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Abstract:

The impact of temperature cycling load subjected to flip chip packages with 
gold bull connection is investigated in this work. Thermal deformation of 
components due to large differences in thermal expansion coefficient makes 
thermomechanical reliability of bump joint connections critical. The core 
objective of thesis is to model the non-underfill area array flip chip assembly 
analytically based on linear structural mechanics. An analytical model 
calculate forces and bending moments and consequently induced stresses in 
bump joint of package. The finite element simulated model is derived for 
verification of analytical model.  
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1. Notations

A Cross sectional area 
diameter of joints 
Width of joint 

dT Thermal difference 
Bending stiffness of chip 
Bending stiffness of substrate 
Bending stiffness of Bump Joint 

F Shear Force 
G Internal Shear Force 

Thickness of chip 
Thickness of substrate 
Bump joint sand-off height 
Cross sectional moment of inertia for component 1 
Cross sectional moment of inertia for component 2 

L Half of the chip size 
Initial length 

M Bending moment 
Bending moment of component 1 
Bending moment of component 2 
Bending moment of chip and joint 
Bending moment of substrate and joint 

N axial force 
N number of connections between two components 
P Pitch 
T Temperature 
U Horizontal displacement 

Thermal expansion of chip 
Thermal expansion of substrate 
Rotation in chip and substrate respectively  
Curvature
Shear stress in xy direction 
Normal stress 
Normal stress in joint induced by axial force N 
Normal stress in right corner of joint 
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Normal stress in Left corner of joint 
Shear stress 
Shear stress induced by shear force F at top and bottom 
interface of joint 
Shear stress induced by local thermal mismatch of joint 
interface with component 
Vertical displacement(warpage) 

Abbreviations 

FEM
IBM

Finite Element Method 
International Business Machines Corporation 

CTE Coefficient of thermal expansion 
BGA Ball Grid Array Assembly 
PCB Printed Circuit Board 
FEA Finite Element Analysis 
3D Three Dimensional 

DNP Distance to neutral point 
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2. Introduction

2.1. Area Array Flip Chip Assembly: 

The subject described in this thesis work is mainly in the field of thermo-
mechanical reliability of electronic packages such as Flip chip assemblies. 
Flip chip is an advanced technique of connection in a way of flipping over 
(face-down) the semiconductor chips, a tiny rectangular portion of 
semiconductor material (e.g. silicon) and electronic packages to an external 
circuit board or carrier. This method was first introduced in 1960s by 
International Business Machines Corporation also known as IBM [1]. Here 
a silicon chip semiconductor is mounted on a substrate and its pads are 
aligned to the pads of the external circuit by means of bumps that are 
placed on the surface of chip pads without requiring any intermediate chip 
or lead frame.  

The interconnection between semiconductor chip structures and carrier in 
package assembly occurs when a conductive bump is pumped directly on 
the chip’s surface; the bump bumped chip is then flipped over and placed 
face down so that bumps attach directly to the carrier [2]. 

An acceptable and cost-effective package has to be reliable with good 
electrical performance. As an example if the temperature of package 
increase during the normal operating conditions, a detrimental influences is 
experienced on the entire electronic system. The internal and external 
temperature variations can have an influence on the electronic package 
which leads to mechanical stresses due to thermal expansion mismatches. 
This problem needs to be addressed in the thermo-mechanical reliability of 
packages [2]. The interval between the silicon chip and substrate is filled 
with the use of reinforcing organic polymer material so called “under-fill” 
[3]. The thermal mismatch between the silicon chip, substrate and the 
“under-fill” material connection between two components and the substrate 
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are particularly important to the design and performance of the packages 
[2]. 

The manufacturing and reliability of a flip chip assembled packages 
significantly depend on mechanical stresses. Reliability of the flip-chip 
packages is highly reliant on the properties of the basic components and the 
interfaces formed among them [2].  

2.2. Ball Grid Array Assembly 

The ball grid array package assembly (BGA) is implemented in electronic 
devices and has a higher demand due to its high density, better performance 
and less loss of power [4]. BGA as a miniature package reduces the gap 
between the pins which leads to solving the problems associated with 
manufacturing miniature packages with hundreds of pins [4]. Another 
advantage of BGA is its low thermal resistance which leads the heat to 
conduct into the package from integrated circuit thus avoiding the 
overheating problem [4]. The short distance between package and PCB in 
BGAs (due to low lead inductances) results in a high performance in 
electronic circuits with high speed. 

