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In the current work, decision-support models for deployment of various ball grid
array devices and flip chip electronics under various harsh thermal environments have
been presented. The current work is targeted towards government contractors, OEMs, and
3rd party contract manufacturers who intend to select part architectures and board designs
based on specified mission requirements. In addition, the mathematical models presented
in this paper provide decision guidance for smart selection of BGA and Flip Chip
packaging technologies and for perturbing presently-deployed product designs for
minimal risk insertion of new materials and architectures. The models serve as an aid for
understanding the sensitivity of component reliability to geometry, package architecture,
material properties and board attributes to enable educated selection of appropriate device

formats.



Modeling tools and techniques for assessment of component reliability in extreme
environments are scarce. Previous studies have focused on development of modeling
tools at sub-scale level. The tools are often available only in an offline manner for
decision support and risk assessment of advanced technology programs. There is need
for a turn key approach, for making trade-offs between geometry and materials and
quantitatively evaluating the impact on reliability. Application of BGA and Flip Chip
assemblies in benign office environments and wireless applications is not new, however
their reliability in extreme environments is still not very well understood.

Multiple linear regression, principal components regression and power law based
modeling methodologies have been used for developing prediction models that enables
higher-accuracy prediction of characteristic life by perturbing known accelerated-test
data-sets using models, using factors which quantify the sensitivity of reliability to
various design material, architecture and environmental parameters. The multiple linear
regression approach uses the potentially important variables from stepwise regression
methods, and the principal components regression uses the principal components
obtained from the eigen values and eigen vectors of correlation matrix for model
building. The power law modeling is a non regression based approach that uses the
method of maximum likelihood for developing power law relationship between
characteristic life and the package parameters. Convergence between statistical model
sensitivities and failure mechanics based model sensitivities has been demonstrated.

Predictions of sensitivities have also been validated against the experimental test data.
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CHAPTER 1

INTRODUCTION

The emergence of microelectronics industry [Suhir, 2000] has revolutionized
telecommunication, information and engineering industries of the 20" century leaving a
dramatic, pervasive and beneficial influence on our everyday living. Electronic packaging
may be understood as the technology of packaging electronic equipments which includes
the interconnection of electronic components into printed wiring board (PWB), and
printed wiring boards into electronic assembly. The role of electronic packaging in a
device includes, providing interconnections for signal and power distribution, structural
integrity for protection from environment loads and stresses and heat dissipation.

The major trends in microelectronics industry are driven by constant need for
smaller, faster, more reliable and less expensive IC’s. The need for cramming more
number of devices onto a silicon chip has given life for small scale integration (SSI),
medium scale integration (MSI), large scale integration (LSI) and very large scale
integration (VLSI). In today’s VLSI era, when a typical chip contains 10 million devices,
the perimeter of the device alone is not sufficient to accommodate all of the input- output

interconnections (I/Os), driving the need for area array interconnection.



Ball-grid array (BGA) is an area array interconnection technology with an array of
balls on the bottom of the package used for making interconnection with the printed
wiring board. Since the BGA provides interconnection of an area instead of the
perimeter, high interconnection densities are achievable [McKewon, 1999]. Also, with no
leads to bend, and self centered solders, BGA’s offer reduced co-planarity and minimized
handling and placement problems. In addition BGA packages offer better electrical
performance and can be extended to multi chip modules easily. BGA’s are available in a
variety of types, ranging from plastic over molded BGA’s called PBGA’s, flex tape
BGA'’s called FlexBGA or FTBGA, ceramic substrate BGA’s named CBGA and CCGA
and flip chip BGA’s with wire-bonds replaced with flip chip interconnects.

A plastic ball grid array consists of silicon chip die mounted on to a
Bismaleimide Triazine (BT) substrate using a die attach adhesive. The BT substrate is
used over standard FR4 laminate for its high glass transition temperature and heat
resistance. Electrical signal from the chip are carried by gold wire bonds which is then
bonded to the substrate. Traces from the wire-bond pads take the signals to the via’s
which then carry them to the bottom side of the substrate and then to the solder pads. An
encapsulant is provided covering the chip, wires and the substrate wire-bond pads for
protection from environment. PBGA packages are found in applications requiring
improved portability, form factor and high performance such as cellular phones, laptop
pc’s, video cameras, wireless PCMCIA cards, automotive under-hood components and

other similar products. A cross section of PBGA package is given by Figure 1.1
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Figure 1.1: Cross-sectional view of PBGA package.



Flex tape ball grid array package is a cavity down package that uses a flex tape as
a substrate. The presence of a nickel plated copper heat spreader in Flex BGA’s improve
the thermal and electrical performance and reliability making them a better choice for
extreme conditions than their plastic counterparts [Karnezos 1996]. The die is attached
beneath the stiff metal heat spreader with silver filled epoxy to provide thermal
conductivity to the heat spreader and wire bonded to the tape traces with gold wire.
Encapsulation is provided in the bottom to protect the die and the wire bonds from the
environment. Flex BGA packages are used in hard drives, PDA’s, global positioning
systems, ASICs, controllers, Flash Memory, digital consumer electronics, wireless
telecommunications, and various other portable products.

Ceramic ball grid array (CBGA) packages [Figure 1.3] are an extension of
controlled collapsed chip connection (C4) and use a co-fired alumina ceramic substrate
[Lau 1995]. The multilayered ceramic substrates are chosen for their superior electrical
performance such as option for multiple power and ground planes and the ability to
choose the signal, power and ground locations within the column array locations. Also,
the low difference coefficients of thermal expansions of ceramic (6.7 ppm/C) and silicon
(2.7ppm/C) increases the component level reliability [Burnette 2000], making ceramic
substrates a good choice for flip chip applications. Ceramic column grid array packages
are very similar to ceramic ball grid array but use a solder column instead of a solder ball
for improved thermal fatigue resistance. The solder column consists of wires of high lead
(90Pb/10Sn) solder attached to the substrate with eutectic (63Sn/37Pb) solder. CBGA

and CCGA packages find a wide range of applications in high end microprocessors
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Figure 1.2: Cross-Sectional View of Flex-BGA Package



personnel computer microprocessors [Master 1998], telecommunication products [Lau
2003], workstations and avionic products.

Flip chip is not a specific package type like CBGA or PBGA, but a method of
electrically connecting the die to the package carrier. In flip chip packaging the die is
inverted face down directly onto a package or a printed wired board, by means of solder
bumps typically deposited on the integrated circuit or wafer and bonded to the package or
PWB. A typical flip chip on board (FCOB) is shown in Figure 1.4. Flip chip packages
offer the advantages of high I/O, shortest electrical connection and hence improved
electrical performance, low cost and high speed production. An underfill is used in flip
chip packages for distributing the stresses in the solder thereby increasing the thermo-
mechanical reliability of solder joints. Flip chip packaging has been implemented in wide
variety of applications including portable consumer electronics like cellular phones
[Sillanpaa et al. 2004], laptops [Pascariu et al. 2003], under-the-hood electronics [Jung et
al. 1998], microwave applications [Bedinger 2000], system in package (SIP) [Van den
Crommenacker, 2003], high-end workstations [Ray et al., 1997], and other high
performance applications.

