chip manufacture or thermal capture defects. These 

studies are in good agreement with the findings of Trigg and Corless (I) where a 

substantial temperature difference between the two chips is still apparent. 

Furthermore, the transient profile is in agreement with the work by Sur and Turlik (2) 

where their finite element model predicted the shear in the opposite direction than 

anticipated originally. However, in this case there is no opposite shear stress as the 

MCM is CTE matched and the carrier is always cooler than the heater chip. 

The steady state analysis confirms the linear effects of increasing power within a 

module as shown in section 6.4.4 to within over 90 % accuracy. The model has 

confirmed the influences of changing the substrate materials, the specifics or detail of 

the transient behaviour may differ marginally though the overall criteria are in good 

agreement. If required, the model is also capable of capturing fine detail such as when 

the amended material properties come into effect. 

Based on a maximum operating temperature of 12S'C for eutectic solder this allows a 

user to recommend a maximum power load for a given design if the relevant 

convection criteria are specified. This saves the time and expense of manufacturing 

"real" test devices and profiling real trials. 
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Chapter 7: Finite Element Stress Simulation ...... . .. . 
..... 

.. ..... ... 

17.1: Introduction 

The fatigue failure of solder joints in flip-chip devices is widely acknowledged to be 

as a consequence of crack propagation, which is known to be instigated by stresses 

resulting from thermal expansion mismatches that exist between the die and the 

substrate. The joint(s) where the stress is highest are typically where the first failure(s) 

can be found in following the physical testing of a manufactured device and these are 

almost always the corner joints, or those furthest away from the so-called neutral 

point. 

The aim of this part ofthe study was to investigate the resultant stress and strain that 

would develop in the interconnection layer of each assembly by means of a stress FE 

simulation. 

7.2: FE Model Refinement for Stress Analysis 

.. 

I 7 .2. "-:_~~!!!1_~!!!en:.:..t:...:D=-e=-s:.:c:.:.r.:!ip:.::t:.::io:.::n~-_·-_-·-_-_---_-_--_-~-~~~~_-__ -__ -._-_-___ -__ -__ -__ -__ -_ ----, 

In order to obtain accurate stress/strain values in a reasonable analysis time, it was 

necessary to refine the existing FE models that had previously been used for thermal 

analysis but only in key areas. This process involved increasing the mesh density in 

the interconnection layer, while coarsening it in less important areas such as the 

substrate. To do this, the model was divided into different contact bodies, which were 

defined such that they corresponded with the "real" parts on the test vehicle. 

Contact bodies- Description and definition: - In addition to the standard FE pre and 

post-processing features, MARC-MENTAT has the additional facility of performing 

an automated solution of problems where contact of some description occurs between 

two or more bodies. Typically this type of contact is a problem where one body 
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moves or slides against another (as in common friction problems) though with the 

correct contact behavioural specification, it can be used to simplify problems where 

the contact bodies are joined together where the area of interest is very small 

compared with the overall size of the model, such as is often the case in electronics 

assemblies (see MARC MENTAT 2003 new features guide Chapter 17) 

Each contact body is a set of elements that have been grouped together by having 

some common properties as specified by the FE operator and the solver perceives 

each contact body as a FE problem in its own respect. Once all the contact bodies 

have been correctly defined, entering the contact conditions into a contact table 

specifies the appropriate nature of the contact. The MENTAT contact table allows 

three modes of contact: no contact, touching or glued. If there is no contact then this 

means that there is no physical contact between the two bodies; whereas touching 

implies that the bodies may come into contact. If touching bodies come into contact 

they may be stationary or they may move about if a suitable disturbing force is 

applied. Heat transfer or friction can occur between the two bodies. However, if the 

contact bodies are glued then the contact bodies are rigid and can only be displaced if 

a suitably large separation force is applied; MARC 2001 automatically specifies this 

separation force to be 1x1 020 Pa. 

The MARC contact algorithm does not require any special elements, programs or 

tying equations to be defined by the user. It automatically detects nodes entering or in 

contact and generates the appropriate constraints to insure no penetration occurs and 

maintains compatibility of displacement areas and touching surfaces. (MARC 

MENTAT 2001 user manual) 

To determine the most suitable method for refining the model, a series of models were 

constructed and refined to different levels of detail as summarised in table 7.2.1a. The 

basic structure used to perform this verification work was the MCM mounted on FR4 

board, power cycled with 1.4 Watts and cooled with an airflow of 10 mJs. The 

simulation time was 64 seconds (i.e. the first ON part of the cycle only). The refined 

models were evaluated globally in terms of the number of elements used, the stress 

and thermal results obtained, and the time taken to perform the analysis. Each stage of 

the refinement is explained below. 
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Mode/No Attributes 

0 Original model 

RI Substrate and adhesive coarsened 

R2 Heater and carrier chip coarsened 

R3 Interconnection layer divided and parts were coarsened 

R4 Interconnection layer mesh density increased 

Table 7.2.10: Summary of the model refinements used 

Refinement level I (RI): Substrate and adhesive coarsened: - In the original model 

used for the thermal analysis, the substrate and the adhesive parts of the assembly 

were modelled with 6496 and 1792 elements respectively, constituting over It, the 

elements used in the original model. This was considered uneconomical, as the 

resultant stresses in these areas were unlikely to vary significantly (moreover the 

purpose of the substrates was to provide the necessary thermal characteristics for the 

MCM and the stresses there were of little interest). Therefore it was decided to reduce 

the number of elements in these areas as much as possible. As a result 98 elements 

were used to represent the substrate, while the adhesive utilised 128 elements. This 

resulted in three contact bodies used in the model as shown in figure 7.2.1a. 

Contact body 1 
(MCM) 

---==-. I .. Contact body 2 ~ (adhesive) 

. t C'-"" (substrate) 

Figure 7.2.10:
Schematic of the 3 
contact bodies 
considered in the 
RI FE model 

Refinement level 2 (R2): Division of the MCM into different contact bodies and 

modification of the mesh densities: - Again, as the stresses within the silicon dies 

were unlikely to vary rapidly within the bodies, it was decided to investigate the 

effects of reducing the mesh densities in these areas as well. First, the MCM was 

divided into three separate contact bodies: the heater-top, the carrier-bottom and the 

interconnection layer as shown in figure 7.2.1 b. The interconnection layer consisted 

of the solder, the UBMs, the bond pads and a layer of elements from the bottom of the 

heater chip and the top of the carrier chip. The heater-top was made up of the 

remaining elements from the heater chip, likewise for the carrier-bottom. After these 
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contact bodies were speci fied, the number of elements for the heater-top and the 

carrier-bottom were then reduced to 128 and 512 respectively. This formed the basis 

for refinement level 2. 

Con tact body 3 
(Carrier boltom) 

Contact body I 
(Heater top) 

...--
Contact body 2 
(In terconnection 

E==~===loiI ____ [aycr) 
~ 

Contact body 4 
(adhes ive) 

Contact body 5 
(substrate) 

Figure 7.2. I b: -
Schematic of the 
5 conlact bodies 
considered in the 
FE //Iodel R2 

Refinement level 3: Division of the interconnection layer: - The interconnection 

layer was further divided into 4 contact bodies as shown in figure 7.2 .1 c. One of the 

bodies contained all the so lder j oints together with the remaining heater and carrier 

chip elements, while the other three consisted ent irely of the remain ing elements from 

the carrier ch ip. This enabled the contact bodies that were independent of the 

interconnection layer to be coarsened and their mesh densities were reduced as shown 

in figure 7.2. 1 c. 

.I 

/ Y 
/ 

x 

Contact body A 
Carrier lOp pari 
III Ya.ns (mesh 
density reduced) 

ontact body C 
I lIlercomrecfiofl fayer 
It'llh solder bumps 
alld Ihe bot/om oflhe 
healer chip (left as 
before) 

Figure 7.2. l c: -!fIlIs/ralioll o/how lhe intercollnection /ayer was 
modified/or FE model R3 

COil tact body B 
Carr ier lOp pan ill 
X alld Y direClioll 
(density reduced) 

COlltact body D 
Carrier fOp pl'" in X 
direcl ion (mesh 
density reduced) 

Refinement level 4 (R4): Mesh density increased for the interconnection layer: -

With the number of elements significant ly reduced in the interconnection layer 

(contact body C in figure 7.2.lc) it was then subdivided to obtain a denser mesh at the 

interconnection layer for a more detailed picture of the solder joints. 
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Refinement LevelS (RS): Each solder joint defined as a separate contact body: -

The previous models preserved the integrity of the interconnection layer by keeping 

all the solder joints including the heating elements as one contact body. An alternative 

method involved defining each solder joint as an individual contact body (a joint 

consisting of two pads, two UBMs and the so lder) . By using thi s approach, the 

number of elements used to represent the heater and carrier chips could be reduced 

dranlatically, whi le allowing the mesh density of each ind ividual solder joint to be 

increased independently to provide a more detailed view of specific areas of interest. 

~ Heater chip 

-ntH 
Interconnection 
joints (individual 
contact bodies) 

li . ~. 
J~arrier ehip 

0 R1 R2 
Description of Original thermal Subs/(8te and Heater and ca"/er 

model adhesive chip coarsened 
refinement coarsoned 

Interconnection layer 4256 4256 4256 

Heater chip 960 960 128 

Carr ier ch ip 1792 1792 512 

Adhesive 1728 128 128 

Substrate 6496 98 98 

Total 15232 7234 5122 

Software used MARC 2001 MARC MARC 200 1 

2001 

R3 R4 R5 
Interconnection Interconnec tion Solder joints 
layer divided layer mesh represented as 
and some parts density Inc reased separate 
coarsened contact bodies 

3840+(3x64) 1 5360+(3x64) 9x224 

128 128 432 

512 51 2 768 

128 128 128 

98 98 98 

4898 16418 3442 

MARC MARC200 1 MARC 

2001 2003 

Table 7. 2.1 b. Summary oflhe 10/(1/ lit/mbe, of elements llsed III each refinemellt model (lIIcJudlllg cOlI/(lcl botites) 

Before the stress predictions from the refilled models could be analysed, it was first 

necessary to veri fy that the models had adequately predicted the thermal 

characteristics of the heater and carrier chips. Therefore the temperatures of the heater 

and carrier chip were compared with the profil es from the original thermal model. 

This was done by recording the hi story of the nodes equivalent to those on the 

original heater and carrier ch ip as defined in Chapter 6 and comparing the final 

temperatures reached and the overall thermal profile. 
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The results of the maximum temperatures reached by the models are shown in table 

7.2.2a while the transient profiles of the nodes located on the heater and carrier chips 

are shown in figures 7.2 .2a and b respectively. It can be seen that in general, there is 

good agreement between the final temperatures reached by the contact body models 

and the original thermal model, although they marginally under estimate the final 

temperatures; more so for the case for model R4 with the increased mesh density. The 

graphs showing the transient profil es of the nodes (fi gure 7.2.2b), again exhibit an 

excellent agreement in the manner in which the heater and carrier chips warm up. The 

results indicated that all of the refinement methods were capable of accurately 

representing the thermal perfo rmance of the assembly and were therefore suitable for 

further assessment of their use fo r stress analysis. 

Measured Original R1 R2 R3 R4 R5 
attribute thermal 

model 
Time taken to solve 25046 7578 7831 6874 51237 N/A 
(seconds) 

Node I (heater chip) °C 74 72.9 72.6 72 .5 71. 1 72.5 

Node 2 (Carricr chip)OC 66.4 65.4 65.5 65.4 64.1 65.2 

Table 7.2.20: Summary of lime takel/to nm Ihe models and Ihejil/oltemperatures reached by the healer & carrier 
chips. R5 al1alysis was performed on a more powerful worksWlion and Iherefore it was 1101 possible 10 compare the 
lime taken. 
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Figure 7.2.2b;: Graph o/lr{lIIsienl projiles o/nodes on healer chip 
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Figure 7.2.2bj; : Graph oftransielll profiles of nodes 011 carrier chip 
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l_7_.~~_: M_o~el_R_e_f_i"_e_m_e_"_t_S_t_r_e_s_s_A_s_s_e __ s_s_m_e_"_t _______________ J 
The predicted stress levels from each model were evaluated by examining the stress 

plots from 4 of the 9 solder joints from the penultimate increment of the model cycle 

(i.e. immediately before the power was "switched off"), so that stress distributions 

close to the maximum temperature were obtained. The layout of the solder joints from 

the FE model is shown in figure 7.2.3a and the so lder joints were ass igned the 

numbers shown. Solder joints 1, 4, 5 and 9 were initially chosen for analysis. For each 

model, the stress distribution wi thin the so lder joints was examined and compared 

with the equivalent joint from other models (figure 7.2.3) . The accompanying scales 

for a ll of the figures were all standard ised to allow a direct visual compari son with the 

other models. 

It can be seen that from all the obtained plots, FE models R I and R5 persistently 

predicted higher stress levels than R3 and R4. Furthermore, R5 persistently identified 

the same profiles for all the joints, irrespective of its displacement from the neutral 

point. R I on the other hand, shows some bias of the location of the bump with respect 

to the neutral point as the location of the minimum stress has moved to the left of the 

profile in bump 4_ Bump 5 shows the minimum stress in the right hand s ide and it is 

located in the centre of bwnp 9. R2 shows the 1110st diverse stress distribution with a 

sing le peak value, similar to those in RI & R5 whi lst the plot also has the low stress 

regions shown in R3 and R4. 

Section 
B-B 

t t t 
Section A-A 

t 

Figure 7.2.30;: 
IfIl1sIrlllioll 0/ the solder joitlf 
IIl1mberalloclIIioll . The lines show 
the axes alld where 'he views were 
taken/rom. 
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BUMP I 

Model RI 

Model R3 

Model R5 

Model R2 

Model R4 

Figure 7.1.3h;: 
n le stress cOlltour plots o/bump lobtailled/rom 
the difJerem models as labelled beneath each 
picture. The COlllour range has been standardised 
10 aid compllfisoll. Note the similar profiles 
exhibited by models RI alld R5. both predictillg 
peak stresses omitted by the others. also IIote the 
millimum stress located in Ihe celllre of the plot Jor 
bOlh models. Models R2. 3.4 both show lower 
values. thollgh R2 does show Ihe most \'Dried 
distributioll . exhibitillg olle oJ tile peak values 
shaWl! ill RI & 5 as well as the low values 0/ R3 
alld R4. The 10IVer regiolls 011 R4 were aflribwe(/ 
10 the marginally lowertemperalllre reached by 
this model ill the thermal analysis. The view is Ihe 
eXlerior oJ the bump raken from A-A 
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BUMP4 

Model RI 

Model R3 

Model R5 

Model R2 

Model R4 

Figure 7.1.3b;;: 
Stress COIl/0 Ilr plors of bump 4 obtained from 
Ih e difJerclIf models as labelled beneath each 
pictllre. The COf/fOllr range has been 
stalldardised to aid comparison. It call be 
seell that RI Gild R5 have predicted similar 
peak stress levels ill the solder joillfs, similar 
10 those exhibited ill blimp J: however 1/00e 

that 'he /ocalioll of the minimum stress has 
moved la 'he left of f/ie plol for R J while it 
femaillS illlhe celllrejor R5. The peak stress 
in R2 remaills ill the same place thol/gh the 
low regioll has movedfrom Ille side to ,he 
central regiol/ . The view ;s of the exterior of 
the bump taken/ram A·A. 