As it is shown in Figure 2.1, die chip is wire bonded on (BT-Epoxy or rigid 
laminate) substrate and a plastic mold is molded on top of it in order to 
encapsulate the package. The aforementioned BGA package with area array 
of solid bump balls as an interconnection is connected to PCB. 
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Figure 2.1 . Ball Grid Array (BGA). 

2.3. Thermal-mechanical Fatigue: 

Figure 2.2.  Crack in Bump joint. 

Package assemblies have a higher chance of failure due to the mechanical 
fatigue and cracking. One of the most common failure mechanism and 
major concerns with flip chip assemblies is identified as bump mechanical 
fatigue (as is shown in Figure 2.2) and happens when bump joints are 
exposed to thermo-mechanical stresses. Over a range of temperature 
variations and because of the difference in coefficient of thermal expansion 
(CTE) between mating structures in electronic chip packages, mechanical 
failure will occur. In this thesis work temperature is uniform in the whole 
structure and there is no any gradient effect. The coefficient of thermal 
expansion is determined according to linear thermal expansion. 
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(2.1)

(2.2)

With unit ( .

Each constitutive of electronic package have a different coefficient of 
thermal expansion. The CTE value of chip component is lower than the 
CTE of substrate [2]. It was shown that for the same thermal rate, chip will 
expand less per meter than substrate which results in a mismatch between 
chip and carrier.  

Figure 2.3 . Mismatch between chip and carrier. 

As it is shown in Figure 2.3 in a thermal cycling process, due to the 
different CTEs between top and bottom components, and internal and 
external temperature changes.  

As a consequence of locally induced stresses caused by temperature 
differences and the mismatch in coefficient of thermal expansion (CTE) 
between the chip and the package’s substrate in flip chips, cracks are 
observed within the bump along boundaries close to the bumped chip pad 
interface (Figure 2.4) [5].
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Figure 2.4. Bump fatigue failure. 

With continuing stress a crack will propagate and eventually result in 
complete separation causing an electrical connection to open and a 
functional device failure [5]. Fatigue failure depends on the type of bump 
joint material and consequently a different failure mode is observed in 
various materials [6]. In many field conditions bump fatigue depends on the 
design of flip chip packages [3]. The larger the difference between CTEs in 
substrate and carrier the greater the bump fatigue failure under thermo-
mechanical stress and more susceptibility and less reliability according to 
the reduced fatigue resistance [3]. CTE values for the material used here are 
presented in (Table 2.1). 

Table 2.1 . Coefficients thermal expansion.  

Au (chip joint): 14 ppm/°C° 
Si (silicon chip): 2.6 ppm/°C 

Alumina Ceramic Substrate: 7 ppm/°C° 
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2.4. Objectives and Scope: 

In this thesis work, the agreement between analytical solution and the finite 
element analysis of a flip chip assembly structure is studied. The FEA was 
previously done in MARC™ Mentat. A key requirement of selecting this 
thesis’s subject is to consider of the reliability of bump joints in non-
underfilled flip chip assemblies when exposed to thermal expansion.  

2.5. Thesis Approach 

In thermo-mechanical model of flip chip assembly, connections are 
replaced by equivalent beam with the same properties as the original bump 
joint. Afterward the forces and bending moments related to the thermal load 
by using beam theory are calculated. And consequently, an estimate of the 
induced stresses is obtained. 

In the later analysis of the system, verification of the analytical model with 
a numerical analysis of FEM model in MARC™ is done. The results of 
both analyses are presented in this thesis. In final FEM model of flip chip 
assembly with three layer structures (top component consists of two 
materials with different CTE) is compared with FEM model of flip chip 
assembly and induced stresses are analyzed. 
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3. Analytical Model: 

Flip chip assembly consists of two main components such as chip and 
substrate which are connected to each other by an area array 
interconnection. The target in this thesis work is to calculate and evaluate 
the induced stresses occurred in Non-under filled flip chip assemblies with 
an area array interconnection.