Thermo-mechanical failures are caused by stresses and strains generated within an
electronic package due to significant difference in coefficients of thermal expansion of
silicon chip and organic-laminate substrate. The coefficient of thermal expansion of
organic PWB is significantly higher than that of the silicon. When the chip heats up
through the electronic operation or environment, the PWB will heat up and expand a

great deal more than the silicon. When the temperature decreases, due to cessation of the



97Pb/38n C4* Joint

i —=—

Y
\
%

i

Alumi \ Silicon Die

umina

(Al203) \

Ceramic "-.‘ ___— Epoxy
Substrate \ — Underfill

",

Y 0.89 mm Solder Ball

¥ 1.27 mm Pltch \for 1.27 mm Pitch
10Sn/90Pb 635Sn/37Pb Solder
Solder Balls Ball to Substrate Attach
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operation or environment, the PWB will contract. The expansion and contraction
introduces shear strains and shear stresses in the solder joint. High shear stress can cause
delamination of various interfaces like UBM/intermetallic, solder/underfill etc. Apart
from delamination, the repeated heating and cooling can eventually cause fatigue of the
solder joints. The high shear stresses would enhance the fatigue initiation making solder
interconnect more susceptible to such fatigue failures [Figure 1.5]. Hence evaluation of
stresses at the joints has become critical to predict the reliability of the assembly.
Increasing the I/O distributes the shear stress among large number of solder
interconnects, increasing the life of the joint. Also, increasing the ball height and ball
diameter reduces the stress concentration and increases the crack propagation path
leading to improved reliability of the joint. However, increasing the I/O leads to
decreasing the bump diameter and height. Thus reliability is improved by increasing ball
count, ball diameter and ball height, but how much it increases for an increase in ball
count and a parallel decrease in ball height has to be explored. Also, there is a growing
need for understanding the effect of various other parameters including die size, underfill
properties, solder properties, solder properties, environmental conditions, etc, and their
individual effects and coupled effects on thermo-mechanical reliability. This research

aims at accomplishing the same.
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Figure 1.5: Solder joint fatigue failure due to thermal cycling
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CHAPTER 2

LITERATURE REVIEW

Demands on package miniaturization, high density and reliability are driving the
need for predictive methodologies for maintaining high levels of reliability and
performing thermo-mechanical trade-offs. A reliability assessment numerical model that
could take into account the geometric details of the package, the material properties of
the widely used material and the operating conditions could be of great help in obtaining
the failure modes such as die cracking, solder joint fatigue failure, de-lamination etc.
Solder joint fatigue failure being a dominant failure mode contributing 90% of all
structural and electrical failures [Tummala 1997] demands greater focus for improving
the mechanical reliability of the package. In this section, traditional approaches for solder
joint reliability prediction, including physics of failure based models, statistical models,
finite element models and experimental techniques have been discussed.
2.1 PHYSICS OF FAILURE BASED MODELS

Manson and Coffin [1965, 1954] developed an equation that related plastic strain
Agp,, with number of cycles to failure N. Goldmann [1969] analyzed a controlled collapse
joint with spherical dimensions for developing an equation that related the plastic strain
of a joint with relative thermal expansion coefficients of chip to substrate, distance from
chip neutral point to substrate, height of the solder, volume of solder, radius of the cross

section under consideration and exponent from plastic shear stress strain relationship. The
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plastic strain obtained from Goldmann formulation can be substituted in Coffin- Manson
equation for predicting the number of cycles for fatigue failure. Norris and Landzberg
[1969] studied the effect of cycling frequency and maximum temperature of cycling on
fatigue failure of solder joints and added an empirical correction factor for time
dependent and temperature dependent effects for the thermal fatigue model.

Solomon [1986] analyzed the fatigue failure of 60Sn/40Pb solder for various
temperatures and developed an isothermal low cycle fatigue equation that correlated the
number of cycles to failure with applied shear strain range. Solomon also studied the
influence of frequency, and temperature changes and added corrections that account for
temperature changes, cycling wave shape and joint geometries.

Engelmaier [1990] developed a surface mount solder joint reliability prediction
model containing all the parameters influencing the shear fatigue life of a solder joint due
to shear displacement caused by thermal expansion mismatch between component and
substrate. Engelmaier developed separate equation for stiff solder joints and compliant
solder joints. The parameters of the model include effective solder joint area, solder joint
height, diagonal flexural stiffness, distance from neutral point and thermal coefficient
mismatch thermal cycling conditions, degree of completeness of stress relaxation and
slope of weibull distribution.

Knecht and Fox [1991] developed a strain based model using creep shear strain as
damage metric to determine the number of cycles to failure. The creep shear strain
included creep of component due to matrix creep alone ignoring the plastic work. The

equation was applicable to both 60Sn40Pb and 63Sn37Pb solder joints.
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Vandevelde [1998] developed thermo-mechanical models for evaluating the
solder joint forces and stresses. Barker et al [2002] synthesized the Vandevelde models
for calculating the solder joint shear forces in ceramic and plastic ball grid array
packages. Clech [1996] developed a solder reliability solutions model for leadless and
leaded eutectic solder assemblies and extended it to area array and CSP packages. Clech
obtained the inelastic strain energy density from area of solder joint hysteresis loop and
developed a prediction equation correlating inelastic strain energy density with number of
cycles to failure.

Singh [2006] developed failure mechanics based models for solder joint life
prediction of ball array and flip chip packages. He calculated the maximum shear strain a
using a simplified DNP formula which was then used for initiating a hysteresis loop
iteration for both global and local thermal mismatch. Inelastic strain energy was then
calculated from the area of the hysteresis loop for both the thermal mismatch cases. The

number of cycles for failure was determined using Lall [2003] model.

2.2  STATISTICAL PREDICTION MODELS

Statistical prediction models developed include cumulative failure distribution
functions for expressing the experimental failure data as a probability function of time to
failure for any failure distribution. Weibull distribution and Log normal distribution have
been most widely used failure distribution functions. Log normal distributions [Muncy
2004] have widely been used for modeling failure due to slow degradation such as
chemical reactions and other corrosions and weibull distributions have been used for

modeling failures due to weak link propagations such as solder joint failure.
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Regression analysis and analysis of variance have been widely used by
researchers for correlating the reliability of a package with its geometic attributes,
material properties and operating conditions. Muncy [2004] conducted air to air thermal
cycling and liquid to liquid to liquid thermal shock tests on a flip chip package for 1200
test boards with four different die sizes, eight board configurations, two underfill
materials and two substrate metallizations. The predictor variables considered for model
building include substrate metallization, substrate mask opening area versus the UBM
area of the flip chip bump, die size, perimeter or full area array flip chip interconnect
pattern, underfill material properties, location of the die on the test board, frequency of
cycling, number of interconnects, and percent area voiding. Multiple linear regression
modelling and regression with life data modeling methodologies were used for obtaining
the parameters of regression.

Perkins [2004] developed a multiple linear regression based polynomial equation
for correlating fatigue life of a ceramic package with its design parameters. A data matrix
was formulated using a full factorial design of simulation study for the five design
parameters including substrate size, substrate thickness, CTE mismatch between substrate
and board, board thickness and solder ball pitch with two levels each. Simulations were
run for each data point using a finite element analysis and the fatigue life was extracted.
Interactions between the predictor variables were studied and a regression model with
both main terms and interaction terms was built.

Singh [2006] developed multivariate regression based models for life prediction
of BGA packages. The input data for model building was collected from published
literature and accelerated test reliability database based on the harsh environment testing
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of BGA packages by the researchers at the NSF Center for Advanced Vehicle Electronics
(CAVE). The predictor variables considered for model building included die, die to body
ratio, ball count, ball diameter, solder mask definition, printed circuit board surface finish
printed circuit board thickness, encapsulant mold compound filler content and deltaT.
Dummy variables were used for categorical variables like borad finish, encapsulant mold
compound filler content and solder mask definition. Linear, modified linear and non-
linear models were developed using regression analysis and analysis of variance and
validated with experimental data.

Iyer [2005] correlated the reliability of a flip chip package with its properties of
underfill and flux using a regression and back propagation neural networks based models.
Data from accelerated life testing of flip chip package with 95 different underfill flux
combinations was used for model building. The underfill parameters for model building
included modulus of elasticity, coefficient of thermal expansion, glass transition
temperature and filler content. The flux parameters studied include acid number and
viscosity. The regression models and the neural network models were validated using a
test data set and the neural networks model was found to outperform the regression model
owing to minimum residual mean square errors.

Stoyanov [2002] used a design of experiments and response surface modeling
methodology for building a quadratic equation that related underfill modulus, underfill
CTE, stand off height and substrate thickness with number of cycles to failure for a flip
chip package. The data for model building was collected from a finite element analysis of
a flip chip package. Residual analysis, analysis of variance and statistical efficiency

measure were used for validating the models. Taguchi optimization technique was used
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by Lai [2005] for optimizing the thermo-mechanical reliability of a package on package
for various design parameters. The package parameters considered for optimization
included die thickness, package size, mold thickness, substrate thickness and solder joint
stand off.