Page 2/3 



Power Cycling 0/ Flip Chip Assemblies 

BUMPS 

Model RJ 

Modd RI 

Model R2 

Figure 7.2.J bjjj: 

Slress COll/Our plols o/bllmp 5 oblailled 
(rom Ihe differenl models as labelled 
benealh each piclure. The conlOllr ral/ge has 
been slandardised 10 aid comparisoll. 11 call 
be seen Ihat R J & R5 has predicled IIIe same 
Slress peaks as ill Ihe previolls models, 
fh ough Ihe minimulII slress ill RI has mOI'ed 
10 IlIe righl 0/ fhe plol. The minimal slressed 
areas ill all rhe models are more prel'a/em in 
Ihe lower regiolls oflhe bump. The peak 
slress i" R2 bllll/ps J & 4 is 1101 preselll ill 
rhis view. The view is of the exrerior of Ihe 
blimp taken/rom 8 -B 
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Model R3 

Model RS 

Model R4 

Figure 7.1.3bi,,: 

Slress COI/IOllr plOls of blimp 90blaitled 
(rom IlIe differetll models as labelled 
bel/eal" each pictllre. The COll lOllr rauge 
has been slandardised 10 aid comparison. 
The profiles from RJ a lld R4 are very 
similar 10 those of Blimp 5. From model R2 
Ihe maximllm stress values '",ve moved 10 
Ih e side of the )Oilll, The locations of 'h e 
maxillllllll l'allles from RI alld R4 are in 
good agreemelll. nll' view is of 'he exterior 
oflhe blllllP wkellfrom /J -8 . 
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To provide a quantitative comparison between the models, the node depicted in figure 

7.2.3c;; was selected for all the joints and the stress value at this location was 

recorded. 

Joint 

number 

I 

2 
, 
J 

4 

5 

6 

7 

8 

9 

Figure 7.2.3c;;: 
Location a/where the meaSllrements 
were raken from each solder joim as 
described ill tile tables. 

Original R1 R2 

model (MPa) (MPa) 

16.89 19.36 17.94 

16.89 18 .17 16.50 

16 .88 18.37 16.14 

16 .9 1 19.68 16.5 1 

17 .13 19.46 16.60 

16.89 18.17 16. 19 

16.9 18.09 15.95 

16 .89 18.48 16.06 

16.9 1 19.54 16.02 

R3 R4 R5 

(MPa) (MPa) (MPa) 

16.03 18 .94 18.03 

16. 12 19.04 18.19 

15.97 18.82 18.13 

16.2 18.97 17.89 

16.54 19.49 18.44 

16.23 19.19 18.54 

16. 19 19.15 18.3 

16.23 19. 18 18.04 

16.27 19.22 18.03 

" Table 7. 2.3a: Eqlllvalem Von M,ses slress (AlPa) oblllllledfor Ihe node showl1 IIIflgllre 7. 2.3cii 
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25 r-------------------------------------------. .. 
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~ 
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~ 15 -rJl 
III .. 
.~ 1) 
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Inteconnection joint number 

Figure 7.2.3t1: Bar clzarl 0/ results from fable 7. 2.30 

Stresses at the Joints 

• 9 

c OnQmallT'lJdel 

. RI 

OR2 
OR3 

. R' 
OR5 

Comparing the relevant stress values from table 7.2.3a with the overall profiles, it can 

be seen that the values at the nodes are not a true representation of the overall profi les. 

However they do serve to illustrate how each change in the model affects the results 

obtained at each node. From the table and figures 7.2.3a it can be seen that there is 

general agreement wi th the final stresses va lues reached in the joint. Models RI , and 

R4 and R5 predict marginally higher stress values at the selected nodes than the 

ori ginal model, R2 and R3. 
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General MCM Deformation 

To assess each model globally, the deformation plots of each model are also shown in 

figures 7.2.3 e j to ev. These plots offer an indication of the overall model integrity. 

The deformation is magnified 2000 times so it is emphasised. Looking closely at the 

plots for the different models it can be seen that there is some separation or fracture at 

some of the contact body interfaces on refinement levels R2, R3 and R4. This implies 

that the solver perceives the different contact bodies as separate entities even though 

the structure is known to be modelled as continuous. Therefore the FE model solved 

resembles that shown in figure 7.2.3dj as opposed to the correct model shown in 

figure 7.2.3djj 

1- --------- 1 , , 

, , 
1 ______ ----- -- ______ 1 

7.23di Model as perceived in 
the Slress cal culation. Broken 
line indicates different contact 
bodies perce ived in refinement 
leve ls 2.3 &4 (stress 
calculation) 

7.2.3d Il MCM as it should 
have been perceived by the 
solver. as was implemented 
in refinement leve l I I & the 
origi nal 

Figure 7.2.3d: 
Schematic of 
perceived 
problems 
against correcl 
model 

The FE simul at ions of models R I to R4 were performed on the original workstation 

where MARC ME TAT 200 I was installed and are shown in figures ej to ejv. On th is 

edition, a separation force had to be specified in the governing contact table for each 

instance of two glued contact bodies. The default va lue of I x I 020 Pa was used initially 

and thi s produced the di stortion plots obtai ned. Upon increasing the value to I x I 025 

Pa, the di stortion was still present but less prevalent than shown in the plots. When 

the separation force was increased to I x I 030 Pa, the di stortion was further reduced. 

However, it should be noted that I x I 020 Pa is an exceptionall y large value and upon 

subsequent examining of the stress profiles there was no evidence that such a stress 

value was present withjn the model. Moreover, the profiles of models R I to R4 show 

evidence of nodal di splacement at the bottom of the carrier chip where there 

symmetry lines were app lied. Thi s issue wa rai sed with a MARC representative and 

thi s was attributed to a contact algorithm "bug" that was present within the 200 1 

ed ition; This along with several other bugs was corrected in the subsequent 2003 

version. This version had the add itional feature of a llowing no separation between 

glued contact bodies so the bodies remained rigid regardless of the separation force 
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applied. With this in mind, the R I refinement model was run again using MARC 2003 

and compared against the 2001 version and is shown in figures e._, and e.-b. It can be 

seen that both the separation and the nodal di splacement issues have been rectified 

and a more plausible deformation profile was obtained. Model R5 was also ran using 

MARC 2003 and the deformation plots were obtained and compared with those of 

model R I (2003 version) and can be seen in figure e.i-a and e. i-b. Comparing the 

profiles of Refinement level I and 5 from the models ran using MARC 2003 it can be 

seen that there is very little difference in the overa ll profile of the MCM assembly 

thereby implying that refinement level 5 is an adequate representation of model I 

using the updated software. 

As a consequence, the stress simulations were based on the refinement method RI 

where the whole MCM was kept as a single contact body and R5 where each so lder 

joint was defined as an indi vidual contact body. In terms of the actual assembly 

geometry, R I and R5 offered the best representation as the heater and carrier ch ips did 

not exhibit any di scontinuities as in the rea l case. Model R I produced the best results 

where the orientation of each stress di stribution in the joints can be seen, and in 

addition RI gave the closest results to the original FE model. However, thi s model 

was moved to the superior workstation such that no separation allowed could be 

specified. 

Model R5 generated results that were comparable with those from level I ; while they 

omitted the orientation of the stress profil e, they did offer the potential benefit of 

using few elements to represent the heater and carrier chips. Furthermore thi s allowed 

the mesh densities of ind ividual solder joints to be increased or reduced accordingly 

thus allowing greater confidence in the stress predictions; the detail s of how the two 

different refinement methods were utili sed is spec ified at the beginning of section 7.3 
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RI 

Figure 7.2.3ei: -
!'lol of the deformation of the modellVhen rejillemem 
level I is used. NOle Ihe cOn/illUalion of the heater alld 
carrier chip bodies Ilear lhe ;Illercomzectioll layer. 77ze 
cOlllrllclioll althe bOllom is due 10 the reduced 
temperature aT the bOllom of Ihe carrier chip The 
deformalioll is magn ified 2000 limes 

Figure 7.2.3eii: 
Plot of the deformalioll of the MCM when 
rejillemem level 2 is implemented. Note Ihe 
discomillllities at the lOp ofrhe carrier chip alld the 
bOIlOIll of the healer chip 011 both plots. The 
distortion ar the bOf/OIll of lite carrier chip is dlle to 
the reduced temperature at the bOllom. The 
deformatioll is magnified 2000 times 
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R3 

R4 

Figure 7.2.3eiii: 
Plots of the deformation ",Iiell rejinemelll 
level 3 is illlplemellled. NOle the 
discolllilluities from the jirst model are slill 
evident. irl addiriorl. comael body C call be 
seen 10 be breaking away. The defo rmation is 
magllijied 2000 times. 

Figure 7.2.3eiv: 
Plots of the deformation ",hell refill emem 
level 3 is imp/emellled. Note the 
discontillllities from rhe jirst mode/ are still 
evident, in addition. contacl body C call be 
seen to be breaking away. The deformation is 
magnified 2000 limes 
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Figure 7. 2.3ev-a: 
Plots of the deformation when refinement/eve/ I 
performed 0 " MARC 200 / . The deformation is 
magnified 2000 times 

Figure 7. 2.Jeiv-/l: 
Plots of the de/orm{lliol1 when refinement 
level I pe,formed using MARC 2003. Note 
that 'he carrier chip no longer bends nor is 
there displacement of the nodes where the 
symmetry axes were applied. The deformOfioll 
is lI/11gnified 2000 rimes. 
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RI 

R5 

Figure 7.2.3evi-a: 
Plols of Ihe deformation when refinement 
level 1 performed on MARC 2003. The 
deformation is magnified 2000 times 

Figure 7.2.3eiv-p: 
Plots of the deformation whell refinement level 
5 is implemented. Note that the deformation 
profile bears a good resemblance with that of 
RI. providiug belfer cOl/fidence ill tlte models. 
The deforma tio1l is magnified 2000 times. 
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\ 7.3: Stress Modelling of MCM Assemblies 

Model RS was run with two of the solder joints Goints 4 & 5 from fi gure 7.2.3ai) 

meshed densely and was used to obtain a more detailed stress profile while the 

remaining solder joints were left as they were in the original models. Inev itably thi s 

significantly increased the time and memory requirements to run the model such that 

using the desired time steps (1.28s= I increment), it was not possible to run more than 

the first cycle with thi s model so model RI was run for four cycles; as the nominal 

stress values were in good agreement, R I was considered an acceptable model to use. 

The FE models were run for assemblies with both FR4 and copper substrates power 

cycled with 1.2W and 1.4 W. The remainder of the test cond itions were consistent 

with those fTom the previous transient thermal analysis work (i.e. 64 seconds ON/OFF 

and airflow at 10m/s). 

In order to simplify the results analysis, the so lder joints were nominall y split into 

three di fferent regions as defined in figure 7.3a. The upper region : that contained the 

solder elements and the UBM from the heater chip, the centra l region that consisted 

onl y of so lder e lements and the lower region that contained the elements of the lower 

region of solder and the carrier chi p BM. 

..t)\ ..... " "'-' 

...:.~ ~ . ~....;o.=r..,. -- ... ~~~ ih_ 

'11 " 
,,,, '.' ,. 

11 
R"I .. l'. - \\\ a Ii 

~n:a~ ' -' 
lin e 

'~11 _ ;~~~~~':~ __ e=:"'~~_.~~ .:li..~~ 

L 
Figu re 7.3a: Definition of the differellt regiolls of tile solderjoillt. Also shown is the celltral lille. 

Upper region 
(soldCf &: U8~1 

el~n1S) 

Centra l regio n 
(soldCf elemenl$) 

Lower region 
(solder &: uml 
elemenu) 
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The cylindrical shape of the real solder joints was approximated by the octagonal 

shape as described in section 5.4. When the FE model or contact bodies were 

subdivided it was considered impractical to manually reposition all the nodes to form 

a better approximation of the desired shape. As a consequence, the shape of all the 

solder joints including those that were dense meshed remained in the original 

octagonal shape. Unfortunately tili s resulted in a visible " ripple" effect in the stress 

distribution and distortion. 

Initial solder stress state: Previous work has shown that an equi librium stress state 

exists in solder just after reflow and stresses arise when the solder cools down to room 

temperature be fore creep and stress relaxation reduces and eventually eliminates these 

stresses. The FE model was intended to replicate the conditions of the original 

experiment. In the experiment, the manufactured test vehicles were stored for a period 

of at least one month before they were power cycled. This was assumed to be a 

sufficient time period for the stress relaxation to occW' therefore they were assumed to 

be at a neutral stress at the beginning of the experiment. 

Intermetallics: Any intermetallics present within the so lder joint would have been 

fo rmed from the solder and the nickel UBM as there was no copper in direct contact 

with the so lder to allow for tin-copper intermetallics. The prevalent compound at the 

UBM solder interface has been identified from previous work as Ni3Sn. ( I). It is also 

known that the solder/copper intennetallics (namel y CU6SnS and CU3Sn) grow much 

faster than the nickel based ones; a typical interconnection layer is of a nickel based 

UBM, so lder and a copper pad, therefo re most damage modelling work published has 

been performed with respect to the copper-tin intennetallics. He et al ( I) conducted 

thermal aging tests to investigate the way of the N i3Sn. intermetallic layer propagates. 

It was found to grow linearly in proportion with the square root of time and is faster at 

higher temperatures, and al so much faster depending on the lead quantity (tin silver 

eutectic solders had much higher growth rate than the eutectic tin lead so lders). When 

they aged the 63/37 SnPb solder / UBM specimens for 625 hours at 130°C and 150°C, 

and examined the intermetallic growth layer. It was found that 130°C case had grown 

to 0.25~lm and 0.75J.lm for the 150°C. The solder in these experiments would have 

reached a temperature no greater than 90°C for a total period of no greater than 400 

hours. 
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The implications fro m He et al imply that the intermetallic layers will be very thin in 

thi s study and therefore there were assumed to be of little consequence by omitting 

them from the FE stress analysis. 
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7.3.1.1: Lillear Stress Results (l.4Watts) 

The distri butions of the resultant Von Mises stresses in the so lder joints for the 1.4-

Watt power cycle simulation are shown in figure 7.3. l.l ai. It can be seen that all the 

joints exhi bit similar profil es with an overall stress value of 17-1 8M Pa. It was 

interesting to note that the stress profil es of the bumps did not vary signifi can tl y wi th 

their position from the neutral po int in the assembly (they all exhi bited si milar stress 

values), thereby implying that the joint position to the neutral point was less 

significant in thi s experiment than traditional thermal cycling results have indicated. 