 The thermo mechanical model for the area array is an analytical model 
which is defined to calculate thermal stresses induced by forces through an 
area array joint interconnection in flip chip packages. This analytical 
modeling which is based on structural mechanics is simplified for the sake 
of saving time and reduction of finite element simulations. Moreover the 
effect of several design parameters is considered in this analytical model. 
The approximation of flip chip assembly is to substitute a small joint with a 
beam element of same material characteristic and similar geometrical 
shape. Joints behave as a flexible beam connection; hence the beam theory 
is used for calculation of forces and moments which are occurred after 
applying the thermal load. In order to facilitate the calculations, joints are 
assumed to be rectangular not in a convex shape and according to linearity 
feature of beam element calculations are pure linear. 

 By applying the thermal load into flip chip, the global thermal mismatch 
and deformation between chip and the bottom substrate is investigated. For 
simplification, the two–dimensional model of flip chip assembly in which 
components are joined by couples of rectangular joint is considered. 
Analytical formulas are used to analyze the forces and moments and 
thereinafter caused stresses by these forces and moments. As a result of the 
symmetry, half of the geometry is to be modeled. 

In order to establish the equilibrium of forces and moments, two 
components and joints are isolated from each other and then the external 
forces and moments which are acting on three parts of structure are defined. 
Consequently the internal forces result in a stress distribution over the 
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whole parts of structure. Therefore the equations of equilibrium of bending 
moments and internal forces and analytical formula for the normal and 
shear stresses are derived in structure. 

3.1. Assumptions

The proposed model of the flip chip structure is inspired by Vandevelde et 
al [2]. As is shown in the schematic in Figure 3.1, the structure is divided 
into “n” sections. The reference structure is 17 by 17 area arrays of bump 
joints mounted on the substrate. Since half part of the structure is 
considered, the number of connections is: ) /2 . 

Figure 3.1. Flip-chip assembly. 

Figure  shows the free body diagram of joints. Joints’ loads results in an 
internal and external force in between chip and substrate. 



14

Figure 3.2. Forces and moments acting on components. 

In order to establish the system of equations for the aforementioned 
geometry, a more detailed explanation of the stresses induced in each beam 
is necessary. Stress analysis is carried out by determination of the forces 
which are acting on the objects. Stresses can be induced by external forces 
such as body forces or gravity on the volume of a material, or the internal 
forces across the common line of two adjacent particles. The stress is 
defined as the internal force divided by the common area of two elements. 
As is shown in equation (3.1), where F is force in [N], A is cross sectional 
area in  and  is a normal stress in [Pa]. 

(3.1)

There are several available methods to carry out stress analysis such as 
Euler’s equations of motions in continuum mechanics and the Euler-
Cauchy stress principle [7]. According to Euler’s equilibrium, a system of 
partial differential equations of the stress tensor is determined as an 
unknown function and the external body forces perform as an independent 
term whereas the concentrated loads act as boundary conditions [7].
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Design of engineered structures mostly relies on the fact that maximum 
stresses which are expected to occur are well in the range of linear elasticity 
(Hooke’s low), namely to describe the stress tensor the related differential 
equations are linear and the deformations induced by stresses are linearly 
allied to them [7].  

Particles apply a torque to each other, which is considered as bending 
stresses that caused a change in curvature. If the chip package is exposed to 
a bending moments it will bend in its plane of symmetry resulting in 
bending stresses [7]. Similarly, Shear stress occurs when internal forces are 
exposed in parallel direction to the cross section unlike the normal stress.  

As we made the assumption of replacing bump bumps with a beam in Chip 
assemblies, if the beam is subjected to an opposite bending moments at its 
ends, shear stress is observed. 

In order to analyze the stress of material, the Cauchy stress tensor is used in 
the case of small deformations in body and where the difference of stress 
distribution can be ignored [7]. 

According to Cauchy stress tensor which is presented in Cartesian 
coordinate system by 3x3 matrixes. 

 Or (3.2)

The components of stress tensor at every point in a material satisfy the 
equilibrium equations. And due to the principle of conservation low, the 
stress tensor is symmetric. The matrix of stress tensor is also presented as
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(3.3)

Where,  and  are orthogonal normal stresses and  are the 
orthogonal shear stresses.

As is schematically shown in Figure  and Figure 3.4 normal stress 
distribution along the whole joint is defined as: 

(3.4)

Where N is the normal force and  and  are width of component and 
joint respectively.  

Figure 3.3. Normal Stresses. 
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Figure 3.4. Shear Stresses. 