Jagarkal, et al. [2004] developed an optimization based solder joint reliability
prediction model for a board level generic electronic package. Finite element analysis
was conducted on the package and PWB in- plane young’s modulus, PWB in- plane
coefficient of thermal expansion, PWB core thickness and solder joint stand-off height
were found to the most important design parameters using built in optimization module
of ANSYS. Optimization models using sub-approximation, design of experiment and
central composite design based response surface methodology were developed for

studying the sensitivity of design parameters on thermo-mechanical reliability.

23 FINITE ELEMENT ANALYSIS

Numerical techniques such as finite element analysis can be employed for
assessing the fatigue failure of a solder joint. Finite element analysis techniques extract a
damage parameter such as plastic work, creep strain, plastic strain etc and map them into
an experimentally obtained data or empirical relationship between fatigue life and
number of cycles to failure to predict the expected service life of a solder joint. Darveaux
[1991] developed a liner-non linear analysis method in which he used a linear finite
element analysis for calculating the assembly stiffness and the imposed strain’s on the

solder joints. A one dimensional non linear analysis was then performed for calculating
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the strain energy density accumulated per cycle. Coffin- Manson relation was used for
calculating the number of cycles to failure.

Corbin [1991] developed a micro-macro approach for solder joint reliability
prediction. A coarse macro model with thin plate elements was used for modeling the
ceramic module and the FR4 board and a group beam elements were used for modeling a
coupling the between card and the module. The beam element was used for determining
the major thermal deformation modes which were then input to the more detailed micro
level solder joint as boundary conditions. Linear elastic properties have been used for the
macro model and visco-plastic properties for the micro model. Plastic strain was
extracted from the micro model and the fatigues life was calculated using coffin-manson
equation.

Darveaux [1996] developed a three dimensional non-linear slice model with
accumulated strain energy density as the damage metric for solder joint reliability
predictions. Solder joint was modeled as visco-plastic solid, printed circuit board as
orthotropic linear elastic and rest of the material as linear elastic. The model was imposed
with symmetric boundary conditions on the slice plane coinciding with true symmetry
plane. The extracted plastic work accumulated per unit volume per thermal cycle was
used for crack growth correlations. Volume averaging was applied to reduce the
sensitivity of strain energy to meshing.

Riebling [1996] developed a global local modeling approach with plastic work as
damage parameter for solder joint reliability predictions. An octant of the packaged
device with linear material behavior was modeled as the global model and a single solder

joint with PCB and all the package parameters and non linear material behavior was
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modeled as the local model. The model was imposed with symmetric boundary
conditions on the slice plane coinciding with true symmetry plane. The global model was
subjected to a one degree temperature change, providing displacement fields on a per
degree basis. The scaled displacement fields in accordance with the thermal cycling was
used as the boundary conditions for the local model of the critical joint. Plastic work was
extracted from the solder joint and Darveaux’s crack growth correlations have been used
for determining the number of cycles to failure.

Pang, et al. [2001] developed an elastic plastic creep analysis for solder joint
reliability prediction of a ceramic ball grid array package. In this method the temperature
was allowed to ramp from low tempearature to high temperature and elastic plastic
analysis was conducted for every 5°C increment. The model was then held at dwell high
temperature and a creep analysis was performed. The temperature was again ramped
down from high temperature to low temperature and elastic plastic analysis was
conducted for every 5°C increment. The model was then held at dwell low temperature
and a creep analysis was performed. The temperature cycling pattern was repeated thrice
and the complete equivalent stress and strain were obtained which was then used for
fatigue and creep life prediction.

Werner, et al [2004] integrated a finite element stress module within a CFD
module to predict the solder joint life of a resistor package using finite element and finite
volume codes. Hong [1998], Farooq, et al[2003] developed finite element models for
studying the thermo-mechanical fatigue reliability of lead free CBGA packages. The lead
free alloys for CBGA packages were found to perform better than the traditional dual
alloy Sn/Pb alloys. Perkins, et al. [2004] conducted Coffin-Manson based non linear
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finite element analysis on CBGA packages for various combinations of substrate size,
substrate thickness, board thickness, CTE mismatch and ball pitch.

Braun, et al. [2005] conducted thermo-mechanical simulations for studying the
solder joint reliability of SnAg solder bumps mounted on high T, FR4 substrate with
immersion Sn and Ni/Au finishes. Pang, et al. [2004] analyzed 96.5Sn-3.5Ag solder
joints for flip chip application using elastic plastic creep finite element analysis. The flip
chip packages were subjected to both thermal cycling and thermal shock conditions.
Gonzalez, et al. [2005] studied the advantages, challenges and limitations of using finite
element prediction model for lead free solder joint prediction of flip chip packages.
Cheng [2004] studied the effect of underfill on flip-chip packages with different ball

diameters and stand-off height’s.

24  SOLDER JOINT CONSTITUTIVE EQUATIONS

Since the solder material has a high homologous temperatures of about 0.65 even
at room temperature, creep process are expected to dominate its deformation kinetics
giving rise to complex behavior. Constitutive models have used explicit creep equations
or unified viscoplastic models for modeling the rate dependent behavior of the solder
material. The creep models developed include power law creep models [Ju et al, 1994],
Harper Dorn creep models and hyperbolic creep models [Garafalo, 1965]. Since the
unified visco-plastic model combines the rate dependent plasticity and creep, they are
highly desired as the use of explicit creep equation would require the addition of rate

dependent plasticity in the material model.
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A unified visco-plastic model for 60Sn/40Pb taking into account the measured
stress-dependence of the activation energy and the strong Bauschinger effect exhibited by
the solder was developed by Busso, et al. [1992]. Qian, et al. [1997] described the
transient stage of a stress/strain curve through back stress for building a unified
constitutive model for tin lead solder. Skioper, et al. [1996] developed constitutive
models for 63Sn/37Pb eutectic solders using unified Bodner-Partom model. Yi et al
[2002] developed a constitutive model based on a combination of grain boundary sliding
and matrix dislocation deformation mechanisms. Most of the above mentioned models
require user defined subroutine codes for representing the non linear rate dependent stress
strain relations in a finite element package.

Anand [1985] and Brown [1989] developed a set of constitutive equations for
large isotropic, visco-plastic deformation and small elastic deformation using a single
scalar internal variable model. This model presented the advantage of easy
implementation in commercially available finite element packages such as ANSYS.
Daveaux and Banerji [1992] determined the material parameters of the Anand’s model
for 62Sn36Pb2Ag, 60Sn40Pb, 96.5Sn3.5Ag, 97Pb3Sn and 95Pb5Sn solder joints from
experimental results. Wang, et al.[2001] determined the material parameters of the
constitutive relations for 62Sn36Pb2Ag, 60Sn40Pb, 96.5Sn3.5Ag, and 97.5Pb2.5Sn
solders from separate constitutive relations and experimental results and tested for
constant strain rate testing, steady-state plastic flow and stress/strain responses under
cyclic loading. Amagai, et al. [2002] conducted material characterization tests of Sn-Pb
based and Sn-Ag based lead-free solders (63Sn37Pb, 62Sn36Pb2Ag, Sn3.5Ag0.75Cu,
Sn2.0Ag0.5Cu), and fitted the data to the Anand’s constitutive model which unifies both

20



rate-dependent creep and rate independent plasticity via viscoplastic flow equation and

evolution equation.

2.5 SOLDER JOINT FATIGUE MODELLING

Solder joint fatigue models are used for determining the number of cycles that the
package would survive before the solder joint fails. Several of the physics of failure
models [Engelmeir, Knecht and Fox, Duan | can be used in conjunction with finite
element analysis for predicting the fatigue failure of solder joints. Ostergren [1979]
formulated an energy based method for fatigue life prediction of solder joints. A damage
function that incorporated both stress and inelastic strain energy was used as a damage
proxy for low cycle fatigue damage at elevated temperatures. The number of cycles to
failure was then calculated by replacing the plastic strain of Coffin-manson relation with
the damage function. Vayman [1989] studied the effect of strain range, ramp time, hold
time and temperature on isothermal fatigue failure of tin lead solder joints and developed
a strain range partitioning model that partitioned the inelastic strain energy into time
dependent plasticity and time dependent creep to include the effects of ramp and hold
time on fatigue failure of solder joints. Duan [1988] synthesized the strain range
partitioning and the damage function and developed a strain energy partitioning method
for low cycle fatigue life prediction of heat resistant alloys.