The model was fi rst ran without plastic strain implemented. A stress profi le of the 

su rface of so lder joint 4 surface from model R5 viewed from the direction AA of the 

MCM is shown in figure 7.3 .1.1 b;. From both profiles, it can be seen that the stresses 

are marginally lower with in the central region than in the upper or lower regions of 

the so lder. It should be noted that in the central region, there are onl y solder elements 

at this area whereas in the upper and lower regions there are the UBM elements a lso. 

The higher stresses in these areas were attributed to a local CTE mismatch between 

the solder and the UBM; an effect which is not apparent in the central region due to 

the unifo rm material. 

Figure 7.3. 1.1 b;; shows the sectioned view of solder joint 4 taken from the direction 

AA. It can be seen that higher stress values were obtai ned fo r the solder in the central 

region; particul arl y at the very top and bottom of thi s region at the so lder/nickel 

interface. A higher stress value was plausible due to the materials hav ing di ffe rent 

CTEs; however it should be noted that the so lder mesh density, while better than the 

in itial model was still low wi thin thi s region and it is possible that the stress values 

within thi s region would be lower if a more suitable mesh density was used. 
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Furthermore, it is emphasised that the stress level s recorded are greater than the yield 

stress of63/37 SnPb solder within the temperature range considered. 

The Von Mises stress plots of the maximum node for time against temperature are 

shown in figures 7.3.l.Ic and 7.3 . l.ld respectively. It can be seen that the behaviour 

of stress with respect to time fo llows a similar profile of the temperature Vs time; 

with the initial steep change that levels off as the time continues. A strong relationship 

with temperature and stress was expected as the solder was assumed to be in a stress 

free state at r00111 temperature and as the stresses would develop as the solder materi al 

expands and the shear effects of the temperature difference between the heater and 

carrier chip increase as they get hotter. Observing the stress characteristi cs of the OFF 

cycle however, it can be seen that the stress curves do not level out as they do at the 

end of the 0 cycle. From the stress-temperature plot, it can be seen that there is not a 

linear re lationship between the temperature and stress. The non-linear characteristics 

of the curve were attributed to the reduction of Young's modulus in the 63/37 SnPb 

solder as the temperature increases, therefore at higher temperatures (say 80°C) a 

larger temperature change will be needed to produce an equivalent stre S increase than 

at 20°C. 
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Figure 7.3.1.laj : Von Mises stress o/joints. taken from view AA. Note thar the bumps all exhibit similar stress 
profiles. implying there is lillle dependence on thejoim posiliollwilh respecllo the neutral point. 
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Figure 7.3. I. I.au: VOII Mises stress o/joints, the view WlIS taken from 88 
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I :r:. ... , 

Figure 7.3. I. Ib;: Linear Van Mises stress a/bulllp -I. View is takellfrolll 
consequence of approximating the solder joint (IS all octagonal shape . 

• In •• I., 

, ll lo · .1I 

{ ..... ... ~.~ .. " ..... .. 

Kil)' 

AA. The wlIlslwl stren' contours are 0/ a 

Figure 7.3. 1. Ibjj: Linear VOI1 Mises stress of blimp -I (view taken rowards AA) Note rhe higher stress levels a/the 
solder sandwiched berween rhe upper and lower UBA/s. This was attributed to rhe CTE mismatches of rhe UBAI 
and solder and the vely low srandoffheiglu. 
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7.3.1.2: Tile Ill{luellce ofNoll-Lillear Material Properties 

The so lder yield stress for any particular FE model set-up (e.g. specific to convection 

values & power levels, the substrate used etc.) was implemented by initially running 

the model as a linear stress analysis (i.e. no plasti c strain) and the node exhibiting the 

max imum stress had its hi story plot out. Figure 7.3. 1.2 shows the max imum stress in a 

so lder joint at a given temperature and the temperature dependent yield stress 

properti es are also shown (2,3). It can be seen that for values below 85°C approx there 

will be no plastic deformation in the joint though for values greater than 85°C then the 

plastic deformation becomes apparent. 
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Figure 7.3. J .2: Plot of observed stress in solder joim and solder yield stress against temper{llure. 

From the prevIous thermal modelling and profiling of the MCMs on FR4, the 

temperature of all the solder joints was known to reach approximate ly 90°C at the end 

of the ON cycle for 1.4 W power input. According to material values in section 5.4, 

the yield stress of 63/37SnPb eutectic so lder at thi s temperature is l 7MPa and super 

plastic deformation was implemented in the model. Figures 7.3. l .2a, b, and c show 

joint 4 viewed from AA (from figure 7.2.3ai), the complementary view and the 

sectioned view respectively. It can be seen that the stress levels are now uniform in 

the joint wi th a max imum value of approximately 17MPa detected in the joint at any 

part of the assembl y. The stress values obtained at the central region are in good 

agreement with the linear analys is however the peak values that were detected in the 

upper and lower regions have substantiall y reduced. The plastic strain plots of bump 4 
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are shown in figures 7.3. 1.2d and e for the inside and outside views. They show little 

resemblance to the non-linear stress plots, though they do show an agreement with the 

initial linear plots, identifYing the greatest plastic strain at the parts that were shown to 

show the highest stress. A plastic strain value of 1.9x I 0.4 was recorded at the end of 

the first ON pall of the initial power cycle. 

Figure 7.3.1.2f shows the non-linear stress against time for three nodes selected from 

bump 4 of the original model. The node that showed the greatest plastic strain was 

chosen (max), the subsequent node showed less strain (int) and the third showed very 

little plasti c strain (min). Max node: - From the profil e obtained, it can be seen that 

the same stress value is reached on all the cycles. Observing the first ON part of the 

cycle, it can be seen that the profile of the curve changes after one second at 

approximately 17MPa, presumably due to the yield stress of the 63/37 SnPb solder 

being breeched. ote the almost linear increase of the stress. During the OFF cycle, it 

can be seen that the stress va lue decreases as would be expected initially, though after 

some criti ca l point, the stress values increase during the OFF cycle. Thi s phenomenon 

was attributed to the accumulated defomlation altering the stress fTee profile of the 

joint. As the cycle continues, the minimum stress encountered during the OFF cycle 

increases incrementall y. Int node: - has similar characteristics to those of the "max 

node" during the ON cycle as shown shown. However when the minimum stress 

value is reached during the OFF cycle, it remains constant as opposed to the increase 

shown from the "max node". Also the minimum value reached can be seen to ri se 

during subsequent cycles. Min node: - During the OFF cycle, the minimum value can 

be seen to be the same for all the increments. 

Figure 7.3. 1.2g shows the vari at ion of plastic strain with time for the nodes max, int 

and min. There was no plasti c strain detected at the very start of the ON cycle, as the 

stress values reached were not suffi cient to cause plastic strain. It can be seen that the 

greatest amount of plastic deformat ion occurs in the first increment and the plastic 

deformation from subsequent increments is reduced sequentially before the plasti c 

deformation effecti vely ceases after an appropriate number of cycles. It can be seen 

that all the plastic deformation occurs towards the end of the cycle when the solder is 

warm and the stress endured is greater than the yield stress. The Max and lnt nodes 

can clearly be seen to be accumulating plastic strain whilst the min node appears to 
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have only endured plastic defo rmation on the fi rst increment and has then ceased to 

accumulate any further plastic strain. 

The graphs appear to complement each other as there is no plastic strain at the very 

start of the first cycle, where the so lder exhibits elastic properties, however as plastic 

strain is detected, the characteristics of the stress graph change accordingly. This 

process is repeated fo r a ll the plastic strain increments. 

~ ., 
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Figure 7.3. 1.211: Non linear Von Mises stress of bump -I (viewed /i'om direction AA) 
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Figure 7.3. I.lb: Non linear Von Mises stress o/bllmp -I (viewed towards AA) 
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Figure 7.3. I.l c: Cross-section ofVolI Mises stress o/bllmp-l 
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Figure 7.3.1.2(/: Profile 0/ equivalenr plastic strain o/bump ./ The view is taken ji-om AA taken using model R5 
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Figure 7.3.1.2e: Sectioned view o/bllmp./ showing cellfral plasfic s frain. 
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Figure 7.3. 1.2g: Equivalem plastic strain graph o/the selected nodes from bump -I 
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The Effect of Reducing the Power to 1.2 Watts 

Von Mises Stress 

Figure 7.3 .1.2b shows the simulation results for the solder joints from the MCM 

mounted on FR4 power cycled with 1.2 Watts. It can be seen that the overall stress 

di stribution in the joints is similar to that observed for the I.4W cycled condition, 

though the average stress values reached are reduced accordingly to 14-15 MPa. The 

scalar in which the power level was reduced by is the same scalar in which the stress 

profile is reduced. 

Equivalel11 Plastic Strain 

When the MCM on FR4 substrate was power cycled with 1.2 Watts, the temperature 

of the solder joint was known to be 80°C. According to the material properties, the 

yield stress of the 63/37 SnPb solder at 80°C is approximately 19M Pa (2,3) and this 

value was used in the model. As the maximum stress obtained in the simulation was 

16MPa there was no plastic strain observed. 
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Figure 7.3. J.2t!: Van Mises stress/or model cycled with 1.2 Walls. 71,e view was Illken from AA and model RI was 
used 
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Figure 7.3. J.l e: Von Mises stress o/model cycled with 1.2W{l/(s. The view was taken/rom BB (figure 7. 2.3ai) 
(model RI) 

Page 23 



----------------------------........... . 
Power Cycling of Flip Chip Assemblies 

Stress 1.4 Watts 

The distributions of the resultant stresses following the 1.4 W power simulation are 

shown in figures 7.3.2a. The stress values over the joint can be clearl y seen to vary by 

over I MPa, with the profiles obtained exhibiting va lues between 6.3 and 7.5MPa. 

Whi le all the solder joints exhibited similar stress values and profiles, from figure 

7.3.2a, it can be seen that the location of the maximwn/minimurn stress on any join is 

very dependent on the location of the joint from the neutral point. From figure 7.3.2a, 

on joint 9 the minimum stress va lue can be seen on the centre of the joint, while on 

joint 5 the maximum has moved to the side of the joint consistent with the 

implications of model R I in section 7.2.3. 

Figure 7.3.2c shows the stress distribution of joi nt 4 from the inside and outside. The 

values of the stress at the lower region are significantly greater than those of the upper 

region and on the outside plot the upper region is greater. This was similar to the 

characteristi cs exhibited by the joints on FR4 but the effect is more profound when 

the copper substrate was used. 

Plastic Strain 

The temperature of the so lder at the peak of the ON cycle was known to be 45°C. The 

yield stress of the solder at thi s temperature was 25MPa. The maximum stress 

detected in the solder joint was 8MPa; therefore no plastic strains were recorded. 
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Figure 7.3.20: Stress profile of joints power cycled with I. -I Waits. Note the clear change in the orientation 0/ 'he 
lIIil1illllllll stress level as the blllllp position varies depending Ofl the positioll o/the bump with respecllo the neutral 
point. The image was taken/rom BB (7.2.3ai) with model Rlllsed 
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Figure 7.J.2h: The effect 0/ reducing the power to 1.2 Waifs /01' a copper sllbstrate. The observed stress le'l-'e/s 
/wve reduced proportionally with the power reduction The view is taken from AA (figure 7.2.3ai) alld the model 
IIsed was RI 
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Figure 7.3.2c;I : VOIl Mises slress of blimp -I. NOle Ihe lower levels of Slress itl the upper region compared with the 
lower region. rite rippling effect and Stress unusual stress COIllOllrs were due to the poor approximation of the 
solder jOilll (the octagonal shape) The view was takenfrom AA (frail/figure 7.2. 3m) and lite model R5 was used. 
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Figure 7. 3.2cu: Sectioned view ofjoim -I. Note the solder stress vallles are significa11lly Mgher if/lhe central 
region. tMs was allribllled to tlte small amOllnt of solder present (lnd the inevitable CTE miSmQIClie between the 
UBM and Ihe solder 
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["-. ._----;-....... __ ... __ .... _ .. __ ._- _ ......... _ .. _. __ .. _ ...... __ .-, 
7.3.3: Inf.lue_,:,_~e of Me:;h.Denslty ________ . __ l 

The stress di stribution of the solder joints using high and low density meshes are 

shown for the surface (linear properties) and fo r the section views (linear and non

linear) in figures 7.3.3a, band c respecti vely. In fi gure 7.3.3a, it can be seen that there 

is general good agreement with the maximum value reached; however the high

density solder bump shows an unusual stress distribution on the surface with high and 

low regions, while low-density model exhibits more un iform stress contours. The 

vari ed stress patterns on the high densi ty were attributed to the nature of the model: 

The cylindrical profil e of the solder joints was approx imated by the octagonal shape 

as described in section 5A: When the FE model or contact bodie were subdivided it 

would have been desirable to manuall y reposition the nodes to obtain a body that was 

more circular; however time constraints dictated that thi s method was impracti cal to 

implement. Therefore the shape of all j oints, including those that were densely 

meshed were modelled in the original octagonal shape. The inconsistencies of the 

stress di stri bution on the high-density mesh were attri buted to the poor positioning of 

the nodes; it is well known that sharp co rners act as stress raisers and thi s coupled 

with the higher mesh density resul ted in stress concentrations at these corners. In 

reality it is known that the solder joint is cylindrica l/spherical so such stress raisers 

would not exist. 

From the sectioned views, it can be seen that both the high and low dens ity elements 

show a much greater stress value in the centre of the joint; the lower mesh density 

predicts higher central stresses however this was attributed to the low mesh density in 

thi s area. Moreover, the stress values predicted are well above the yield stress of 

solder within the temperature ranges considered, so a better representation of the 

actual scenario was found when plastic deformation is considered as shown. 

Figures 7.3.3d and e show the solder joint 4 taken from model R5 wi th FR4 powered 

with lA Watts (figure 7.3. 1.1) as well as the view from the opposite side. Comparing 

the va lues it can be seen that there is no significant difference in the stress 

di stributions or max/min va lues. 
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Figure 7.3.3(1: Comparison of the dense and coarse mesh solder joillls. It can be seen the nominal values are 
similar though the cOll/Ollr patterns differ somewhat. The rtjJples were callsed by the octagonclf approximalion . 
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Figure 7.3.3b: Comparison of dense and coarse meshed solder joints with a sect jailed view. BOIh models correctly 
identify high stress concentrations around 'he solder UBM illlerfilce. 
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Figure 7.3.3c: Comparison of dense and coarse meshed solderjoillls with a sectioned view /01' plastic deformation 
. Both models correctly identify high stress concefllratiollS aro/{/ul the solder VB"" jllte/face. 
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Figure 7.3.3d: Linear VOII Mises stress of 
bump 4. View;s takelljrom AA. As showlI 
ill figure 7.3. I. la. The ripple effect is 
caused by the octagonal approximation of 
the solder jOint shape. 