At the upper interface stress is: 

(3.5)

Where  is the bending moment of chip component. Shear stresses at the 
upper and lower interfaces of the joint have a maximum value of: 

(3.6)

And the shear stress due to thermal mismatch between upper surface of 
joint and component (chip) is approximately [9]: 

(3.7)

In this equation,  and  are CTEs of component 1 and joint respectively. 
Moreover  is the component’s force and  is joint’s height. In general 
internal axial force N and shear force distribution F and also internal 
bending moments  result in normal and shear stresses such as  , 

 and  in the bulk of joint at the upper and bottom interface.  
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Different shear stresses are induced by F at upper and lower interface and 
max shear stress in the center of joint (x-direction). Force N results in a 
constant  along the whole joint. Shear stresses have maximum values in 
four corners of the joint. Moreover there are stresses at the upper and lower 
interfaces of joint which is induced by local thermal mismatch between 
joint and components. The internal force F and N are constant all through 
the joint length. Bending moments  and   have the maximum values 
in the upper and bottom interface. Difference in the values for the bending 
stiffness (E) of components is one of the parameters that cause the axial 
force to behave variously. 

3.2. System of equations 

Figure  presents the arrangement of beam elements in an area array model. 
Figure  shows the shear force as well as the moments acting on each beam. 
Based on the free body diagram presented earlier, the system of equations 
governing the stress and force equilibrium for each beam element is 
presented below [10]: 

Figure 3.5.  Element arrange in an area array model. 
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Figure 3.6.  Internal forces acting on components. 

, (3.8)

And the bending moments of component 1 (chip) and component 2 
(substrate) are not constant over the whole length of component. Bending 
moments are determined in the middle of section (i) by the following 
equilibrium equations [9]. 

(3.9)

(3.10)

, (3.11)
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Where;

(3.12)

For each beam element, the shear force is: 

(3.13)

Where  is the sum of shear forces acting on beam section (i) and is not 
constant over the whole chip length. 

In the area array model displacements over each joints (i) and 
rotation of the components have to be well-suited. Rotation of 
the components is determined the deformation of the both interface of 
component from neutral fiber [9]. 

(3.14)

(3.15)

(3.16)
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Figure 3.6. Vertical deformation. 

The difference in axial deformation is expressed with the component’s CTE 
differences ( ), axial deformation caused by the Shear force G and 
rotation of components  [9]. 

(3.17)

With: 

(3.18)
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For an area array model rotations of the components and joints have to be 
compatible for each connection. The curvature/rotation of components is 
only change near the edge which is caused by axial force N (i). 

(3.19)

By having a double integration of the curvature  the vertical deformation 
is considered which is called warpage . It is required to have 
compatibility between warpage of components and joints in an area array 
assembly which has  connections (n connection for half size of 
assembly). 

The vertical deformation differences between two components and near the 
connection (i) can be expressed with following formula: 

(3.20)
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3.3. Solution Algorithm 

 In order to solve the linear equations a Matlab® subroutine is 
generated in house. The basic algorithm for this subroutine is given below: 

Figure 3.7. Algorithm of Matlab scripts. 

In order to solve the system of equations the coefficients of each equation 
are assigned to a Coefficients matrix according to their place in equation. 
Similarly, the known vector is created and the system of equations is 
solved. 
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4. Finite Element Analysis
4.1. History of FEM 

The best explanation of Finite Element Method’s (FEM) widespread 
applicability in the fields of engineering, continuum mechanics, physics and 
mathematics is due to its properties which are determined by partial 
differential equations. These equations are found by the weak form or 
variational formulation of the boundary value problem [3]. According to 
this method, the arbitrary solution domain is segmented into sum of smaller 
subdomains, to facilitate the integral of the function over original domain. 
By this feature, analysis of the measurable functions and problems are 
accomplished locally and this summability property of integral in FEM, 
enables the analyses to reflect the solution of the entire domain [8]. 

The history of Finite element method is traced back to a paper by Courant 
which discussed the piecewise linear approximation aspects of finite 
elements for triangle elements [8]. Schellach in 1851 came up with a proper 
solution to Plateau’s problem by considering a minimum area surface 
surrounded by a closed curve. He tried to present a piecewise linear 
calculations by minimizing the surface area with triangular elements [8]. 