Darveaux [1997] developed an energy based model that used accumulated plastic
strain energy as damage metric for finding the number of cycles to failure. Darveaux
conducted extensive thermal cycling experiments on CBGA samples and measured the

crack length in the solder ball during thermal cycling for developing a model that related
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laboratory measurements of low cycle fatigue crack initiation and crack growth rates with
inelastic work of the solder. Anand’s constitutive model was used for modeling the solder
material. The model used inelastic strain energy density extracted from finite element
analysis, along with crack growth data, for determining the number of cycles for crack
initiation and number of cycles for crack propagation along the solder joint.

Amagai [1998] developed a visco-plastic constitutive model for analyzing the
thermally induced creep and plastic deformation for chip scale packages and multi layer
ball grid array packages on printed circuit boards. Fusaro [1997] analyzed a copper base
plate attachment to a power module using visco-plastic properties of eutectic solder joint.
Dougherty [1997] developed solder joint reliability models for micro miniature electronic
packages. Johnson [1999] studied Darveaux’s model and identified key parameters
affecting solder joint reliability. Pitarressi [2000] developed fatigue models for solder
joint reliability prediction of multiple ball grid array packages. Zahn [2000] developed a
comprehensive solder fatigue and thermal characterization model for a multi chip module
package. Goetz et al [2000] developed a solder joint fatigue model for a silicon based
system in package. Shi, et al. [2000] developed a strain based model that uses plastic
strain range as a damage proxy for predicting the number of cycles to failure. The model
considered the effect of both temperature and frequency on low cycle fatigue life of
eutectic solder joint. Lall, et al. [2003] modified Darveaux’s model for PBGA and CSP
packages for harsh environments. Syed [2004] developed creep strain and strain energy

density based thermal fatigue life prediction model for lead free solder joints.
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2.6 EXPERIMENTAL METHODS

Temperature cycling is a widely method for solder joint reliability predictions. In
this method the component is exposed to a series of low and high temperatures
accelerating the failure modes caused by cyclic stresses. The thermal cycling uses a
single air chamber in which the temperature ramp can be controlled carefully. Thermal
shock tests like thermal cycling are used for accelerated life testing of solder joints.
Thermal shock testing is a liquid-liquid test in which two liquid chambers at different
temperatures are used. Thermal shock tests generate very high ramp rates.

Master, et al. [1998] conducted accelerated thermal cycling tests on CBGA
packages for various body size and assembly parameters to study the effect of package
thickness and card pad design on reliability of the package. Master, et al. [1995] studied
the effect of column length on fatigue life of solder joint for two different thermal
profiles using accelerated thermal cycling tests. Gerke, et al. [1995] studied the reliability
of high I/O CBGA packages used in computer environment using accelerated thermal
cycling tests for two different thermal profiles. Kang [2004] evaluated the thermal fatigue
life and failure mechanism of Sn-Ag-Cu solder joints with reduced Ag contents for a
CBGA package. Hong [1998] predicted the mean fatigue life of CBGA packages with
lead free (Sb5-Sn95, Ag3.5-Sn96.5, Zn9-Sn91) solder fillets and found the lead free
joints outperform the leaded ones. Ingallas [1998] conducted accelerated thermal cycling
tests on CCGA packages for two different ball pitch, to study the effect of solder ball
pitch on solder joint reliability of the package. He found the 1mm pitch to be providing

significant improvement in solder joint reliability of CCGA package.
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Zhang, et al. [2001] evaluated the reliability of SnCu0.7, SnAg3.8Cu0.7 and
SnAg3.5 solder joints on both NiP and Cu under bump metallurgies for flip-chip
application. Peng, et al. [2004] analyzed the sensitivity of reliability of flip chip package
to solder joint geometric parameters such as stand-off height, lower and upper contact
angles, and solder joint profile using accelerated thermal cycling tests. Wang, et al.
[2001] assessed the reliability of flip chip packages with no flow underfills using liquid to
liquid thermal shock tests. Hou, et al. [2001] conducted liquid to liquid thermal shock
tests for reliability assessment of flip chip packages with SnAgAu joints. He found the
leaded solder joints perform better than the lead free ones. Teo, et al. [2000] conduated
accelerated thermal cycling tests for investigating the effect of under bump metallurgy
solder joint reliability of flip chip packages. Braun, et al. [2005] studied the high
temperature potential of flip chip assemblies for automotive applications. Darveaux, et al
[2000] studied the impact of design and material choice on solder joint fatigue life of
various BGA packages including PBGA, FlexBGA, tape array BGA and mBGA.

Moire interferometry is an optical method which provides whole field contour
maps of in-plane displacements with sensitivity as low as 0.417pum [Tunga 2004]. Moire
Interferometry technique has been increasing employed in mapping thermally induced
deformation of electronic packages. Meng [1997] applied this technique for solder joint
reliability prediction of BGA, CSP and flip chip packages. He subjected the packages to a
temperature cycling and extracted the accumulated thermal deformations for reliability
predictions. Zhu [1997] studied the reliability of OMPAC BGA and a flip chip BGA

using moiré interferometry technique. Zhu also studied the effect of bonding,
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encapsulation, soldering and geometry on the reliability of both the packages and using

the same technique.
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CHAPTER 3

STATISTICS BASED CLOSED FORM MODELS FOR FLEX-BGA PACKAGES

Multiple linear regression is a method of developing a prediction equation that
predicts the value of a response variable Y given the values of predictor variables X.
Multiple linear regression has been used for developing models for characteristic life
prediction of Flex-BGA packages given its geometric aspects, material properties and its
operating conditions. The developed prediction models have been validated for
underlying statistical assumptions of model building and correlated with physics of
failure to develop more meaningful closed form statistical models for flex-BGA package
reliability predictions. The prediction ability of the closed form models have been
validated by correlating the prediction results of the closed form models with actual

experimental failure data.

3.1 OVERVIEW

This section presents multiple linear regression based statistical models for life
prediction of Flex-BGA packages in harsh environments. The models act as a tool for fast
track reliability prediction for a given component architecture and serve as an aid for
understanding the sensitivity of component reliability to geometry, package architecture,

material properties and board attributes to enable educated selection of appropriate device
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formats. In addition, categorical variables such as solder mask definition and board finish
can be incorporated in this model.
3.2 FLEX-BGA PACKAGE ARCHITECTURE

Flex-BGA packages are a family of cavity down BGA’s that have the die, the flex
tape and the solder balls attached to the bottom side of a metallic heat spreader. The
nickel plated copper heat spreader is the stiffest member and is used for handling the
package during assembly, test and reflow on the mother board. The interconnect circuit is
flexible copper/polyimide tape with one or two metal layers and has solder mask on the
metal layer that carries the solder balls. It is laminated to the heat spreader using a
pressure sensitive adhesive. The die is attached into the cavity with silver filled die attach
epoxy to provide thermal conductivity to the heat spreader. The die is wire bonded to the
tape traces and the heat spreader with gold wire. Encapsulation protects the die and wire

bonds and fills the cavity.