Figure 7.3.3e: Complimentary view 0/ 
figure 7.3.3d. Tlte ripple effect is 
caused by tlte octagonal app,·oximatjol1 
of the solder bumo. 
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7.4: Discussion 

The previous thermal studies have ident ifi ed that fo r the different MCM assembly 

configurations considered, there was always the same temperature di fference between 

the heater and carrier chip at the end of the ON part of the cycle. This was the 

observed situation regardless of whether FR4 or copper was used as the substrate 

(when I.4W was used in power cycling, both FE models exhibited a temperature 

difference of 8°C between the chosen heater and carrier nodes). Therefore, if the shear 

stress caused by the CTE mismatch was the dominant factor then similar stress values 

were anticipated in the solder joints for both situations, despite the di fferent final 

overall assembly temperatures. 

r····-···---··---·--··--··-----··-·--·--·---·--·---·--
i 7.4.1: FR4 Vs Copper . ._. ________ ._1 

The stress distri butions and magnj tudes within the solder joints were markedl y 

di ffe rent depending on whether the MCM was mounted on FR4 or copper substrate. 

The assembl ies on the copper substrate exhibited much lower stress than those 

attached to FR4, though the temperature difference between the heater and the carri er 

chips was the same for both cases. The FR4 simulation showed an even stress 

distribution across all the solder joints while for the copper substrate models, a more 

obvious stress grad ient was observed in the solder. From fi gures 7.4.1 a, it can be seen 

that from the outside of the joint the stress is large at the top of the joint but is low 

towards the bottom. Furthermore, when the model wilh the copper substrate was 

simulated, the orientation of the stress profil e (the location of the maximum stress on 

any particular joint) was more dependent on the position of the joint with respect to 

the neutral point. 

Figures 7.4. la, b and c show the influence the substrate material properti es had on the 

deformation of the MCM as a whole. It can be seen that shear effects caused by the 

different temperatures of the heater and carrier chip are more apparent when copper 

was u ed than with FR4. This was attributed to the fact that the temperature difference 

between the heater and carri er chip is a greater percentage of the overall temperature 

profile when copper was used as the substrate as opposed 10 FR4. 
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7.4. 1 a: MCM on FR4 
Deformat ion magnified 
2000 limes 

Figure 7.4. 1: 
Plots of the deformation 
effects fh e subso'are hod 
011 fh e MCAl 

7.4. lb: MCM on copper 
Defomlalion magnified 2000 limes 

7.4.1 c: MCM on copper Defommlion magnified 5000 
times 

Figure 7.3 .2, shows high stress concentrations where the so lder meets the UBM, 

indicati ng that this particular area is likely to exhibit a failure. However in "real" 

so lder joints there is known to be a layer of intermetallics between the solder and the 

UBM, which are likely to exhibit different material properties to those of solder and 

i. Therefore the high stress concentrations depicted in these areas may not be a true 

representation of the characteristics of a "real" device; as they were omitted from the 

model as described in 7.3. 

When exammmg the stress effects of the copper joints, a stress grad ient was very 

prominent. From view AA, it can be seen that the stresses are marginall y greater on 

the lower region of the solder joint, conversely for the outside plot greater stress is 

exhibited with in the upper region. Figure 7.4.2 shows the anticipated characteristics of 

strains in the solder joint due to the eTE mismatch that justifi es the particular profi le 

exhibited, and is similar to the d istributions predicted from other studies. 

Ilealer chip 

Carrier chip 
Figures 7.4.2: 
lfI11slratioll of the shear influences 011 
the solder joim 

UBMs 

Heater chip expands a greater 
amount than carrier ch ip 

/;::=CIt;;;;;~I", stress shown by 
.-__ --' __ ..L_-..:::::::..::::..:::::'.;at the curves 
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The CTE mismatch local to the interconnection joints (i.e. the CTE mismatch between 

the solder and the UBM) appears to be an important factor in the stress generation for 

these models, potentially justifying the difference in the recorded stress levels. As the 

so lder and UBM are heated up, their different CTEs may generate internal stresses in 

an individual joint, irrespective of the shear effects caused by the heater and carrier 

ch ips. To investigate the influence of thi s, further simulations of the MCMs on the 

two substrates were performed; in thi s case the CTE rates of the solder, the UBM and 

the aluminium pads were all set to that of silicon. Figures 7.4.3b, i, ii, iii and iv show 

a stress plot of joint 4 viewed from direction AA (figure 7.2.3ai) shown for both when 

the CTE levels are correct and when all the CTEs are set to that of silicon. It can be 

seen that the stress values were reduced significantly for the case with FR4 and less so 

for the case of a copper substrate. This shows that the local CTE mismatch between 

the solder and nickel contributes significantly to the accumulated stress strain rates in 

the solder joints. From the deformation plots (figure 7.4.3bi), the shear influence of 

the temperature difference between the heater and the carrier chip can be seen where 

the misalignment between the upper and lower region is seen as well as the angle of 

the bottom part of the joint. The shear effect appears more prominent than when the 

correct CTE values are used in the joint as shown in 7.4.3.bii. Observing the stress 

values, it can be seen that the overall and maximum stress values have been reduced 

significantl y, and high stress concentrations can be found at specific locations in the 

bump as opposed to the correctly modeled bump that exhibits a more uniform stress. 

Comparing the copper CTE matched models, it can be seen that the local CTE match 

has had a imilar effect though to a lesser extent. This was attributed to the lower 

temperatures reached. 
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Figures 7.4.3b i, ii, iii, & iv. Comparison o/rhe C r E marched solderjoillfs with the original models. The 
deformation is magnified 2000 rimes. 
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The graph characteri sing the plasti c strain was markedly di fferent from the traditional 

hysteresis loops obtained for traditional thermal cyc ling. During conventional thermal 

cycl ing, large temperature ampl itudes are often implemented (typicall y -50 to 125°C 

fo r example); these are suffic ient to cause significant plastic strains during both the 

temperature increase and decrease. In addition, the long "hold" or "dwell" times are 

suffi cient to allow adequate stress relaxation to occur such that the accumulated 

stresses are d iss ipated. There was no such dwell ti me implemented in the g iven 

experiments, therefore during the OFF part of the cycle the stresses are simply 

released as opposed to reversed. 
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As the yield stress of 63/37 SnPb solder is so sensitive to temperature, the amount of 

plastic deformation for any given power level is heavily dependent on the initial 

ambient temperature assigned in the model. Table 7.4.4 shows the plastic strain 

obtained from different ambient temperatures. The 1.4 W FR4 model was simulated 

with an ambient temperature of 20·C and a maximum total plastic strain value of 

2.078x 1 0.4 was predicted. However, if the ambient temperature is reduced to 10·C 

then the yield stress of solder at 80·C (the maximum solder temperature) is 20MPa 

and there is no plastic deformation in the model. Conversely if the ambient 

temperature is increased to 30°C then the so lder reaches 100·C and the yield stress 

value of solder at thi s temperature is reduced to 14MPa and the plastic strain 

increases. Likewise, for the 1.2W under the ambient temperature of 20°C, as 

implemented in the model is not sufficient to cause plastic strain though when the 

temperature is rai sed to 30°C, under the same condi tions significant plastic strain can 

be obtai ned. 

Power level Temperature 

300 e 200 e lOoe 

1.2W 1.962x I 0 nil ni l 

I.4W 5. I09x I0·' 2.078x I 0·' nil 

-Table 7.4.4: Character/sallOIl of Ihe eqUIvalent plastiC de!ormol/ol/ for the MCM on /·R.J depending on Ihe 
ambiellllemperaluI"e 
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In conventional thermal cycl ing, creep strain has been identified as a significant factor 

regarding accumulated non-elastic strains; however in these experiments with the 

short cyc le times used, even under the harshest test conditions (1.4 W, MCM on FR4) 

little creep was expected to occur. This is in agreement with the anticipation of Nea l 

et al (4) who specifica lly performed fatigue cycle tests at 0.5Hz in order to minimize 

the creep strain effects. GrossmruUl (5) thermall y cycled assemblies using dwell times 

of 30 and 0 minutes; after 4000 cycles the 30-minute dwell samples showed 

significant crack propagation while for the Omin trial on ly very small cracks were 

observed. A common law used to predict the accumulated creep strain in so lder joints 

is the sinh law (5) or 

Key 
A=16. 7x I 0" (63/3 7SnPb Eutectic constant) 
T= Temperature (OK) = 363 
Q=matcrial conslant (866 for SnPb Eutectic) 
E= Young's Modulus (2 1.23 1GPa ror solder at 363"K) 
Om= observed stress 
Q= Activation energy (O.548eV) 
k= Boltzman's constant (8 .617xIO·scV) 

In order to estimate the creep rate for the MCMs, values were substituted. Solving for 

MCM on FR4 powered with 1.4 W 

& = 16.7XI0-6 ( 21.23I XI0')[sinh( 866 X (17 XI0')]" ex ( - 0.548eV ) 
, 363 21.23 1x l0' p (8.617 x I0 -'e V) x 363 

~ 9.32 1 7x IO"/s 

so the creep rate can be seen to be very low for a one minute cycle; much lower than 

the plastic strain rates observed. However the applicability of thi s particular equation 

is questionable as the sillh law predicts the creep strain rate during the secondary or 

"steady state" creep stage. With the short cycle times used in thi s experiment, it is 

debatable on whether the so lder would have actua ll y reached the secondru'y stage 

when this model for creep is valid (6). Of the previous published work most is based 

on thermal cycling with significant dwell times so the assembly can be assumed to be 

at secondary creep. From the previous thermal cycle profi les the assembly appears to 

have only just reached steady state so is likely to still be in the primary or transient 

creep stage. Unfortunately most modeling work seems to neglect the creep 
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accumulated in thi s stage as steady state creep assumed to be the dominant mode. 

Consequently, there was no suitable creep model found that could confidently model 

the creep strain in thi s case. 

From the obtai ned mechanical data, it was possible to obtain a lifetime prediction for 

the joints based on the stress values obtained. There were no creep strains and owing 

to the an-isothermal temperature di stribution as we ll as the very small plastic strains 

obta ined in one example the only model that was applicable was the modified Coffin 

Manson equation or 

!Y.(;"" = a ! (2N )' + (; (2N )' 
2 E f f f 

Kcy 
6,£wc= Towl Strain amplitude 
f:.(F Fatigue Ductility coefficient (Typically truc strain at fracture) 
c= ratigue Ductil it} exponent (Iypically -0.7<c<-O.5) 
OF fatigue strength coefficicnt (typ ically truc stress at fracture) 
b =Basquin's Exponent (typically - 0. I 2<b<-0.05) (5) 
E= Young's Modulus (Pa) 
NF Cycles to Failure 

Evaluating the elastic component first, the part of the equation representing plastic 

strain contribution reduces to zero and the equation simplifies to the form shown 

below. The max imum stress value obtained from the figures was used to predic t the 

lifetime. The results are shown in table 7.4.6, the tab le shows the solder stress values 

at fracture as obtained from (2,3). The Basquin 's exponent value for eutectic solders 

was unknown so the upper limit (-0.05) and lower li mit (-0. 12) were used and the 

obtained val ues are shown. 

Stress at fracture Cycles to failure Cycles to failure 
(@ temp (' C)) (b=-O.12) (b~O.05) 

FR4 lAW 20MPa (@ 90°C) 624 1.352xl0 

FR4 1.2W 22MP, (@ SO' C) 3923 1.11 2x10' 

Copper 1.4W 40MP, (@ 40' C) 4.0J7x 10 4.74x 1OI 

Copper 1.2W 40M p, (@ 40' C) 1 . 077x I 0~ 5xlOI 

Tab/e 7.4.6: summary o[ li/e tl1ne predictions uSlIIg modified Coffin Mansofl re/allons/up based 011 eqw \lolent Van 
Mises slress. 

Where <Jobs is the observed stress (Slress= (Young 's Moduluf» I(elaslic slrain)). While 

the actual number of cycles to fai lure callnot be determined due to the unknown true 

Page 251 



Power Cycling of Flip Chip Assemblies 

value of Basq uin 's exponent, it can clearly be seen that just by reducing the power 

from 1.4 to 1.2W has a significant increase in the number of cycles to fai lure. A large 

contribution to this is the increased fracture strength of the solder when the 

temperature amplitude is decreased from 70 to 60°C, in addition to lower stress 

values. Furthermore there can be seen to be a huge increase in the number of cycles to 

failure when copper is used as a substrate fo r the same power levels. Again thi s is due 

to the increased fracture strength of so lder given the smaller temperature amplitude 

endured in the power cycle. 

Only the MCM on FR4 powered with 1.4 W exhibited any plastic strain so the plastic 

strai n was seen to be small and was put into the equation with the elastic part reduced 

to zero (i.e. original Coffin Manson law was used). The strain at frachlre used was 

obtained from (1,2) and the fa tigue ducti lity exponent was unknown but values are 

known to be between -O.S and -0.7. Evaluating the Coffin Manson equation with these 

va lues resulted in cycles to failu re between 49 207 and 3.71x106 cycles due to plastic 

strains. 

li~4:7~Die Stresses 
·_·--··-l 

So far the stress results have onl y been concerned with the characteri stics of the so lder 

but what effect do the stresses have on the die? The plots of the die for when the 

MCM is mounted on FR4 and copper are shown in figures 7.4.7a and b respectively. 

For both models it can be seen that the stress levels are comparable across the 

majority of the silicon. Both models show the heater chip is under greater stress than 

the carrier chip, where the stress is greatest at the bottom of the chip and reduces 

towards the top. This was believed to be due to the heater chip and expanding a 

greater amount than the carrier chip, as implied by the nature of the contours. The 

greatest levels of stresses on each assembly were fo und at the silicon-joint interfaces 

where values of 6 and 2 MPa were found for FR4 and copper respect ively. However, 

with the compress ive yield stress of 120MPa fo r silicon these stresses were found to 

be of litt le consequence. 
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Figure 7.4.711: Die slress profile of the MCt\! power cycled with 1..1 lfIaus on FR-I. Note 
the differellt COnlOllr ranges shown by the healer and carrier chips 
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Figure 7.4. 7b: Die Slress profile of the MCM power cycled w;lh 1.-1 "'nus 011 

FR-I. Note the different contour rtmges shown by Ihe heater nnd carrier chips 
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The studies of design optimization by Tee (7) and Stoyanov et al (8) large ly 

considered their optimization on the geometric innuences of the model (e.g. pad 

diameter, board thickness etc.) as well as using a limited amount of thermo

mechanical properties. In thi s experiment, it was apparent that simply a ltering the 

substrate thermal properties has substantia lly reduced the stress levels in the so lder by 

a factor of 2 with all other conditions kept the same. While it may be anticipated that 

increasing the thermal conductivi ty of the substrate would reduce the stress levels in 

the joint (by reducing the temperature amplitude for a given power leve l) the exact 

ex tent can now be quantified and the recommendation passed on to designers and 

manufacturers. The thermal properties of a materi al would be undetectable with 

conventional thermal cyc ling. 