The first application of finite element method traces back to 1696, when 
Leibniz proposed a piecewise linear approximation solution for Bernoulli’s 
problem by inferring the governing differential equation and cycloid 
explanation as a solution [8]. Hrennikoff in 1941 and later on McHenry in 
1943 had a similar analogy and methods in which a total approximation of 
partial differential equation is from the sequence of local approximations by 
breaking up the main domain into small finite pieces [8]. Later on in 1953 
Levy came up with new approach for the aircraft analysis structures, which 
presented a matrix method. Regarding this direct stiffness method structural 
behavior was approximated by means of local polynomial approximation. 
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During the 1970s substantial applications of the finite element methods 
such as nonlinear problems in continuum mechanics, solid mechanics and 
also heat transfer were studied [8]. 

 The finite element implementation of the problem at hand is done in 
Marc™ Mentat™ which was available in IMEC®. Marc™ is finite element 
software that is used to perform linear and nonlinear finite element analysis. 
This software can accurately simulate a wide range of problems and enables 
users to design complex and multi-physics structures for different 
manufacturing applications. Containing a wide library of material models 
and flexibility in modeling for nonlinear material behaviors, Marc is a 
perfect solution for complex design problems [10].  

There is a workflow between Marc and Mentat is as the following: 1.Model 
is created in Mentat. The model is submitted to Marc for nonlinear analysis 
and in finally results are sent back to Mentat for post-processing. Since a 
linear model is used, structural joints are simplified as a rectangular shape 
connection.

A 3D finite element model is investigated across two main directions 
namely, front and diagonal views shown in Figure 4.1 and Figure 4.5 
respectively. In each direction the number of sections is assumed to be 8 
which means there are 17 one joints per array area. 

Moreover, the particular design of chip assembly that has been considered 
is non-underfilled flip chip package assembly. In this case, stresses for 
packaging assembly are assessed in bump joints by accumulating the 
stresses at upper and bottom side of each joint. The shape of connections in 
FE model is cylindrical which is replaced by linear beam element in 
analytical model. 

Normal stresses at upper and lower interface of joints is depicted in the 
following figure which obtained by accumulating the left and right stress in 
corners of joint. 
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Figure 4.1. Bump Joins – Front view. 

Figure 4.2. Schematic drawing of a Bump joint. 
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Figure 4.3.  Bump Joint view in Marc software. 

Since the entire package of flip chip has symmetry, one-eighth of 3D model 
is considered in two different viewpoints: diagonal and front, in order to 
find the location of stress concentration in joints. The final result of this FE 
model is calculated stress which is dispensed in each the bump joints.  

Figure 4.4.  A slice of package chosen as a result of symmetry. 
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Figure 4.5.Bump Joins – Diagonal view. 

In an analytical calculation the number of pitch in diagonal cross section is 
considered by multiplying into pitch number. 

Figure 4.6. 3D FEM Model of Diagonal view. 
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5. Results:

According to the derived area array thermo-mechanical model of non-
underfilled flip chip the obtained results from prediction of measured 
forces, bending moments and stresses are presented. The results from the 
analytical model are compared to the finite element simulation model in 
MARC and it is extracted in two different viewpoints such as diagonal and 
front. Later on a parametric study using analytical model represents the 
effect of component CET and young’s modulus. 

Based on the finite element simulation and the modeling approach the aim 
of this thesis is to extract the stresses in the bump joints interconnections 
induced by forces and moments as a result of temperature variations. Table 
5.1, presents the analysis parameters for this simulation. 

Table 5.1. Dimensions used for FEA and Analytical modeling. 

Parameters Chip Joint Substrate  
Height ( )
Young’s Modulus ( )
CTE ( )
Poisson’s Ratio 
Width ( )

As is shown in

Figure 5.1, the main stress is obtained by joint bending moments over 
the axial force N, which has an increasing trend. Also maximum bending 
stress of upper and bottom surface in y direction is at the corner. 
Due to the thermal mismatch interface stresses such as ,  are 
having a constant value during the whole chip size.  
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Figure 5.1. Normal stress in front and diagonal view. 