3.3 DATASET

The dataset used for model building has been accumulated from an extensive
Flex-BGA accelerated test reliability database based on the harsh environment testing by
the researchers at the NSF Center for Advanced Vehicle Electronics (CAVE). This
database has also been supplemented with the various datasets published in the literature.
Each data point in the database is based on the characteristic life of a set of Flex-BGA
devices of a given configuration tested under harsh thermal cycling or thermal shock

conditions. The range of data collected in each case is given by Table 3.1.
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3.4  MODEL INPUT SELECTION

Model input variables have been chosen by defining all predictors that are known
and then selecting a subset of predictors to optimize a predefined goodness-of-fit
function. From a mathematical point of view, the featured selection problem can be
formulated as a combinatorial optimization problem. Efforts have been made to trade-off
accuracy and bias to find the “best” set of predictors for a model. Increasing the number
of variables increases the model-information, at the expense of increased variance and
model-complexity. Reduction in the number of variables reduces error-variance, but it
biases the least square estimators and error variances. Let k denote the number of
potential predictors for a model. If each variable either enters the model or is excluded
from it, the total number of possible configurations is in the order O(2k), making it a
complex combinatorial problem Stepwise regression based on forward selection
performance optimization and method of best substes has been used for automatic search
and identification of the best subset of predictor variables [Malthouse 2002, Dwinnell
1998, Cevenini 1996, McCray 2004, Mendes 2002, Kitchenham 2002]. Other methods
studied include, Simulated Annealing (SA) [Brooks 2003], Principal Component
Analysis (PCA) [King 1999] and Neural Network based Radial Basis Function (RBF)
[Swanson 1995]. Stepwise Regression, which is a combination of forward selection and
backward elimination process, has been selected because of availability in standard
statistical packages. This search method develops a sequence of regression models, at

each step adding or deleting a predictor variable. The criterion for adding or deleting a
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Parameter Data Range
Body Size 7.5 mmto 16 mm
Die to Body Ratio 0.3 t0 0.81

Ball Count 40 to 280

Ball Pitch 0.5 mm to I mm
Ball Diameter 0.3 mm to 0.5 mm
Substrate Type 2L tape, 3L Tape
PCB Thickness 0.8 mm to 1.6 mm
PCB Surface Finish OSP, HASL & Ni/Au
EMC Filler Content Low, High
Solder Mask Definition SMD, NSMD
Thign, Accelerated Test 100°C, 125°C, 150°C
TrLow, Accelerated Test -55°C, -40°C, 0°C

Table 3.1: Scope of accelerated test database
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predictor variable can be stated equivalently in terms of error sum of square reduction,
coefficient of partial-correlation, t-statistic or f-statistic.

Forward search is initiated by trying all possible models that use a single input.
The best single input is retained and a search begins on the remaining candidate inputs to
become the second input. The input that most improves the model is kept and so on. This
process ends either when the model ceases to improve or we run out of candidate inputs.
A backward search works exactly like a forward search, except that it moves in the other
direction. Backward searching begins with a model that uses all the inputs and then
removes input variables one at a time.

The stepwise regression amounts to selecting of subset of q < p candidate variable

to be included in the model. Let set y c {1, 2,3 ,p} contains the indices of the

variables selected. Each possible subset of variables is associated with one model. The
scoring model associated with a particular subset y will be denoted by F,. The objective

function is based on method of least squares. For a linear functional form,

F,=a+ Z:bkxk

key
where a and b, (k € y) are estimated using method of least squares. The stepwise

regression initializes withy =0, i.e. begins with no variables in the model and attempts

to find the variable, which yields the maximum improvement.

Die to body ratio was identified as a potentially important and hence was selected
as the first variable. A regression equation was fit with characteristic life as response
variable and die to body ratio as predictor variable and the criteria’s for model selection
were studied. Die to body ratio was found to explain large proportion of variation at the

cost of minimum mean square residual and bias values and hence was retained in the
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Step 1 2 3 4 5 6 7 8 9 10
Constant 2964.7 2275.4 1372.1 606.9 1004.2 817.8 870.8 367.0 255.9 330.7
DieToBody -2845 -3155 -2899 -2940 -2959 -2999 -3076 -2937 -2802 -2896
T- Statistic -6.47 -7.91 -7.96 -9.07 -9.71 -10.9 -11.75 -11.19 -10.69 -11.54
P Value 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
MaskDefID 928 861 934 820 838 873 878 751 827
T- Statistic 3.63 3.75 4.55 4.14 4.69 5.15 5.37 442 5.23
P Value 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Dwell Time 52 52 53 50 47 47 50 48
T- Statistic 3.43 391 4.20 4.36 4.40 4.52 4.94 4.79
P Value 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000
BodySizeSqMM 57 60 67 67 46 -74

T- Statistic 3.47 3.83 4.73 4.98 2.68 -1.17

P Value 0.001 0.000 0.000 0.000 0.011 0.248
PCBThicknessMM -264 -379 -380 -412 -421 -415
T- Statistic -2.54 -3.77 -4.01 -4.43 -4.70 -4.62
P Value 0.015 0.001 0.000 0.000 0.000 0.000
EMCEFillID 332 359 334 387 363
T- Statistic 3.18 3.62 3.46 4.00 3.82
P Value 0.003 0.001 0.001 0.000 0.000
BoardFinishID =225 -237 -210 -224
T- Statistic -2.39 -2.60 -2.36 -2.53
P Value 0.022 0.013 0.024 0.016
BallDiaMM 1690 3719 2384
T- Statistic 1.96 2.80 3.47
P Value 0.058 0.008 0.001
BallCount 4.16 1.76
T- Statistic 1.97 3.18
P Value 0.057 0.003
S 390 346 309 275 258 233 220 212 205 206
R-Sq 48.73 60.75 69.34 76.31 79.61 83.82 85.93 87.25 88.04 88.49

Table 3.2: Stepwise regression of Flex-BGA predictor variables
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model. Solder-mask definition was identified as the next potentially important variable
and a regression equation with characteristic life as response variable and die to body
ratio and solder mask definition as predictor variable was fit. Addition of solder mask
definition yielded an increase in the coefficient of determination and reduction in residual
mean square and hence was retained. DeltaT and body size were identified as next
potentially important variables. With addition of dwell time there was substantial increase
in coefficient of determination which was not the same with body size. Body size was
thus dropped from the model.

Predictor variable were added in succession, regression equation was fit,
criteria’s of model selection were studied and decision for retention and drop of the
variable was made. The best subset of variables from stepwise regression method
includes die to body ratio, solder mask definition, DeltaT, PCB thickness, encapsulant
mold compound filler content, board finish, solder ball diameter, substrate type and ball
count. The results of stepwise regression method are given by Table 3.2
3.5 MULTIPLE LINEAR REGRESSION MODEL

Multiple linear regression attempts to model the relation between two or more
predictor variables and a response variable. The relationship is expressed as an equation
that predicts a response variable from a function of predictor variables and parameters.
The parameters are adjusted so that a measure of fit is optimized. The prediction

equations is given by Equation 3.1

n
Ls320, =8 +Zbk fk Eq3.1
k=1
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The response variable te3 20, on the left hand side of the equation represents the
characteristic life of three-parameter Weibull distribution for the flex-BGA package when
subjected to accelerated thermo-mechanical stresses. The parameters on the right hand
side of the equation are the predictor variables of the various parameters that influence
the reliability of the package. The coefficient of each of the parameter is the indicator of

the relative influence of that parameter on the characteristic life of the package.

Multiple linear regression estimates the coefficients of regression using the
method of least squares. Because, the method of least squares assumes the errors to be
normally, independently distributed with zero mean and constant variance, the developed
models have to be validated for normality, hetroskedasticity and multi-collinearity.
Residual analysis has been performed for validating normality and constant variance
assumptions and Pearson’s correlation analysis and variance inflation factor have been

used for checking multi-collinearity.

Multiple linear regression models have been developed using commercially
available statistical software, MINITAB™. The predictor variables for model building
include the best subset of variables obtained from stepwise methods. Characteristic life of
the package has been used as the response variable. Continuous variables such as ball
count and ball diameter have been input in their original form. Categorical variables such
as board finish, encapsulant mold compound filler content and solder mask definition
have been input in binary form. Categorical variables with two and three levels have been
modeled with one and two dummy variables respectively. Each level toggles between 0

and 1.In the case of a categorical variable with three levels, two dummy variables taking
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the values 0-0, 1-0 and 0-1 for the levels 1, 2 and 3 respectively have been used. When
both the dummy variables are input zero, both of the are knocked out from the prediction
equation, modifying the equation for level one of the categorical variable. When 1 and 0
are input for first and second dummy variable the first dummy variable alone gets added
to the equation, modifying the equation for level two of the categorical variable. When 0
and 1 are input for first and second dummy variable the first variable is knocked off and
the second variable is added to the equation modifying the prediction equation for level 3
of the categorical variable.