Sur and Turlik (9) conducted a power cycle of a nip chip assembly and reported a 

shearing action in the reverse direction for the first three seconds before the substrate 

heated up and overtook the die due to a higher CTE rate. This is very likely to be a 

ubiquitous scenario of a sili con die attached to a substrate such as FR4 though such a 

phenomenon was not present in this study. In the work presented here, the joints were 

also sheared in the opposite direction than that expected in conventional thermal 

cycl ing and during the 0 cycle as the carrier chip is a lways 8cC cooler than the 

heater chip, this shearing in the opposite direction was maintained throughout. 

The stress di stributions of the so lder joints obtained from the power cycle simulations 

appear to contradict typical findings from tradi ti onal thermal cycling resu lts where the 

CTE mismatch between the chip and substrate had been persistently identified as the 

dominant fa ilure mechanism. In addi tion, previous thermal cycl ing work had always 

predicted that corner joints exhibit significantly greater stresses than those closer to 

the neutral point. Therefore based on thi s logic, it was anticipated that the corner 

joints (4 or 5 as depicted in figure 7.2.3ai) would show evidence of much greater 

stresses than the joints halfway along the edge Uoints I or 9 accord ing to figure 

7.2.3ai). In thi s work, all the joints showed very similar stress levels, therefore 

impeding the process of identify ing the joint that is likely to be the first fai lure. If the 
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MCM test vehicles were subjected to a thermal cycle trial it is likely that (even if the 

nominal stress va lues are different) the so lder joints would have very similar values 

(i.e. an "over stressed" joint would not be identifiable) in agreement with the findings 

of Trigg & Corless ( 10). However, if the carrier chip was made of a materi al of 

similar conductivity but a different CTE rate, then a joint exhi biting some significant 

"maximum stress" va lue may be obtained in the corner joints. 
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7.5: Conclusions 

The stress values for the joints have been obta ined. The octagonal approximation of 

the solder joints and the omission of the inevitable intermeta llics were li kely to 

compromise the accuracy of the nominal stress values obtained. However, it has been 

shown that the stress levels are much lower when a copper substrate is used as 

opposed to the FR4 for the same power/airflow conditions implemented. This was the 

observed scenario despite the equi valent temperature differences between the heater 

and carrier chip, which implied that the origins of the stress were also due to some 

other mechanism apart from the shear stress as a result of the temperature difference. 

It was observed that the eTE mismatch between the UBM and solder was a 

significant contribution to the stresses developed. The results correspond with a 

substantiall y longer predicted life times for the assemblies mounted on copper. 

Plastic deformation contributes to an extent to some of the cases when the MCM is 

mounted on FR4, however the ambient temperature of the assembly is also an 

important fac tor when determining the extent to which plastic deformation occurs. It 

is also apparent that the so lder joints are stressed in a different way to conventional 

thermal cycling, therefore different failure mechanisms are likely. 
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Chapter 8: Power Cycling of the MCM Assemblies 

18.1: Background and MCM Manufacture 

Background 

The thermal attributes of the MCM attached to the different substrates have been 

characterised in previous sections. FE models were created to give predict ions of the 

maximum temperatures reached and the overall transient profiles for both the 

assembly configurations with specified power levels and airflow rates. Also, 

manufactured test vehicles were thermally profiled under equivalent conditions and 

found to be in good agreement with the results from the FE models. Following these 

studies, FE models were used to perform coupled analyses for two power levels such 

that predictions of the resultant stresses and strains in the so lder joints were obtained. 

However, there was no apparatus avai lable to measure the " real" stress/strain of a 

specific so lder joint within the MCM. Therefore a large number of assemblies were 

manufactured and subsequently cycled to failure , as a correlation wi th the cycles to 

failure and the stress/strain endured was expected. As earlier modeling work had 

shown that the substrate upon which the MCMs were mounted had a significant 

influence on the level of stress, two batches of devices were cycled: one with FR4 

substrates and the other with copper substrates. 

MCM manufacture 

For the power cyc li ng tria ls, a total of 39 assemblies were manufactured in 

accordance with the procedure described in chapter 3. It was decided that it was 

important that each assembly could be identified later on and its performance tracked 

and evaluated. Initiall y, both the heater and carrier chips were numbered to permit a 

comprehensive hi story record for each assembly, however labelling the heater chips 

was difficult due to the small dimensions. Therefore onl y the carrier chip was 

numbered for the majority of the assemblies, though the numbering of the heater chips 

was implemented for the first batch. The MCMs were manufactured in small batches 

of no more than 6 at a time, so that if a fault was detected it could be corrected 

without compromising the remaining assemblies. Table 8.1 shows the batches that the 
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MCMs were manufactured in ; also shown is the MCM mortality, referring to the 

number(s) of the MCMs that did not functi on following the manufacturing process. 

Fo llowing the re fl ow stage, the MCMs were checked to verify that the inte rconnection 

was correctl y fo rmed. This was done by measuring the resistance of each path with an 

ohmmeter and comparing the read ings with the generic values shown in table 3.1. 

Afterwards, sati sfactory MCMs were di vided into two equal groups and secured to the 

relevant substrates, followed by the external wire attaclmlent procedures. Once 

fini shed, all the ir resistance va lues were recorded again to check for any changes. 

Each manufacturing batch was spl it in two with approximately half from each batch 

used fo r FR4 substrate trials and the remaining samples used for copper substrate 

tri als, to provide consistency throughout the tria ls. 

Batch no Assembly number Mortality 

A (letters for carrier chi ps, A3, B5, C l , D4 and E2 C l , E2 
numbers fo r heater chips) 
B 1-3 , AO,A I 2 with samples AD, A I, I 

& 3 used for profiling 
C 4-9 6,7,8 
D 10- 12 
E 13-1 5 
F 16-20 18 
G 2 1-26 23 
H 27-30 28 (reworked) 
J 3 1-36 " ,),) 

K 37-39 39 
Table 8.1 ,' Batch name and assemblIes manllfaclllred /11 Ihem 

8.2: Power Cycling Apparatus and Procedure 

The assemblies were power cycled in batches of 13 at a preset power level for a 

continuous period with a total cycle time of 128 seconds (64 seconds fo r the 0 part 

and 64 seconds OFF). The timer described in secti on 4. 1 controlled the cycle period, 

and the cycle chamber used was the wind turll1el described in section 4.1. The air rate 

was set to the maximum such that an average veloc ity of 10m/ s was obtai ned over the 

designated specimen area. 

The continuitylresistance of the daisy chains was constant ly monitored using 

DATAPAQ data loggers. The two daisy chains on each MCM were connected in 
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parallel in order to maxi mise the number of chains that cou ld be monitored 

si multaneously. The dai sy chains were connected to the data loggers as shown in 

figure 8.2. Each pair of dai sy chains on an MCM was connected in series with a 4 .7!.1 

resi stor and a potential of IOmV was applied from a dedicated power suppl y. The 

current flow through the dai sy chains resulted in a small vo ltage being deve loped 

across the 4.7!.1 resistors that was monitored by the DATAPAQ whi ch sampled data 

every 4 seconds. The data loggers were secured to the wind tunne l body and they 

remai ned connected to the controlling PC for the duration of the power cycling. As 

the DATAPAQ devices were designed to monitor thermocouples, the voltage received 

was di splayed as a temperature reading: a fully working MCM would display a 

temperature of approximate ly 140- 150°C, an MCM with one failed dai sy chain wou ld 

be displayed as a temperature within the region of lOO-120°C, a MCM with both 

chai ns fai led would display a reading of room temperature. 

Figure 8.2a: 
Schemmic of d{lisy chain 
moniloring seHlp 

MCM ... .~ 

-

Daisy Chains 

} 

-----~~-

____ ~L 

-

I 
I + 

IOmv 

""TTi" . , .• 
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I • 
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••• ••• 

4.70 
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~ 
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Figure 8.2.b: 
Example of daw·caplllre output. 

• Blue line: - A chip with both chaills 
working 

• Green lille: - If chip where one chain 
fails during the data-capture 

• Magenta line: . A chip with ol1e chain 
working when dota coplllre commences 
andfails allhe end 
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To maxi mi se the amount of data, it was decided to cycle as many samples as possible 

at once. There were two DATAPAQs availab le fo r the experiment, each with 6 inputs . 

Each MCM had its respective daisy chai ns connected in paral lel such that only one 

data input was used per assembly. As a resu lt, this allowed 12 assemblies to be 

monitored at any given time. As well as those that were monitored, it was considered 

beneficial to have an additional cOlllro/ assembly that was to be cycled relentlessly for 

the enti re cycling period; therefore 13 assemblies were power cycled in each batch. 

The assemblies were secured on a SOOx230mm Perspex plate in the layout depicted in 

fig ure 8.2b and their positions recorded; the Perspex plate was subsequently 

positioned in the wi nd tunnel at the specimen viewing area. Once secured, the wires 

were also taped to the Perspex to minimi ze their obstruction to the air flow. 

The power supply used to drive the heaters of the assemblies had a maxi mum output 

of 3 amps and 10 Volts. The heaters on the MCM s had a resistance of approx imate ly 

270. at room temperature, therefore considering the power supply and the number of 

chips cycled, the absolute maxi mum load possi ble per MCM was 6.2Volt at 230mA 

or 1.43W. As a resu lt, the power supply was set to de li ver thi s amount, however, a 

voltage drop of O.SV occun·ed across the power cycling time controller (transistor 

internal resistance) and the final measurements at the MCM were S.7V at 211mA 

which gave a power input for each assembly of 1.2W. 

Figure 8.2b: 
Specimen layout for 
simultaneous power 
cycling of components. 
The specimen in the 
celltre was a control 
chip for which the 
tempera/ lire change 
and daisy chains were 
Ill/monitored. 

Before the assemblies were power cycled, the resistance values of the dai sy chains 

and the heater were noted by probing the relevant connecti on pads. In addition , the 4-

point resistant va lues were recorded using the micro-ohmmeter such that a record of 

each assembly at room temperature was made. The prec ise time the power cycli ng 

Page 262 



Power Cycling of Flip Chip Assemblies 

stal1ed was logged and the samples were le ft to cycle. Every day it was possible to do 

so, the room temperature and airflow rates were checked; the data collected was also 

checked to see if any fa ilure had occulTed. When a single fai lure was noted, a log of 

the time of fa ilure was made, in the case when total fa ilure of an assembly was 

detected (i.e. both daisy chains failed) the assembl y in question was di sconnected 

from the main power suppl y to prevent further power cyc ling and " freeze" its 

condition and it would remain idle until the cycling had finished. 

18.3: Specimen Preparation 

Once the cycling was complete, the specimens were then sectioned so the joints could 

be analysed. This section ex plains the procedures used when preparing the samples 

including the mounting, potting and grinding procedures used. Di ffe rent techniques 

were used depending on whether the sanlples were mounted on FR4 or copper. 

18.3.1 :Mounting and Potting Proceci·-ures·.-.--.·--.----:. __ ._"'-==-_"'_-_"']. 

As soon as the samples had finished power cycling, the resistance va lues of both daisy 

chains from each MCM were checked and recorded. Based on the res istance values 

recorded, a decision was then made as to which daisy chain would be sectioned from 

a particu lar MCM (due to practi cal constraints, it was possible to onl y section one 

daisy chain per MCM). 

When a daisy chain had been selected, the samples' external wires were di sconnected 

from the substrate by resting a soldering iron on the external connection joint until the 

so lder re flowed and the wire could be removed. There were two stages needed to 

encapsulate the MCM: namely coupling the heater and carrier chips, as well as the 

final potting stage. As underfill was not used in the assembly manufacture, the heater 

chip required mechanica l coupling with the carrier chi p to minimise potentia l damage 

during the subsequent mount ing and gri nd ing procedures. EPOTH IN was used fo r 

this purpose a it was designed to fl ow through narrow channels such as the standoff 

between the heater and carrier chi ps. The final encapsulant used was fast curing 

SAMPL KWIK such thatlhe specimen could be gripped for the subsequent grinding 
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and poli shing. In total there were three di fferent procedures that were used to try and 

successfull y prepare the MCM specimens. The methods were changed whenever a 

specific fa ul t was noted in the procedure and they are explained below. 

Method 1: Secure the MCM to the board: The overall procedure used initia lly is 

described in fi gure 8.3. I a. The EI'OTHIN was depos ited onto the MCM while it was 

still attached to the substrate and left for the required curing time. Once fully cured, 

the excessive substrate material was then removed using a Draper hand-held multi

tool with a 2.Smm diameter ceramic blade attached. The initial cutt ing procedure was 

appl ied to leave the remaining substrate approx imately 20x20mm such that it could be 

positioned in the Buehlers low-speed diamond saw. The saw removed excess 

substrate and left a smooth edge approx imately I mm away from the start of the 

MCM. The sam ples were then mounted in a clip with the side of interest faci ng 

downwards and were then encapsulated with SAM I'L KWIK potting compound. 

Following thi s the samples were ground and po li shed to reveal the so lder joints using 

the method described later on in table 8.3. 1. 

This procedure was used to mount all the MCMs that were on FR4 substrate, 

however, there were very few successf'ull y sectioned assemblies using thi s method. It 

was noted that th is method required many cutting procedures that would have been 

omitted had the MCM been removed from the substrate in the fi rst instance. [t was 

fe lt that these cutting proced ures (the hand saw and the diamond cutter) might have 

damaged the assembly through vibration. The decision was then made to attempt to 

remove the MCMs from the substrate before encapsulating them with EPOTH IN and 

thi s was used fo r the samples mounted on copper substrates. 
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'. , 
-

I : EPOTH IN is 
applied IQ MCM 

3: Excess subSlralc 
removed (CUI away) to 
leave dimensions 
20x2011111l 

5: MCM is positioned 
in mOUluing clip wi th 
sectioned side faci ng 
downwards 

10 cure ror 
rC(lui rcd period 

4: excess subSlralc 
cui away rrom side 
10 be sectioned 

'. • 
6: MCM &clip 
placed in pot and 
SAMPEL KWIK 
aDolied 

Figure 8.3. /0: 
Implementali'on of 
the first mOlllllillg 

& pOlling procedure 

Method 2: Mechanically secure the MCM to the mounting clip: The C homerics 

adhesive pad allowed the chip to be removed from the substrate by simply prizing 

apart with a thin blade, however before th is could be done, the thin wires connecting 

the MCM to the substrate were severed using a sharp instrume11l such as a knife. The 

MCM was aligned and vertically mounted in a steel clip and the EPOTHlN® was 

subsequently applied. A metal clip was used in order to increase the electrical 

conducti vity of the potted sample to enhance the images obtained from the SEM. The 

assemblies that were mounted in thi s way were a ll ori ginally attached to copper 

substrates and were numbers 11 , 19, 25, 26 and 30. However, again, thi s method was 

not fo und to be successful in producing good samples for cross-sectioning, largely 

due to the force exerted by the stee l-mounting clip on the unsupported heater chip that 

damaged the so lder joints. 
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I : MCM was 
rcmoved from 
subSlratc 

3: EPOTI-IIN was 
applied to thc MCM & 
clip and left 10 cure 

2: MCM was mounlcd 
in clip 

c: 

'. • 
4: MCM &cl;p 
placed in pot and 
SAMPEL KWIK 
applied 

'" 

Figllre 8.J.Jb: 
ImplementCltion 0/ 
/he second moltl1lillg 
& potting procedllre 

3) Mechanically secure the MCM only: The most successful mount ing procedure 

involved the application of EPOTHfN® to the MCM before mounti ng it in a plastic 

clip. Plastic clips were used as they were s ign ificantly softer than steel. The remaining 

copper MCMs were all mowlled in this way, namely am pies 12, 15, 29, 35, 36, 37, 

38 and B5 

I : MCM was 
removed from 
substrate 

• 
3: encapsulated MCM 
was mounted in clip 

'. , 
2: EPOTI-IIN was 
applied to the MCM 
and left to cure 

'. • 
4: MCM & chp 
placed in pOl and 
SAM PEL KWIK 
applied 

Figure S.3. l e: 
Implementation 0/ 
thefinol mOlllllillg 
& pott ing procedllre 
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Table 8.3.1 shows the grinding and polishing procedures as well as the grit sizes used. 