Figure 5.2, shows the axial force N and shear force F following different 
trends from the neutral point to the edge point. Joint bending moments 
( ) are almost identical. The components’ moments  and  for 
top and bottom layers show two different behaviors. Based on the fact that 
the bottom component has a higher bending stiffness in comparison with 
component 1, it has a higher bending moment, when it is close to center 
point (neutral point) [2]. Since here is a very good agreement between 
components’ vertical displacement (warpage), the one with a higher 
bending stiffness has a higher bending moment.  
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Figure 5.2.  Forces in front and diagonal view. 

Figure  shows that shear stresses have an increasing trend and having the 
maximum value at the edge point. Thermal mismatch interface stresses 
such as  have a constant value over the whole chip size.
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Figure 5.3. Shear stresses in front and diagonal view. 

Normal stresses due to axial normal force N, in bump joints are compared 
for the analytical model and FE model in Figure  By assuming 0.2mm for 
pitch size in front view and mm in diagonal view the number of 
sections is n=8. Chip size is assumed to be bigger in diagonal view 
according to the pitch size and number of connections. There is much more 
agreement between FEM and analytical in diagonal view than in front view. 
The largest stress is found in the outer joint from the neutral point (DNP). It 
is observable in FEM and analytical calculation that having larger pitch 
leads to higher stresses in joints.  
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Figure 5.4. Comparison of normal Stresses. 

Figure  shows due to bending moment and axial normal force N, 
which is calculated in analytical and FE model. Both FE and analytical 
model are following a similar trend in diagonal view. 
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Figure 5.5. Comparison of components’ stresses due to CET mismatch. 

Shear stress in both front and diagonal view depicted almost same trend and 
there is a good agreement between FE and analytical model ( 

Figure 5.6). Shear stress maximizes near the die edge or corner, and is 
about 5Mpa at the closest bump to center.  
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Figure 5.6. Comparison of shear stresses. 

5.1. Multilayer Analysis: 

The bi or multilayer flip chip assembly FE model is considered with two 
components for chip in order to measure the induced stresses and is shown 
in

Figure  and Figure . Based on table calculation are done with changing the 
CTE and bending stiffness in one row front view. Table 5.2 below show the 
properties of material in multilayer flip chip assembly. 
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Table 5.2.  Properties of material in multilayer. 

Parameters Component
Top 1 

Component
Top 2 

Joint Substrate  

Height ( ) 0.2
Young’s 
Modulus ( )

3 E5 

Poisson’s Ratio 0.3
Width ( ) 0.2

Figure 5.7.  2D plain strain FEM for 17x17 bi layer flip chip assembly. 
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Figure 5.8. Front view of bi layer flip chip assembly. 

The material properties are almost the same as previous FE model for flip 
chip assembly with one layer on the top. So according to calculation 1 it is 
found that both models are following the same trend for stress assessment. 
It reveals that the model simulates accurately the stress concentrations on 
flip chip assembly. 

5.2. Comparison of bilayer and one layer

Graphs in figure 5.9 illustrate induced stresses in bi-layer with two 
components for chip and one layer flip chip assembly. Both bi-layer and 
one layer have an almost similar trend for stresses. According to table 5.1 
and table 5.2, bi-layer has the same chip component's thickness size as one 
layer flip chip assembly. It is obvious that for normal and shear stress there 
is a good agreement in between them. In general the stresses will increase 
by having a larger difference CTE between components. Since in bi layer 
both two chip components have the same CTE=26e-7 ppm/c, the less 
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difference in CTE between silicon chip components and substrate has an 
important impact for having less stress. 

Figure 5.9. Comparison of bilayer and one layer. 

5.3. Parametric Study on multilayer flip chip 
assembly: 

Parameter sensitivity and the effect of geometry parameters on thermo-
mechanical fatigue reliability of flip chip assembly have been investigated. 
The effect of design parameters such as substrate thickness, die thickness 
and joint height has been analyzed. Based on parameter study different 
finite element models are performed in order to simulate the stresses of flip 
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chip assembly. The different geometries and functioning parameters have 
an effect on stress distribution and in general the reliability of flip chip 
assembly. 

5.4. Effect of bending stiffness in multilayer flip 
chip assembly: 

Figure 5.10 represent the comparison between two bi-layer flip chip 
assemblies with having different properties for silicon chip components. 
The bending stiffness of the top chip component is increasing. Shear force 
of joints dependent to the sum of components bending stiffness. Also axial 
force has a relative with bending stiffness [11]. It is shown that package 
with having higher bending stiffness for chip components have the lower 
normal and shear stresses caused by local thermal mismatches. 