The output of multiple linear regression is given by Table 3.3. The output of the
multiple linear regression has been used in building a mathematical prediction equation
that correlates the sensitivities of predictor variables with characteristic life of the
package. The prediction equation has been used as a tool for prediction and comparision
of characteristic life of Flex-BGA packages with different design and material attributes
when subjected to different extreme environments. This prediction equation provides
higher accuracy than any first order closed form model, and also allows the user to
analyze the interaction effects of the various parameters on the package reliability, which
are often ignored in the various first order closed form modeling methodologies and
addressed only using finite element models or experimental accelerated test data The
prediction equation is given by Equation 3.2

N 63% = 2968.9 —2946.5 x (DieToBodyR atio) + 1.8433 x (Ballcount)
+2216.4 x (BallDiaMM ) — 372.37 x (PCBThickne ssMM ) + 341.30 x
(EMCFIillID ) + 832.8 x (MaskDefID ) + 9.53 x (BoardFinishiD1) —
656.7 x (BoardFinishiD2) —11.318 x (DeltaT )

Eq 3.2
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Predictor Coeff SE T P-Value
(bk) Coeff
Constant 2968.9 525 5.66 0.000
DieToBodyRatio -2946.5 244 -12.06 0.000
BallCount 1.8433 0.5385 3.42 0.002
BallDiaMM 2216.4 673.4 3.29 0.002
PCBThicknessMM -372.37 90.15 -4.72 0.000
EMCFillerID 341.30 95.34 3.81 0.001
MaskDefID 832.8 159.0 5.15 0.000
BoardFinishID1 9.53 152 2.49 0.952
BoardFinishID2 -656.7 208 -3.15 0.003
DeltaT -11.318 2.370 4.93 0.000
Table 3.3 Multiple linear regression model of Flex-BGA package
Source D.F SS MS F P
Regression 9 11642392 | 1293599 32.32 0.00
Residual Error 36 1440911 40025
Total 45 13083303

Table 3.4: Analysis of variance of Flex-BGA multiple linear regression model
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3.6 HYPOTHESIS TESTING

Hypothesis testing aids in testing the overall adequacy of the multiple linear
regression model and determining the significance of individual regression coefficients.
The hypothesis tests assume normality, independence and constant variance of errors.

The test of overall adequacy of the model tests the linear dependence of
characteristic life and any of the geometric, material properties and environmental
conditions. The null hypothesis assumes changes in geometric, material properties and
environmental condition do not affect the characteristic life of the Flex BGA package.
Rejection of the null hypothesis implies there is at least one geometric, material property
or environmental condition is contributing significant in predicting the characteristic life
of the Flex-BGA package.

Analysis of variance (ANOVA), which provides information about levels of
variability within a regression model, has been used for testing the overall adequacy of
the model. The values of the ANOVA table, F statistic and P value are given by Table
3.4. The p-value in the ANOVA table indicates the statistical significance of the
regression equation. A P value of less than 0.05 is a rejection of the null hypothesis
signifying the presence of linear relationship between characteristic life and at least one
of the geometric, material properties and environmental conditions. Thus the prediction
equation was verified to be adequate.

Coefficient of determination, R”, which determine the percentage of variation of
the response variable explained by the predictor variables, has been used for assessing the
overall adequacy of the prediction model. A high R? value suggests the ability of the

prediction equation in explaining most of the variations in characteristic life. The R
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value of 0.90 suggests the developed prediction is adequate for prediction purposes.
Since, R? increases for every additional predictor variable, adjusted R% which is a
modification of R?, that accounts of addition of new predictor variable has also been
studied. An adjusted R? value of 87% of the prediction equation reconfirms the overall
adequacy of the model.

Presence of unwanted predictor variable, which do not contribute significantly for
prediction purpose, increases the residual mean square thereby, decreasing the prediction
ability of the model. T tests on individual regression coefficients have been performed for
determining the importance of each predictor variable for retaining in the model. The p-
value of a parameter in Table 3.3 indicates the statistical significance of that parameter
and the parameter with p-value less than 0.05 is considered to be statistically significant
and expected to have a significant effect on the reliability of the package, with confidence
level of more than 95.0%. All the predictor variables in Table 3.3 are statistically

significant with p-values in the neighborhood of 0 to 5%.

3.7 MODEL ADEQUACY CHECKING

Model appropriateness for application has been checked using any one or
combination of the several of the features of the model, such as linearity, normality,
variance which may be violated. In this section, methods for determination of the
appropriateness of the model have been discussed. Model residuals have been studied to
measure the variability in the response variable not explained by the regression model.
Residuals realized or observed values of the model errors any departures from the model

errors show up in the residuals.
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Residual plots studied include, the normal probability plot, histogram plot of
residuals, plot of residuals against fitted values, plot of residual against regressor and plot
of residual in time sequence. Departures from normality, and the resultant effect on t-
statistic or f-statistic and confidence and prediction intervals have been studied using
normal probability plots. A straight line variation for the multiple linear regression
model (Figure 3.) indicates a cumulative normal distribution. The histogram plot of
residuals has also been used to study non-normality. Plots of residuals against fitted
values and plots of residuals against the regressors have been used to check for constant-
variance. Existence of residuals within the normal band indicates constant variance for
the multiple linear regression model. Violation of assumptions may have been indicated
by inward and outward funneling. The plot of residual in time sequence is used to study
correlation between model errors at different time periods. Patterns in the plot of
residuals in time sequence have been studied to determine if the errors are auto-
correlated. Random distribution of errors shows the absence of any auto-correlation
problems.

Multi-collinearity is the near linear dependence of predictor variables. Multiple
linear regression modeling assumes the predictor variables to be independent of each
other. The presence of multi-collinearity can cause inflated variance and regression
coefficients with wrong signs. Pearsons correlation matrix and variance inflation factor
values have been used for studying multi-collinearity. The absence of high values in the
Pearsons correlation matrix, given by Table 3.5, shows the absence of multi-collinearity

problems.
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Figure 3.3: Residual plot of Flex-BGA multiple linear regression model.
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Dieto | Ball BallDia | PCB EMC Mask Board | Board | DeltaT

Body | Count | MM Thickness | FillerID | DefID Finish | Finish

Ratio ID1 1D2
DieToBodyRatio 1.000 | 0.073 -0.224 -0.077 -0.009 0.213 -0.092 | -0.115 | 0.181
BallCount 0.073 | 1.000 0.302 -0.043 -0.268 0.035 -0.097 | -0.058 | 0.083
BallDiaMM -0.224 | 0.302 1.000 0.243 0.079 -0.156 0.059 0.035 -0.050
PCBThicknessMM | -0.077 | -0.043 | 0.243 1.000 0.356 -0.242 0.020 0.169 -0.031
EMCFillerID -0.009 | -0.268 | 0.079 0.356 1.000 -0.090 0.105 0.063 -0.090
MaskDefID 0.213 | 0.035 -0.156 -0.242 -0.090 1.000 0.052 -0.031 | -0.045
BoardFinishID1 -0.092 | -0.097 | 0.059 0.0206 0.105 0.052 1.000 0.031 0.052
BoardFinishID2 -0.115 | 0.083 0.035 0.169 0.063 -0.031 0.031 1.000 0.031
DeltaT 0.181 | 0.083 -0.050 -0.031 -0.090 -0.045 0.052 0.031 1.000

Table 3.5: Pearson’s correlation matrix of Flex-BGA predictor variables.
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3.8 MODEL CORRELATION WITH EXPERIMENTAL DATA

Characteristic life predicted by statistical model have been validated against the
actual values from the experimental database to asses the prediction ability of the
statistical model. A single factor design of experiment study has been used for comparing
the mean characteristic life predicted by both the methods at a 95% confidence interval.
The objective of the design study is to determine the influence of the factor on the output
response of the system. Prediction method with experiment and statistical model as its
two levels has been investigated as the factor and the predicted characteristic life is
considered as the response of the system. In other words the design of experiment study
analyzes the influence of prediction method on predicted characteristic life.

Analysis of variance has been used for testing the equality of mean predicted life.
The data set for analysis contains characteristic life as the response variable input in a
continuous form and prediction method as the influencing factor, input in binary form. A
value of zero is input for experimental method and one is input for statistical method. For
every value of the characteristic life a zero or a one is input for the prediction method
depending on the method by which the characteristic life has been obtained. Generalized
linear model function of MINITAB™ has been used for testing the equality of means.
The generalized linear model was used primarily because the data set was unbalanced.