All the specimen preparation surfaces available were for generaIlmulti-purpose use 

(i.e. they were not specifically used for preparing soft solder surfaces), however 

considerable effort was made to ensure the surfaces were free from foreign debris. 

They were rinsed with water and if necessary a fresh surface was laid. For SEM 

analysis, the samples were gold coated using an Edwards vacuum coating machine 

in order to produce an electrically conductive surface that was suitable for imaging. 

Stage Grit size Comments 

1 120 emery (Rotating at 250rpm) Was performed until heater chip was exposed. 

2 240 emery (by hand) Until first bump was visible 
3 320 emery (by hand) 10 strokes 
4 400 (by hand) 10 strokes 
5 600 (by hand) 10 strokes 
6 6J.Ull diamond polishing (300) 2 minutes 
7 1 J.Ull diamond polishing 3 minutes 
8 0.5 Ilm alumina polishing 3 minutes 

.. Table 8.3.1: The gnt SlZes and llmes used when grlndmg and pobshmg samples 

18.4: Results 

The results are first presented for FR4 and then copper substrates. For each section, 

the results first show the estimated temperature change for each assembly during 

various periods of the power cycling. Following this, the results of the failure times 

and the final heater and daisy-chain resistance values are shown. 

18.4.1: FR4 Substrate Results _. _______ .. ____ . __ .. ___ .. _ .. ___ . ___ .-1 

The positions of the assemblies on FR4 substrate is shown in figure 8.4.1 a They were 

power cycled continuously under the conditions described in 8.2 for a total of 22 362 

cycles or 33 days 3 hours and 5 minutes. During this time the ambient temperature 

was known to vary from 20 to 26°C. Within this duration there were a total of 11 

daisy chain failures in 7 MCMs. 
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Thermal Performance 

Figure 8.'1.1 
Schematic of the 
positioning of 
chipsonFR4 
substrate, the 
arrow indicates 
airflow direction. 

The thennal data captured is displayed in tables 8.4.1a to c. Table 8.4.1 a shows the 

records of the 4-point resistance values for each assembly at the end of the ON (peak) 

cycle and the OFF (low) cycle, the readings were taken at various points in the trial. 

Tt denotes readings that were taken early on (after approximately 100 cycles), T2 

represents records after approximately 15 000 cycles while T3 shows the readings 

taken after approximately 22 300 cycles. Table 8.4.1 b shows the change in resistance 

at these times as well as the estimated temperature change based on the calibration 

described in section 4.2.2. The changes in resistance are also displayed as a bar chart 

in figure 8.4.1a. Table 8.4.1 summarises the data from tables 8.4. la and b as means 

and standard deviations. The average change in resistance observed for the assemblies 

at the start of the trial was 1.30 which corresponded to a temperature change of 

approximately 60°C, in good agreement with the previous thennal profiling and FE 

results. From the data it can be seen that many samples failed before T2 in addition at 

T2 and T3 the temperature difference between ON and OFF cycles increased. The 

resistance difference increased by approximately 15% leading to a corresponding 

temperature rise estimated to be 70°C. This temperature increase was thought to be as 

a consequence of disconnecting "finished" (failed) samples from the power supply to 

prevent further cycling and thereby reducing the voltage drop across the transistor of 

the power cycling timer so that the remaining assemblies were subjected to a greater 

power level during the latter part of the trial. 
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MCM Initial T1 Peak T1 LowlJ T2PeaklJ T2LowlJ T3PeaklJ T3LowIJ 

number readlnglJ IJ 

004a 5.940 7.341 6.051 

004b 5.980 7.399 6.093 

009a N/A N/A N/A 

009b N/A N/A N/A 

013a 5.790 7.070 5.878 

013b 5.714 6.970 5.798 

014a 6.507 8.120 6.656 

014b 6.828 8.440 6.924 

016a 6.150 7.569 6.252 7.796 6.271 7.813 6.273 

016b 6.164 7.593 6.260 7.820 6.285 7.832 6.286 

017a 6.073 7.442 6.165 7.631 6.173 7.658 6.191 

017b 6.109 7.496 6.204 7.685 6.215 7.708 6.228 

021a 6 7.390 6.110 

021b 5.942 7.320 6.048 

022a 6.029 7.381 6.125 

022b 6.018 7.368 6.111 7.580 6.119 7.587 6.119 

024a 5.858 7.259 5.936 

024b 5.932 7.341 6.009 

028a 6.018 7.428 6.129 

028b 5.950 7.356 6.056 

031a 5.955 7.198 6.017 

031b 5.778 6.978 5.829 

A3a 5.811 7.164 5.897 

A3b 26.56 29.82 27.61 

D4a 6.690 8.251 6.808 

D4b 7.209 8.889 7.332 

.. Table 8.4.la: 4·poml reslSlance records for FR4 samples. a and b correspond to the two alummlum tracks (a IS 

path 3344. b is path 5566 from section 3.2.1). Tl is after 200 cycles. T2 is after 15 000 cycles and T3 is the 
readings just before the trial ceased. 
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MCM T1 T1 T2 T2 T3 T3 

number Resistance Temperature Resistance Temperature Resistance Temperature 

change I fJ rise/ CC change/fJ risel 'C change/fJ rise I 'C 

004a 1.29 60 

004b 1.306 60.8 

009a 

009b 

013a 1.192 55.5 

013b 1.172 54.6 

014a 1.464 68.2 

014b 1.516 70.6 

016a 1.317 61.3 1.525 71 1.54 71.5 

016b 1.333 62.1 1.535 71.5 1.546 72 

017a 1.277 59.4 1.458 67 1.467 68 

017b 1.292 60.1 1.47 68.5 1.48 68.9 

021a 1.28 59.5 

021b 1.272 59.2 

022a 1.256 58.5 

022b 1.257 58.6 1.461 68 1.468 68 

024a 1.323 61.6 

024b 1.332 62.1 

028a 1.299 60.5 

028b 1.3 60.6 

031a 1.181 55.0 

031b 1.149 53.5 

A3a 1.267 59.0 

A3b 2.21 102.9 

D4a 1.443 67.2 

D4b 1.557 72. 

Table 8.4.1h: Four pomt resIstance changes/rom table 8.4./a and correspondmg temperature changes. a and b 
correspond to the twofour pOint resistance aluminium tracks (a is path 3344. b is path 5566 from section 3.2.1). 
TI is after 200 cycles. T2 is after 15 000 cycles andT3 is the readings just before the trial ceased. 
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Figure 8.4.1: Bar chart of res ista lice challgesfrom table 8 . ../.I.b 

Chip number Rest (flI Peak (flI Low(ll) Change in Corresponding 

resistance (~ temperature ("C) 

Table A 6.068, 0.26 7.468, 0.347 6.169, 0.275 1.299, 0.08 60.48, 3.763 

Table B (lnt) 6.147, 0.436 7.559, 0.559 6.242, 0.446 1.317, 0.118 61.29, 5.4 

Start (c & d) 6.103, 0.053 7.494, 0.082 6.198,0.06 1.310, 0.Q2 6 1.1 ,1.3 

Tab le C N/A 7.702, 0.09 6.213, 0.06 1.49,0.Q3 68. 1.75 

Table d N/A 7.720, 0.09 6.219, 0.06 1.50, 0.03 69.2,1.75 

Table 8.4.1 c: Obrallled mean alld standard deVWIIOtI of daraJrom rabIes 8 . ../, 1 a &b 

Specimen Lifetime and Fatigue 

Table 8.4.1 d displays the fa ilure times of the relevant specttnens In chronological 

order. It could be seen that all the recorded failures occurred relatively early on in the 

cycling time; below 3500 cycles, yet 3 assemblies were observed to have survived the 

entire power cycle duration with all their dai sy chains showing no obvious change in 

resistance. Therefore there was a period of approximately 20 000 cycles between the 

last recorded fa ilure and the temlination of the power cycling; the cause of so many 

apparently premature fai lures is not known though it was anticipated that some of the 

dai sy chains could contain fau lty older joints, or other typical "burn-in" problems. It 

should be highlighted that a dai sy chain onl y needed to fai l at one connection and thi s 

would be registered as a fail ure. 
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Sample Failed after 

028 (first chain) 136 cycles 
028 (second chain) 169 
0 14 (first chain) 172 cyc les" 
024 (first chain) 195 cyc les 
02 1 (first chain) 643 
A3 (first chain) 890 
0 13 (first chain) 1000 
D4 (first chain) 1270 
03 I (first chain) 187 1 
004 (first chain) 2185 
02 1 (second chain) 2209 
03 I (second chain) 26 18 
024 (second chain) 2948 
0 13 (second chain) 3240 
0 16 >22362 
017 >22362 
022 >22362 
Table 8A.It!: Number of cycles to fOl lure Jor each dOlsy challl 

Table 8.4. le shows the dai sy chain resistance readings for each assembly recorded 

immediately before and after the power cycli ng. It was assumed that samples that 

di splayed a dramatic increase in resistance had fa iled at one or possibly two joints, 

though there was st ill a small amount of contact (touching) that a llowed a continuity 

signal to be detected when the samples were checked. According to tab les 8.4.1 d and 

e it can be seen that sample 14 was recorded to have failed , yet on the post cycling 

resistance measurement, fin ite va lues could be obtained. It was later found that some 

of the co rUlections fi'om the MCM to the substrate were not adequately attached and 

consequently became loose during the power cycling. 

Chip Thick (n) Daisy Chain Daisy Chain Daisy Chain Daisy Chain 
number 1 Before 2 Before 1 Post 2 Post 

cycling (n) cycling (n) cycling (n) cycling (n) 
004 26.9 4.3 4.2 ao ao 
009 27.0 N/a N/a 4.3 27. 1 
013 26.8 4.4 4.1 ao 00 

0 14 27.0 4.4 4. 1 4.5 4.3 
0 16 27.0 4.3 4.1 4.6 4.2 
0 17 26.9 4.2 3.9 4.2 3.9 
02 1 27 4.3 4.0 ao ao 
022 27 4.2 3.9 4.3 4.0 
024 27 4.3 4 .0 ao 00 

028 26.9 4.2 4.0 ao ao 
03 1 26.8 4.3 4.0 8.6 9.2 
A.l 26.9 4.5 4.3 4.8 ao 
D4 26.9 4.6 4.3 ao 8.5 

Table 8.4. l e: Recorded resIStance values of assembltes be/ore and after cycl/llg 
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Failure Analysis of Samples on FR4 Substrate 

As we ll as the failures recorded on the daisy chain logged in table 8.4.1 d, there were 

additional fa ilures that were noted (i.e. joints fa il ed that were not on the daisy chains). 

Fail ures at the heater (th ick) path were noted in assembl ies A3, 024 and 028. The 

heater on 028 was fo und to fa il shortly after the second daisy chain had failed. The 

temperature change in 024 was observed to be onl y half that of the ori ginal change at 

the time of the second daisy chain failure, presumably because the resistance of one of 

the heater connect ion joints had increased . For A3 , the heater fa iled before the second 

daisy chain had fa il ed. In addition, samples 004, 02 1,024 and 028 all lost the ability to 

read the 4-point resistance measurements, and subsequent probing found that they had 

all fa il ed at a single joint on their respective 4-point resistance parts. Unfo rtunately as 

fa ilures at these locations were not catered fo r in the ori ginal fa ilure monitor set-up 

there were no means of recording when these fa ilures occurred. 

Due to a defecti ve potting and grinding procedure, there were no clear cross-section 

images of fa il ed solder joints fo r any of the samples that were monitored in thi s batch. 

The joints obtained from the surv ivi ng assembly 022 are shown at the end of the 

section. It can be seen that good wett ing had occurred on both the UBMs, and the 

pads had aligned well. The interconnection layer exhi bited many of the typical 

characteri stics of well -formed joints therefore it was anticipated that this should 

survive the power cycli ng. 

Also included in the tria l was assembly 009, though this was unmonitored. According 

to table 8.4. 1 e it can be seen that there was a failure on one of the daisy chains (the 

higher resistance). From images of the section, it can be seen that there was very poor 

solder wetting on the UBM pad on the heater chip and the actual connection was onl y 

suffi cient to secure the assembly and carry a signal. These left a comparatively high 

standoff height between the heater and carri er chips, and the badl y formed joints may 

have acted as stress raisers. 

Though many of the FR4 MCMs were destroyed during the mounti ng and preparation 

stages, individual records for each assembly were kept regard ing the manu facture and 

its power cycling performance. Some of these records imply that some assemblies 
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may have been badl y manufactured, therefore defective interconnection layers may 

have been present (there was no way of checking the quality of the daisy chains apart 

from the resistance values). For example sample number 028 fa iled on both daisy 

chains early on as well as the heater fa iling some short time after the second failure. 

This assembly was subject to re-work due to failure to reflow the first time it was 

assembled . The assembly had been cleaned ultrasonically in IPA and all the fluxing, 

dipping, clean ing and assembly procedures were performed a second time and upon 

inspection, the interconnection was found to be sati sfactory. It may be possible that 

the second solder dipping process had increased the layer of intermetallics present 

between the UBM and the so lder, therefore making a ll the joints very britt le. 

In addition, both daisy chains on sample 024 fai led, though one chain lasted over 15 

times longer than the other. The heater was observed to fail over a period of time 

similar to when the second chai n failed. [t was thought that too little flux was applied 

to this assembly and the ox ides on the so lder caps were not correctly removed, so the 

interconnection layer was not formed properl y. 
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8.4.2. 1: Power Cvclillg tlllder Stalldard Conditiolls 

A batch of MCM samples on copper substrates were initially power cyc led with the 

same power levels as those on FR4 (standard conditions). On completion of these 

trial s some of these samples were power cycled at an increased power leve l (high 

power) and the resu lts of these wi ll be di scussed later. 

The positions of each assembly in the wind tunnel are shown in fi gure 8.4.2a. They 

were power cycled continuously under the same conditions as for the FR4 samples fo r 

a tota l of 15 553 cycles . During thi s time the ambient temperature was known to stay 

at 22°C during the daytime though the temperature may have dropped significantly in 

the evening. Within thi s test duration there were a total of 5 da isy chain fa ilures from 

4 assemblies. 
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airflow direction. 