Table 5.3.  Type of calculations for multilayer assembly. 

Sim.
Bottom chip layer Top chip layer 

E CTE Nu E CTE Nu
1 120000 2.6e-6 0.3 30000 14.6e-6 0.3
2 120000 2.6e-6 0.3 10000 14.6e-6 0.3
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Figure 5.10. Effect of bending stiffness in multilayer flip chip assembly. 

5.5. Effect of changing CTE in multilayer flip chip 
assemblies:

The effect of coefficient of thermal expansion (CTE) is only on the locally 
induced stresses. Normal stresses which are illustrated in top left figure 
show the fact that the larger the difference in CTE the greater will be the 
weakness to bump fatigue failure under thermo-mechanical stress. Based on 
the axial normal forces, which have the relative proportion of the bending 
stiffness.
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bending stress induced by bending moment of joint in upper surface is 
lower when the bending stiffness of one or both chip components is lower.  

Table 5.4. Type of calculations for multilayer assembly. 

Sim.
Bottom chip layer Top chip layer 

E CTE Nu E CTE Nu
1 120000 2.6e-6 0.3 120000 2.6e-6 0.3
2 120000 2.6e-6 0.3 120000 6.6e-6 0.3
3 120000 2.6e-6 0.3 120000 10.6e-6 0.3
4 120000 2.6e-6 0.3 120000 14.6e-6 0.3
5 120000 2.6e-6 0.3 120000 18.6e-6 0.3

Figure 5.11. Effect of changing CTE in multilayer flip chip assemblies. 
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6. Conclusions

In this thesis work based on linear equations and behavior of an area array 
structure, analytical model is derived for non-underfilled flip chip assembly 
with gold stud bump joint connections. During uniform thermal load which 
is focused into flip chip assembly stresses are observed. Analytical 
modeling is used to measure all of induced thermo-mechanical stresses in 
bump joint including its interfacial stresses with silicon chip and substrate 
in package.  

By means of simulate FE model in MARC™ the precision of analytical 
model is validated for obtained forces, bending moments and induced 
stresses. With considering these analytical and FE model, it is found that 
induced stresses in joints are dependent on important factors. Comparison 
of FE simulation and analytical model present the fact that analytical model 
calculate in more precious way the forces, bending moments induced 
stresses. Due to singularity and concentration effects the determination of 
stresses is very difficult with FEM [9]. 

The important parameters such as bending stiffness of components, 
component’s thickness and coefficient of thermal expansion effect the 
stresses. Moreover, a discussion is presented with regards to how they may 
contribute to the fatigue fracture and expose the reliability of gold bump 
joint connections. 

By comparing the results which are extracted in two different viewpoints, 
use of diagonal slice declares that a worse-case position is simulated. 
Where utmost bump ball is the furthest distance from the package center 
neutral point. It is shown that both results are in good agreement with each 
other. Moreover from simulation it is obvious that distance from the chip 
edge to the critical bump ball is very important.

According the value of joint height global bending moment of the structure 
due to thermal mismatch are change. With increasing the joint size both 
normal and shear forces are decreased, although bending moments are 
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increasing. In general it can be concluded that thermo-mechanical 
analytical modeling calculates stresses distribution in a more accurate way. 
Based on the simplicity of analytical calculation it is faster and less time 
consuming in compare to FE modeling. Furthermore, improving the 
knowledge of the mechanical behavior of flip chip assemblies is possible 
with analytical modeling, allowing FEM simulations. 

7. Future work 

During this work an area array thermo-mechanical model of non-
underfilled flip chip assembly have been analyzed for investigating the 
induced stresses in gold bump joints. However further work can be done for 
analytical approximation in an area array and peripheral underfilled flip 
chip assembly using solder joints. In order to compare the results with the 
non underfilled flip chip assembly based on the mechanical resistance of 
solder and also material properties of underfill. Furthermore estimating the 
accuracy of the results in model for the induced stresses should be 
investigated. 

In future work analytical modeling of underfilled bi-layer flip chip 
assembly using discrete connections should be carried out. In this case a 
linear calculation would not be suited for model since nonlinear behavior of 
connection material. Therefore simulation can still be done for finite 
element modeling of multilayer assembly for the precision of the results in 
analytical calculation. 
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