The null hypothesis of the test assumes equality of mean predicted characteristic
life. The generalized linear model uses an F statistic for testing the equality of means.
The results of analysis of variance are given by Table 3.6. High P values of ANOVA

Table 3.6 shows a clear acceptance of the null hypothesis. Thus it can be concluded as
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Source DF SeqSS Adj SS Adj MS F Statistic | P value
Prediction | 1 44550 44550 44550 0.09 1.000
Method

Error 90 24725672 | 24725672 | 274730

Total 91 24725672

Table 3.6: Single factor analysis of variance
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no significant difference in the characteristic life predicted by the statistical models and

experimental methods.

3.9 MODEL VALIDATION

The effect of various design parameters on the thermal reliability of package have
been presented in this section. Multiple linear regression based sensitivity factors,
quantifying the effect of design, material, architecture and environmental parameters on
thermal fatigue reliability, have been used to compute life. The sensitivity study can be
used in building confidence during trade-off studies by arriving at consistent results in
terms of reliability impact of changes in material, configuration and geometry using
different modeling approaches. The predictions from the statistical model have also been

compared with the experimental data

3.9.1 DIETOBODY RATIO

The Thermo-mechanical reliability of flex-BGA packages reduces with increase
in diagonal length. Multiple linear regression models have been used for evaluating the
sensitivity of solder joint reliability to diagonal length. The cycles for 63.2% failure from
the experimental data and multiple linear regression models have been plotted against the
die to body ratio of various devices. The predicted values from the prediction model
follow the experimental values quite accurately and show the same trend (Figure 3.).

Flex BGA packages with die to body ratio of 0.34, 0.53 and 0.79 have been used
for the comparison of multiple linear regression model predictions with the actual test
failure data. All the three packages had different ball count, ball diameter and PCB

thickness. Thus, the model is being tested for its ability to predict both single and coupled
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Figure 3.4 Effect of die to body ratio on thermal fatigue reliability of Flex-BGA packages.

Die To Ball Ball Experiment | MLR Sensitivity

Body Count | Diameter Factor For

Ratio Die To Body
Ratio

0.34 40 0.45 1855 1749

0.53 132 0.45 1238 1359 -2946.5

0.79 132 0.45 940 872

Table 3.7: Sensitivity of the package reliability to die to body ratio and comparison of

model predictions with actual failure data
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effects. A negative sensitivity has been computed for the effect of die to body ratio. A
negative sensitivity factor indicates that the characteristic life of a Flex BGA package

decreases when the die to body ratio increases.

3.9.2 BALL COUNT

The effect of ball count on thermo-mechanical reliability has been shown in Figure 3..
A trend of increase in the reliability with the increase in the ball count is visible, which is
also supported by the failure mechanics theory. With the increase in the ball count the
shear stress generated in the solder joints due to the thermal mismatch gets distributed,
thus reducing the stress in the individual joint and increasing the life of the solder joint.
Since this failure mechanics is only applicable in the case where the failure mode is
solder joint cracking, so the trend might be different for other failure modes such as
underfill delamination or copper trace cracking. Flex-BGa packages with ball counts 96,
132 and 280 have been used to validate the effect of ball count on the thermo-mechanical
reliability predicted by the model. The characteristic life predicted by the model lies in
close proximity to the actual characteristic life from the experimental thermal cycling
test. The sensitivity factor indicates an increase in characteristic life of FlexBGA

package by 2 cycles for ever addition of a solder ball.

3.9.3 BALL DIAMETER

The solder joint diameter has a direct influence on thermo-mechanical reliability
of Flex BGA packages. The thermoOmechanical reliability of the device increases with

increase in the ball diameter. This trend is supported by failure mechanics theory as,
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Figure 3.5: Effect of ball count on thermal fatigue reliability of CBGA packages.

Ball Die To | Ball PCB Experiment | MLR Sensitivity

Count | Body Diameter | Thickness Factor For
Ratio Ball Count

96 0.65 0.3 0.85 780 886

132 0.53 0.45 0.85 1238 1359 1.8433

280 0.53 0.45 0.85 1862 1911.26

Table 3.8: Sensitivity of the package reliability to ball count and comparison of model

predictions with actual failure data
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solder joints with larger ball diameter have lower stress concentration and longer crack
propagation path in the solder interconnects, thus adding to the thermo-mechanical
reliability of the device. Since this failure mechanics is only applicable in the case where
the failure mode is solder joint cracking, so the trend might be different for other failure
modes such as underfill delamination or copper trace cracking. Flex BGA packages with
solder joint diameter of 0.3 mm, 0.45 mm and 0.5 mm have been used for demonstrating
this trend [Figure 3.]. A positive sensitivity factor indicates the characteristic life of flex
BGA packages increases with increase in solder joint diameter. Model predictions show

good correlation with experimental data.

3.9.4 PCB THICKNESS

The effect of PCB thickness on thermo-mechanical reliability of FlexBGA
packages is given by Figure 3. . Thermo-mechanical reliability of FlexBGA packages
decreases with increase in PCB thickness. This trend has been demonstrated for
FlexBGA packages with PCB thickness of 0.85 mm and 1.6 mm. This trend is consistent
from failure mechanics point of view as increased PCB thickness leads to higher
assembly stiffness, which leads to increases stress levels in the interconnect. Sensitivity
of thermo-mechanical reliability on PCB thickness has been determined using multiple
linear regression method. The sensitivity factor indicates that for every unit increase of
PCB thickness keeping all other parameters constant the characteristic life of the
FlexBGA package decreases by 372 cycles. Model predictions show good correlation

with experimental data.
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Figure 3.6: Effect of ball diameter on thermal fatigue reliability of Flex-BGA packages.

Ball Die To | Ball Delta T | Experiment | MLR Sensitivity

Diameter Body | Count Factor For
Ratio Ball Diameter

0.3 0.65 96 165 780 886

0.45 0.72 280 165 1058 1009.72 22164

0.5 0.53 132 165 1408 1470

Table 3.9 : Sensitivity of the package reliability to ball diameter and comparison of model

predictions with actual failure data
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Figure 3.7 Effect of PCB thickness on thermal fatigue reliability of Flex-BGA packages

PCB Die To | Ball Ball Experiment | MLR Sensitivity
Thickness Body | Count | Diameter Factor For
Ratio PCB
Thickness
0.85 0.53 280 0.45 1862 1911 -372.37
1.6 0.63 208 0.45 1215 1204

Table 3.10: Sensitivity of the package reliability to PCB thickness and comparison of

model predictions with actual failure data
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3.9.5 ENCAPSULANT MOLD COMPOUND FILLER CONTENT

The silicon die of the FlexBGA is encapsulated in a mold compound to protect it
from the external environment. Filler contents such as silica, with low CTE are added to
reduce the CTE of the mold compound. The thermo-mechanical reliability of the device
decreases with increase in the mold compound filler content. This is supported by failure
mechanics as addition of filler content reduces the CTE of the material and increases the
elastic modulus of the mold compound. Higher modulus of elasticity makes the package
stiffer, therefore higher stresses are transmitted to the solder joint. Also, the lower CTE
increases the local and global thermal mismatch. This trend has been demonstrated for
two levels of mold compound filler content, high and low. A binary variable has been
used for describing the two levels. A value of 1 has been assigned for low mold
compound filler content and 0 for high mold compound filler content. This trend has been

demonstrated in Figure 3. for die to body ratio of 0.63 and 0.72 respectively.

3.9.6 SOLDER MASK DEFINITION

The thermo-mechanical reliability of FlexBGA packages is higher for solder
joints with NSMD pad configuration than SMD pad configuration. This trend has been
demonstrated for Flex BGA package with a die to body ratio of 0.54, subjected to thermal
cycling of -40°C to 125°C. This is supported by failure mechanics theory as SMD pad
configuration can introduce stress concentrations near the solder mask overlap region that
can result in solder joint cracking under extreme fatigue conditions. However, in a

NSMD pad configuration the solder is allowed to wrap around the sides of the metal pads
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Figure 3.8: Effect of EMC filler content on thermal fatigue reliability of Flex-BGA

packages.