Due to di fficulty In successfull y soldering the connection from the MCM to the 

substrate on these assemblies, it was not possible to utili se all the 4-point resistance 

connections on each and every sample, so for many of them, only one 4-point 

resistance measurement was used. Table 8.4.2a shows the 4-point resistance 

measurements taken at two time periods: the first after 200 cycles (T I) and after 

approximately 15500 cycles (T2); while table 8.4.2.1 b shows the corresponding 

resistanceltemperature changes and graph 8.4.2.1 shows the readings 

It can be seen that one sample had a much greater temperature reading, however thi s 

was considered to be due to a poor connection or damaged aluminium track and the 

sanlple was omitted from the averages. Comparing the two tables, it can be seen that 

the temperature amplitude at the end of the cycling was marginally higher for each 

sample. As with the case for FR4 samples, one sanlple was di scolUlected before the 

end of the power cycling so the voltage drop across the transistor was reduced. 
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MCM Initial T1 Peak / n T1 Low / n T2Peak / n T2 Low / 

number reading / n n 
Olla 6.213 6.983 6.279 6.983 6.275 
0 12b 6.047 6.732 6.123 6.743 6. 122 
015 5.943 6.554 6.008 6.569 6.008 
019b 6.3 14 7.035 6.423 7.028 6.416 
025a 6. 104 6.859 6.202 
026b 6.076 6.740 6. 142 6.766 6. 162 
030b 5.990 6.62 1 6.060 6.624 6.061 
035b 5.594 6.223 5.658 6.231 5.658 
036b 38.41 40.05 38.59 40.05 38.59 
037b 5.8 11 6.444 5.876 6.443 5.856 
038b 6.330 7.044 6.397 7.044 6.397 
8 5 6.753 7.520 6.838 7.566 6.830 

Tuble 8.4.2. 1 a: -I -pOlllt I eSlstance records for MCMs 011 Coppel s lIbstrate. TI refers to the I'eadlflgs cif/er 200 
cycles while T2 refers 10 Ihe records after 15500 cycles. 

MCM T1 Resistance T1 Estimated T2 Change in T2 Estimated 

number change/ n temperature 
change / DC 

resistance / n temperature 
rise / QC 

Olla 0.704 32.7 0.708 33 
012b 0.609 28.3 0.62 1 29 
015 0.546 25.4 0.561 26.1 
0 19b 0.612 28.5 0.612 28.5 
025a 0.657 30.6 
026b 0.598 27.9 0.604 28.1 
030b 0.56 1 26.1 0.563 26.2 
035b 0.565 26.3 0.573 26.8 
036b 1.46 68 1.46 68 
037b 0.568 26.4 0.587 27.3 
038b 0.647 30 0.647 30. 1 
8 5 0.682 3 1.7 0.736 34.2 
Table B.4.2. J b: Correspondmg resIStance and temperature change/or table 8. -I.2. /a. TI refirs 10 the readings 
after 200 cycles while T2 refers 10 Ihe records after 15500 cycles. 
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Figure B.4.2.1f1: Graph showing the change in resislclllcefrom 1'1 & 1'2 
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Chip Initial Peak Low Change in Corresponding 
number reading resistance temperature rise 
Start CV - 25) 6.107, 0.289 6.802, 0.33 6. 182, 0.29 0.614 , 0.050 28.53,2.326 
Start (N- 25) 6.107, 0.303 6.790, 0.35 6. 180, 0.31 0.609, 0.051 28.33,2.3422 
End N/A 6.799, 0.36 6. 179, 0.31 0.62 1, 0.057 28.93 , 2.63 13 

Table B.4.2.lc; SummOlY (mean & standard devwllolI) a/tables 8.-1.2.1 Cl (with & wallow Jallllres) and b 

Lifetime and Fatigue Results 

Table 8.4.2. I .d shows the resistance measurements of each assembly pre and post 

power cycling, whi le 8.4.2.1 e shows the times of the recorded fai lures. With the 

exception of sample 038, it can be seen that the re were no recorded resistance changes 

in any of the assemblies apart from those that were known to have failed (i.e. the data 

loggers indicated that a failure had occurred). The increase in resistance for sample 

038 implies some joint fatigue and it was anticipated that had the power cycling 

continued, then 038 would have fai led shortl y afterwards. According to table 8.4.2.1 e, 

it can be seen that the number of fa ilures spans over half the duration of the power 

cycl ing period. 

MCM Thick Daisy chain 1 Daisy chain 2 Daisy chain 1 Daisy chain 2 

number (heater) track (before (before (post (post 
cycling) cycling) cycling) cycling) 

011 26.9 4.3 4.0 4 ". .J 4.0 ' 
0 12 26.9 4.3 4.0 4 " . .J 4.0 ' 
015 26.8 4.3 4.0 00 4.2 

019 27.0 4.3 4.0 4 '* .J 4.0* 
025 27.0 4.3 4.0 16.7 8.6 
026 27.0 4.3 4.0 43.7 4.1 
029 27 4.5 4.0 N/A* N/A* 
030 27 4.3 4.0 00 4.1 

035 26.8 4.6 4. 1 4.6* 4. 1* 
036 27.9 11.0 4.8 11* 4.8* 
037 27.0 4.3 4.0 4.3* 4.0' 
038 26.9 4.3 4.0 10 5.2 
8 5 27.0 4.5 4.3 4.5' 4.3* 

.. 
TlIble 8.4.2. 1t!: ReslSlonce records of dO/sy chams before and after power cYc/l1'1g. the stars md,care lite 
assemblies lilm were used/or rhe subseqllel1llligh power cycling. 
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MCMnumber Number of Cycles to Failure 

026 Instant 
015 647 
030 689 1 
025 7643 
025 8150 

" " Table 8.4.2. J e: Record of sample/allures dUring standard power cycl/llg 

Failure Analysis of Samples on Copper Substratc 

Sample 026 exhibited an instantaneous failure , however after the power cycling was 

completed, it was found that the daisy chain in quest ion sti ll showed continuity, but 

with a high resistance connection. This implied a cracked or poorly formed so lder 

joint that provided intermittent "touch" contact. Such a fai lure was thought to be due 

to a defect occurring during the MCM assembly process and may have been related to 

a bump that was not adequately capped with so lder following the so lder dipping 

phase. 

EM images of so lder joint cross-sections from specimens 15 , 25 , and 38 are shown 

at the end of thi s section. Sample 038 appears to have al igned well ; wetting the sides 

of the UBM appears adequate although some areas of high contact angle are evident 

that may have acted as stress rai sers and contributed to the failure ofajoint, leading to 

the increased resistance measurements shown in table 8.4.2 .1 . No cracks were ev ident 

in the joints studied. 

One of the daisy chains of MCM 015 failed during the power cycling, however the 

cross-section of the joints showed good wetting of the solder to the UBM with a 

rounded shape. 

Two daisy chai n fai lures were noted for MCM 025 and they both occurred at similar 

times. From the figures, it can be seen that the assembly was badly aligned and that 

the solder had fa iled to completely wet the UBM on the heater chip. It is therefore not 

surprising that this sample experienced an early failure. 
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There were no additional fa ilures other than those in the daisy chains of these 

samples. The resistance of all the heaters and the 4-point resistance measurements 

were ident ical to those values prior to cycling. 
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038 

8.4.2.2: High Power Cvclillg o(MCM Assemblies 0 11 Copper S lIbslrales 

As the MCM on copper substrate was known to reach a lower temperature than on an 

FR4 equivalent it was decided to investigate the effects of increasing the power input 

to some of the copper assemblies. The previous FE analysis estimated the resu ltant 

stress for the condi tions to be low wi th respect to the yield stress, so the fatigue 

impact was anticipated to be minimal. As there were no further devices available, 

previously cycled assemblies were chosen to power cycle with a higher power level of 

3.75W. 

Following the initial standard power cycling, the resistance values fo r each assembly 

were checked and recorded as shown in table 8.4.2. 1 a The specimens that showed no 

increase in res istance were considered the best examples to use fo r the subsequent 

high power cycling (3.75watts or 10.06 vo lts at 373 mA) fo r a period of 5662 cycles. 

In total there were 8 assembl ies used: spec imen numbers 11 , 12, 19, 29, 35, 36, 37 

and B5. 
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Thermal Results 

Due to the short trial time, only one record of 4-point resistance measurements was 

made fo r the experiment after approximately 100 cycles and these resu lts are shown 

with their equivalent readings frol11 the end of the previous trial in table 8.4.2 .2a. 

Table 8.4.2.2b shows the resistance change and the estimated temperature change. 

The average values are summarised in table 8.4.2.2.c 

MCMnumber Peak (1 .2W) / n Low (1 .2W) / n Peak (3. 7SW) / n Low (3. 7SW) / n 
01 1 6.983 6 .275 8.469 6.248 
0 12 b 6.743 6.122 8.007 6.086 
019b 7.028 6.416 8.301 6.370 
035b 6.23 1 5.658 7.382 5.63 1 
036 40.05 38.59 43 . 12 38.51 
037b 6.443 5 .856 7.653 5.844 
8 5 7.566 6.830 8.942 6.79 1 

F'Gure 8.4.2.20: Table of recorded -I pOl11t resIstance changes. The IlIgh powered (3. 75W) results are compared 
with 1"2 results from the end of the previous standard power trial 

MCMnumber Resistance Corresponding Resistance Corresponding 
Difference temp (1.2W) /oC Difference temp (3.7SW)/oC 
(1.2W) / n (3.7SW) / n 

011 0.708 33 2.221 103.4 
01 2 b 0.621 29 1.921 89.5 
019b 0.612 28.5 1.93 1 89.9 
03 5b 0.573 26.8 1.751 81.6 
036 1.46 68 4.61 214 .7 
037b 0.587 27.3 1.809 84 .2 
8 5 0.736 34 .2 2. 151 100.2 

FIGure 8.4.2.2b: rile change tn -I-pOlllt reSistance and the correspondmg temperatllre from tile data 11/ table 
8. ~.2. 2a. 
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Figure 8.4.2.2(1: Chart showing the change in -I-poilll resistance as the power is increasedjrom 1.2 Wails to 3.8 
Wmts. Sample 036 was omilted from this a"alysis. 
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Trial Peak / n Low / n Difference / n Corresponding 
temp / oC 

Original 6.822, 0.422 6.199,0.38 0.623, 0.053 28.986, 2.438 
"Standard" 
" Hioh" Powered 8.126, 0.517 6.162,0.37 1.964, 0. 1699 91.47, 7.9 

Table 8.4.2.2c: Summansed average data/rom tables 8. -1.2.1 and relevant data from 8,,/,2.1 a. 

Lifetime 

The fi nal resistance read ings and the number of cycles to fa ilure are listed in tables 

8.4.2 .2d and e respecti vely. It can be seen that the failures were evenly spread out 

through out the tria l period and in many cases the resistances of the daisy chains 

increased. 

MCM Daisy chain 1 Daisy chain 2 Daisy chain 1 Daisy chain 2 
number (before (before (post (post 

cycling) / n cycling) / n cycling) / n cycling) / n 
011 4 .3 4.0 00 00 

0 12 4 .3 4.0 5.9 00 

019 4 .3 4.0 4 .6 00 

029 4.5 4.0 4 .9 4.3 
035 4.6 4.1 00 15. 1 

036 11.0 4.8 00 10 

037 4.3 4.0 6. 1 4.4' 
8 5 4.5 4.3 4.8 9.3 

Table 8.4.2.2t1: ReSlSlallce of dmsy chams be/ore and after high-powered cyclmg 

MCMnumber Cycles to failure 
019 669 
012 838 
035 1244 
035 1400 
012 1619 
036 1643 ( 10 cyc les) 
037 29 11 ( 16 1 cycles) 
01 1 362 1 
01 1 4059 

Table 8.4.2.2e: Log a/failure fI111eS 

Assembly 011, both cycles fa iled at simi lar times as we ll. It can be seen that on each 

of the joints shown, one s ide of the UBM on the heater chip has wet adequately but 

the other side has not, crack propagation can be seen in the joints though they do not 

appear to have propagated from the apparent stress raisers. The chip alignment looks 

very good. 
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Long fa ilures: - 36 & 37 took 10 cycles and 16 1 cycles to fai l their interconnection 

joints, 

Comparison of Power levels 

The high power temperature changes were 3. 15 times those of the moderate power 

increase. The standard deviation is also in good agreement with this. The minimum 

temperature is the same. 

Assembly 037 
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I S.5: Discussion 

I 8.5.1: Comparison of MCMs"on FR4 cindCopper' Sub'strates I l.. _._ ..... __ ._ .. __ ._ ..... _. __ ._ ... _ .. _._ .. _________ . __ J 

The overall recorded failures for a ll scenarios are shown in fig ure 8.5 .1. The 

assemblies on FR4 exhibited a large number of failures early on; 11 failures or 42% 

of all the daisy chains fai led before 3500 cycles or within 15% of the allocated cycle 

time. For the remaining cycle period there were no recorded fa ilures and the 

surviving assemblies 016, 01 7 and 022 showed no change in resistance. In contrast, 

the assemblies on copper substrates had 5 failures or 19% of the dai sy chains failed 

within the designated time and the fai lures were more spread out over the time period . 

In addition, the post cycle checks implied that a further assembly was likely to fail in 

a short while afterwards, had the initial power cycle trial been a llowed to continue . 

• = -,= -.. .= 
~ 

:::I -'n; .--0 --~ .. . = 
'li 
E 
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o 
", .. 
U noo 
>. 
u -

Failure number 

Figure 8.5. 1: Graph showing all recorded failures/or all power cycling trials 

---+-- FR4 (t2) 

- Cu (t2) 

Cu (38) 

" " " " 

From the results, it can be seen that the assemblies on FR4 fai led much sooner than 

those on copper, in good agreement with the FE results where a much greater stress 

value was predicted on the assemblies on FR4 than those on copper. However as 

some assemblies survived the power cycling tri al it is likely that some external facto r 

was contributing to the earl y fai lures. A possible theory was that the assemblies on the 
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FR4 substrate were faulty, however, table 8.5.la shows the 4-point resistance data for 

all assemblies used for both FR4 and copper substrates. Also included is the resistance 

of the daisy chains used on each assembly. It can be seen that there is very little 

difference between the two as the mean values are in good agreement. These results 

imply that the samples used were of equivalent quality, so if the early failures on the 

FR4 substrates were due to faulty connections then the same number of assemblies 

failing prematurely should be found in the copper substrate batch. Therefore if the bad 

assemblies were due to inconsistencies in manufacturing quality, there is more likely 

to be a correspondence with the batch an assembly was originally manufactured in 

and its subsequent performance. Table 8.5.1 b shows the assemblies original batch 

identifier and the recqrded cycles to failure; from closer examination it can be seen 

that the most successful assemblies were manufactured in batch F where all three 

(16,17 and 19) performing exceptionally well in their respective groups. With the 

exception of assembly 022, batch G performed the poorest with all the other 

assemblies performing badly in their groups (021 & 024 lost both their daisy chains in 

the FR4 power cycling, as did 025 in the copper run. Also 026 exhibited the 

instantaneous failure)l 

As the airflow rate was not constant across the specimen area in the wind tunnel, the 

assemblies positioned at the rear, may have received a poorer convection heat transfer 

rate and consequently reached marginally hotter temperatures than those at the front. 

The amplitude of the resistance change was checked for each assembly and there was 

no correlation between the maximum temperature reached and the assembly position 

in the tunnel, hence a sample was no more prone to failure depending on its position. 

These imply that the early failure were due to badly manufactured batches. The larger 

percentage of early failures on the FR4 batch was attributed to the fact that that the 

assemblies on FR4 were subjected to greater stress levels, therefore the stress had a 

faster fatigue effect on the bad joints on the FR4 batch than on the copper. Had the 

initial copper trial been allowed to continue for long enough, it was anticipated that 

the same number of failures from defective assemblies would be observed before 

better manufactured examples would seemingly cycle indefinitely. 

1 Number 022 was the only assembly to function correctly first time after reflow. All other assemblies 
were reworked and reflowed a second time. 
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Batch 4-point (D) Heater (D) Chain 1 (D) Chain 2 (D) 

FR4 (all) 6. \06, 0.357 26.93, 0.072 4.33,0.118 4.075,0.132 

Copper (ecxl 036) 6.107,0.289 26.94, 0.075 4.35,0.104 4.03,0.084 

Table 8.5.1b: averages resistance values of the samples used, the first copper averages omits the defective 
assembly(036}. 

Flaws in the manufacturing method were noted that may have compromised the 

quality of the interconnection layer. Procedures such as applying the ·flux before the 

placement were cumbersome as the flux was applied by hand using a small 

paintbrush. The small standoff height of the solder caps required a precise amount of 

flux applied in order for the interconnection layer to correctly reflow. Only eye 

judgement was used to determine if there was a correct amount used on each chip and 

the high viscosity of the flux further impeded this process. Once the flux was applied, 

they then had to be moved in a specimen tray to the location of the placement 

machine. Once correctly placed, the assemblies then had to be moved a significant 

distance again to the location of the reflow oven. If the flux did become less tacky 

then it is possible that an assembly may have become dislodged during the transit. 
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Assembly Manufacturing Substrate First failure Second failure 
batch identifier (cycles) (cycles) 

A3 A FR4 890 N/A 
B5 A Copper >5662 >5662 
D4 A FR4 1270 N/A 
4 C FR4 2185 N/A 
9 C FR4 (cont) N/A N/A 
11 D Copper 3621 4059 
12 D Copper 838 1619 
13 E FR4 1000 N/A 
14 E FR4 172 N/A 
15 E Copper 647 >15553 
16 F FR4 >22362 >22362 
17 F FR4 >22362 >22362 
19 F Copper 669 >5662 
21 G FR4 643 2209 
22 G FR4 >22362 >22362 
24 G FR4 195 2948 
25 G Copper 7643 8150 
26 G Copper instant >15553 
28 H FR4 136 169 
29 H Copper (Con!) N/A >5662 
30 H Copper 6891 >15553 
31 J FR4 1871 2618 
35 J Copper 1400 >5662 
36 J Copper 1643 >5662 
37 K Copper 2911 >5662 
38 K Copper >15553 >15553 

Table 8.5.1 b: Illustration of assemblies' performance against the batch it was manufactured in. Assemblies 9 and 
29 were the control samples therefore there was no record of cycles to failure if indeed a failure had occurred A 
second failure could not be logged for some of the assemblies where the heater had failed or where one of the 
external connections hadfailed The cycles in blue text indicate that the sample endured the initial 15 553 cycles 
for the standard copper trial in addition to those stated. 

\8.5.2: Comparison of FE Models and the Power Cycling Results 

Stress Distribution: The FE models predicted even stress results over all the joints, 

Le. there was no joint that was significantly overstressed. Therefore all joints were 

considered equally likely to fail as others. This was especially highlighted during the 

MCM on FR4 trials where the interconnection layer was observed to fail at other 

areas not on the daisy-chain (Le. the heater or 4-point resistance measurements). For 

each and every solder joint for the FE model on copper substrate, the stress profile 
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showed high concentrations around the areas of the solder that were either nearest to 

or furthest away from the neutral point, where the shear effects were most apparent. 

From the SEM images of the joints on assembly 011, it can be seen that cracks are 

present in either end of the joints, though they have not fully propagated through the 

joint. This scenario was observed on three of the joints indicating that all the joints 

were subjected to similar stress levels and no particular joint was over stressed. 

Sample 037 also exhibited more than one crack within the interconnection layer. 

Stress levels: The FE models predicted significantly higher stress/strain levels for the 

assemblies on FR4 substrate and the subsequent lifetime predictions implied that the 

assemblies on copper substrate would last a far greater number of cycles compared 

with those on FR4. Assuming that there was an even number of defective samples in 

the FR4 and copper trials, it can be seen that a greater number of samples failed 

during the FR4 trial than on the copper. In addition, all the failures from the FR4 

batch occurred relatively early on during the trial as opposed to the case with the 

copper substrates where the samples were seen to fail over a greater number of cycles. 

The logical explanation is that the MCMs on FR4 were SUbjected to a greater stress 

level; and with the same temperature difference between the heater and carrier chips, 

this greater temperature difference is likely to be as a result of the local CTE 

mismatch as described in 7.4.3. 

Ambient influences: It should be noted that the FR4 trials were started at the end of 

an unusually warm time period, and the FE models have shown that there is a strong 

dependence on ambient temperature as to the stress/strain profiles the interconnection 

layer will endure. For a given power level, the temperature change (~1) endured by 

the solder will be the same, however, due to the decrease in yield strength (according 

to graph 7.3.1.2) at higher temperatures the solder joint may exhibit significant plastic 

strain depending on the ambient temperature. As all the failures were recorded early 

on within the trial, the warmer ambient temperature may have contributed to plastic 

strain on the more vulnerable joints, hence the early failures observed in the trial. Had 

the start of the FR4 trial been postponed to a time when the temperature was cooler, it 

is possible that the early failures detected would have occurred over a longer time 

period. 
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From the FE results, it was noted that most of the plastic deformation occurs on the 

first cycle. While the recorded plastic strain on the model was very small, the strain 

will inevitably be larger on joints that did not form correctly. An extreme example of 

when this might have been the case was observed on sample 026 where a chain was 

seen to fail instantaneously. It was anticipated that the strain endured was sufficient to 

cause immediate crack propagation and therefore fracture. 

Most previous power cycling trials consisted of power cycling a single assembly and 

observing the cycles to failure for that device, therefore impeding comparisons with 

this study in terms of failure rates and distributions; however Lenkkeri and Jaakola (1) 

did compare performances of a given die on different substrates. While a direct 

comparison in terms of power levels against temperature change/cycles to failure 

cannot be made, the results imply that the die would perform better (Le. smaller 

temperature amplitude and more cycles to failure) on the more conductive substrate in 

good agreement with the results of the MCM power cycling trials. 

Zhang & Baldwin (2) managed to capture the stages of failure within a joint by 

carefully monitoring its resistance changes. They successfully managed to achieve 

this as the monitoring system employed allowed each joint to be probed individually 

such that its fine resistance changes could be detected. In addition this design also 

enabled them to identify which joint was the first to fail. As the monitor setup in these 

power cycle trials only permitted a complete daisy chain to be monitored, it was not 

possible to measure fine resistance changes of a single joint and a change in the daisy 

chain resistance was· only noted when there were only a few cycles till complete 

failure. Furthermore, the original design of the MCM did not permit individual 

probing of joints, therefore it was not possible to identify the location of the failed 

joint until the samples had been ground and polished. 
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18.6: Conclusion 

The power cycle trials have been completed for a number of cycles at specified power 

levels for the MCMs on both FR4 and copper substrates. There were several failures 

noted in the early part of the FR4 trial and then no subsequent casualties for the 

majority of the trial. For the same power level the copper batch showed fewer failures 

and were spread over a greater cycle period. Assuming that the quality of the 

assemblies was the same for both batches, this is in good agreement with the results 

from the FE modeling where the samples on FR4 endured a much higher stress than 

those on copper; and the higher stress corresponds with a shorter cycles to failure 

time. In addition, selected samples from the copper batch that mayor may not have 

sustained damage from the initial power cycling trial were power cycled at a much 

higher level where several failures were observed as would be plausibly anticipated. 

The early failures of the assemblies give rise to the theory that the local CTE 

mismatch between solder and UBM is a contributing factor as the FR4 batch endured 

a higher stress, despite the same temperature difference between the heater and carrier 

chips shown. In addition, the warm ambient temperature of the FR4 trial may have 

contributed to the early failures observed where the temperature amplitude may have 

been significant to instigate plastic strain on some joints, particularly where the joint 

quality may be defective. The information obtained of the failures was somewhat 

limited as only the time of failure could be recorded. As the design of the MCM did 

not permit individual joints to be checked it was not possible to identifY the location 

of the failed joints so a direct comparison with the stress distributions cannot be made. 

However, the additional failures (on the heater and 4-point resistance) detected in the 

FR4 batch imply that the stress distribution is even resulting in random joints failing. 

The wide range offailure times observed imply that the quality of the MCMs may not 

have been consistent throughout the trial. The best batch was seen to perform 

exceptionally well in both the FR4 and copper trials; conversely the "worst" batch had 

assemblies that performed poorly in both the FR4 and copper trials. As the 

manufacturing process required many procedures to be performed manually (by hand) 
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and logistics also acted as an impeding factor, it was difficult to ensure consistent 

quality of the assemblies. 
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[~haPter 9: Conclusion· 

The aim of this work was to power cycle a flip chip assembly and to investigate how 

substrate material properties influence the thermo-mechanical attributes of the 

assembly for a given power level, airflow rate and cycle time. The flip chip scenario 

considered was a silicon on silicon multi-chip module that was mounted on either an 

FR4 or a copper substrate. The investigation was conducted by manufacturing a batch 

of assemblies and thermally profiling them and later building and simulating 

equivalent FE models such that the maximum temperatures, transient profiles, stress 

levels and the subsequent cycles to failure could all be compared. 

It was first required to derive a suitable process for the chip assembly. This was 

implemented by first considering the necessary manufacturing processes and then 

evaluating different ways in which the necessary manufacturing process could be 

implemented. The final manufacturing process employed was considered to be , 
unsuitable for producing a large number of assemblies, but adequate for 

manufacturing of the small batch required for the experiments. Following the 

successful manufacturing of the assemblies, some samples were chosen for thermal 

profiling on either FR4 or copper substrates and two different methods were used to 

capture the data. Using the individual techniques in isolation was found to provide 

limited data, however a combination of 4-point resistance measurements and thermal 

imaging cameras was adequate in identifying the thermal properties required. The 

thermal profiling of the assemblies demonstrated the importance the substrate 

conductivity plays in terms of the maximum temperature reached by the assembly for 

a specific power level. 

The FE model was created by considering generic modelling criteria such as the 

necessary mesh density and refinement, as well as specific issues that were 

fundamental to correctly simulating the power cycle of a device such as the 

convection heat transfer. With a combination of the aforementioned subject matter 

and adequate material properties, it was then possible to construct the FE model, 

which would permit the material properties to be easily changed when deemed 

necessary. The FE model created allowed the power cycling of a flip chip assembly to 
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be simulated for given airflow conditions, power input and material properties. The 

model provided predictions of the steady state and transient temperatures expected to 

be reached by the assembly, which were validated against real devices that were 

tested under identical conditions. The development of an FE model means that 

material or geometric parameters can be readily varied and the results may be used as 

guidelines that may be passed on to manufacturers for recommended design 

improvements. Furthermore, the models have demonstrated that the transient 

behaviour of an assembly is governed by the mass and thermal properties of the 

substrate, noted from the thermal profiles of the MCM on FR4 and copper substrate. 

The assemblies mounted on the copper substrate had a much lower maximum 

temperature compared to those on the FR4, and the copper endured a much slower 

temperature change compared with the FR4 case. In addition, the substrates exhibited 

different thermal profile due to their very different conductivity's; the FR4 was only 

heated close to where the MCM was mounted while the copper substrate showed a 

uniform temperature. 

Though both models showed a similar temperature difference between the heater and 

carrier chips for the same power level, the models on FR4 showed much greater stress 

levels than when the copper substrate was used. This scenario was echoed in the 

subsequent power cycling trials where the assemblies on copper substrate were found 

to have lower failure rates than those on FR4. A suitable contribution to stress 

developed in the joints was considered to be due to a local CTE mismatch (i.e. 

between the solder and the UBMlpad); potentially an important factor that is often 

overlooked in flip chip reliability evaluation where the dominant cause of failure is 

normally considered the mismatch between the die and the substrate. In the more 

traditional flip chip configuration his may well be the case when a silicon die is 

mounted on FR4 substrate and the assembly is thermal cycled, however when a 

silicon on silicon assembly is power cycled, the low CTE of silicon combined with 

the marginal temperature differences exhibited in this case places a stronger emphasis 

on the local CTE mismatches. In addition, for the case when an assembly is power 

cycled, the exact temperature of the enviromnent can play a critical role even when 

large temperature changes are expected. As the yield strength of the eutectic solder is 

heavily temperature dependent, plastic strain mayor may not occur for a given power 

level depending on the "start" temperature. This was demonstrated for the stress seen 
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in the power simulation of the 1.2W MCM assembly on FR4 cycle, when the start 

temperature was varied. The initial ambient temperature of 20'C was not sufficient to 

cause plastic deformation, however when the temperature was increased to 30'C 

significant plastic deformation could be observed in the solder. Conversely, for the 

1.4 W power level, the initial temperature of 20'C caused plastic deformation, but 

when this was reduced to IO'C there was no plastic deformation detected. Therefore 

the performance of these assemblies was heavily dependent on the ambient 

conditions. 

Unlike conventional thermal cycling plastic strain profiles, where the strains are 

continually reversing, the plastic strain history during power cycling showed that the 

solder joints exhibit a large amount of plastic strain on the first cycle and the 

accumulated strain on subsequent cycles was reduced and appeared to approach a 

strain limit. When power cycling "real" devices where manufacturing defects could be 

present it was found that there were many early failures (especially MCMs on FR4) 

that were thought to be caused by this initial high strain level. 

The thesis has shown that power cycling a device can lead to an-isothermal 

temperature distributions that can cause stress to build up in assemblies that under 

isothermal cycling conditions would not normally be present. Further investigation is 

necessary to understand the effects of creep, which are known to be heavily time 

dependent and would require trials with longer cycle times. With the current drive 

following environmental legislation to eliminate lead based solders from consumer 

products it would also be interesting to study the effect of lead free solders on the 

stress distributions within the assemblies and subsequent reliability. Finally, the 

extension of the modelling and experimental work to the investigation of area array 

devices would also provide more information on the future implementation of flip 

chip technology for high power devices. 
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