EMC Filler | Die To | Ball Ball Experiment | MLR Sensitivity

ID Body Count | Diameter Factor For
Ratio EMC Filler ID

Low 0.63 208 0.45 1215 1204 341.30

High 0.72 280 0.45 1058 1009

Table 3.11: Sensitivity of the package reliability to encapsulant mold compound filler

content and comparison of model predictions with actual failure data
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on the board that improves the reliability of solder joint. This trend is applicable only in
the case where the failure mode is solder joint cracking The package may show opposite
trend in case the failure is due to the tearing out of the laminate under bending as shown
by Mawer et. al.[1996]. In that case the solder mask on top of the SMD pad helps to
anchor the pad to the laminate core which leads to better thermal fatigue reliability. A
binary variable toggling between 0 and 1 has been used for describing the SMD and
NSMD pad configuration respectively. Model predictions show good correlation with

experimental data.

3.9.7 BOARD FINISH

Three different board finishes including OSP,HASL and Ni-Au have been
investigated to analyze the effect of board finish on thermo-mechanical reliability of
FlexBGA packages. OSP surface finishes are found to give the best reliability followed
by HASL. The reduction in reliability is not very significant for transition from OSP to
HASL. However, the thermo-mechanical reliability of FlexBGA packages reduces
significantly for boards with Ni-Au finish. The primary reason for differences in thermal
fatigue life for different board finishes is due to the different inter-metallic system
formations due for different board finishes. The different inter-metallic formations induce
different failure modes thus impacting the thermal reliability of the component. The
board finish is described in binary system using two variables boardfinishl and
boardfinish2. A 0-0 configuration denotes OSP finish and 1-0 and 0-1 denotes HASL and
OSP configurations respectively. The effect of board finish on thermo-mechanical

reliability is demonstrated by Figure 3..
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Figure 3.9: Effect of solder mask definition on thermal fatigue reliability of Flex-BGA

packages
Pad Ball PCB DeltaT | Experiment | MLR Sensitivity
Configuration | Count | Thickness Factor For
Pad
Configuration
SMD 160 1.6 165 805 807 832.8
NSMD 132 1.6 165 1597 1636

Table 3.12: Sensitivity of the package reliability to pad configuration and comparison of

model predictions with actual failure data
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Figure 3.10: Effect of board finish on thermal fatigue reliability of Flex-BGA packages
Board Die To | Ball DeltaT | Experiment MLR Sensitivity
Finish Body Count Factor For

Ratio Board Finish
OSp 0.34 40 165 1855 1749
HASL 0.54 132 165 1597 1636 0567
NiAu 0.54 132 165 673 673

Table 3.13: Sensitivity of the package reliability to board finish and comparison of model

predictions with actual failure data
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3.9.8 DELTAT

The environment or testing condition the package is subjected to has a great
influence on thermo-mechanical reliability Flex-BGA packages. The characteristic life of
the package decreases with the increase in the temperature range of the ATC. This trend
has been demonstrated for two different cycling conditions including 0 t0 100°C and -40
to 125°C. Temperature cycle magnitude has a negative sensitivity factor, indicated by
decrease in thermo-mechanical reliability with increase in temperature cycle magnitude.
The predicted values for characteristic life calculated based multiple linear regression
model match the experimental values from the ATC test very accurately.

3.10 DESIGN GUIDELINES

The statistical models presented in this section have been used for providing
design guidelines for smart selection of a flip chip technologies. The sensitivities from
the statistical models have been used to analyze the effect of various parameters on the
solder joint reliability of the Flex-BGA packages

e Thermo-mechanical reliability of Flex-BGA packages decreases with increase in
die to body ratio. This effect has been demonstrated for various board finishes and
solder pad configuration.

e The solder joint reliability of Flex-BGA package increases with increase in ball
count.

e Increase in ball diameter increases the solder joint reliability of Flex-BGA

package.
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Figure 3.11: Effect of Delta T on thermal fatigue reliability of Flex-BGA packages

Delta T Die To | Ball Ball Experiment | MLR Sensitivity
Body Count | Diameter Factor For
Ratio Delta T
100 0.53 132 0.45 2497 2374 -11.318
165 0.72 280 0.45 923 1009

Table 3.14 : Sensitivity of the package reliability to Delta T and comparison of model

predictions with actual failure data.
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PCB thickness has a negative sensitivity on solder joint reliability. Increasing the
thickness of PCB decreases the thermo-mechanical reliability of Flex-BGA
packages.

Increasing the filler content of the encapsulant mold compound decreases the
solder joint reliability of Flex-BGA packages.

Solder joints with NSMD pad configuration have better reliability than solder
joints with SMD pad configuration.

HASL and OSP pad finishes are significantly more reliable than Ni-Au for
FlexBGA packages, and OSP gives better thermo-mechanical reliability than
HASL.

Thermo-mechanical reliability of the solder joint in a Flex-BGA package is
inversely proportional to the temperature differential through which the package

under goes thermal cycling.
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CHAPTER 4

STATISTICS BASED CLOSED FORM MODELS FOR FLIP CHIP PACKAGES

Increased utilization of flip chip packages in a wide variety of applications
including portable consumer electronics like cellular phones [Sillanpaa et al. 2004],
laptops [Pascariu et al. 2003], under-the-hood electronics [Jung et al. 1998], microwave
applications [Bedinger 2000], system in package (SIP) [Van den Crommenacker, 2003],
high-end workstations [Ray et al., 1997], and other high performance applications has
driven the need for predictive methodologies for maintaining high levels of reliability and
performing thermo-mechanical trade-offs. The reliability of flip chips has been found to
depend on various factors including underfill material and process, moisture, flux, solder
mask and solder mask opening design, chip passivation, chip and substrate thickness, gap
between chip and substrate, and solder joint layout.[ Borgensen, et al.] Solder joint
fatigue due to difference in coefficients of thermal expansion of silicon chip and organic
laminate substrate is a dominant failure mechanism [Lau, 1996].

In this section, a perturbation approach to prediction of reliability of flip-chip
devices in harsh environments has been investigated. The proposed approach has been
shown to achieve a much higher accuracy compared to traditional first-order models by
perturbing known accelerated-test data-sets using models, using factors which quantify
the sensitivity of reliability to various design, material, architecture and environmental

parameters. The models are based on a combination of statistics, failure mechanics, and
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finite element methods. The proposed approach has the potential of predicting both
single and coupled factor effects on reliability, which are often ignored in closed form
models.

Multiple linear regression models and principal components regression models
have been used for relating characteristic life to various geometric aspects and material
properties. Previous studies have developed multivariate regression models to study the
influence of these parameters on thermal reliability [Lall et al 2005].Previous analyses
reported in the literature were confined to satisfying basic model assumptions however
failed to cope with multi-collinearity problem. This section presents the results of an
investigation on robust modeling methodologies for studying the effect of material and
geometric parameters on the thermo-mechanical reliability of underfilled flip-chip
devices on various substrates including organic laminate, and metal-backed flex.

4.1  FLIP CHIP PACKAGE ARCHITECTURE

Flip chip is a method of attaching the bumped chip on to a substrate. In flip chip
packaging the die is inverted face down directly onto a package or a printed wired board,
by means of solder bumps typically deposited on the integrated circuit or wafer and
bonded to the package or PWB. A typical flip chip on board (FCOB) is shown in. Flip
chip packages offer the advantages of high I/O, shortest electrical connection and hence
improved electrical performance, low cost and high speed production. An underfill is
used in flip chip packages for distributing the stresses in the solder thereby increasing the

thermo-mechanical reliability of solder joints.
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Figure 4.1: Cross Section of Flip Chip BGA Package
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42 DATASET

The dataset used for model building has been accumulated from an extensive flip-
chip accelerated test reliability database based on the harsh environment testing by the
researchers at the NSF Center for Advanced Vehicle Electronics (CAVE). This database
has also been supplemented with the various datasets published in the literature. Each
data point in the database is based on the characteristic life of a set of flip-chip devices of
a given configuration tested under harsh thermal cycling or thermal shock conditions.
The model parameters are based on failure mechanics of flip-chip assemblies subjected to
thermo-mechanical stresses. The material properties and the geometric parameters
investigated include die thickness, die size, ball count, ball pitch, bump metallurgy,
underfill types (capillary-flow, reflow encapsulant), underfill glass transition temperature
(T,), solder alloy composition (SnAgCu, SnPbAg), solder joint height, bump size, and
printed circuit board thickness. Range of data collected in each case is shown in Table 4.1

. The database is fairly diverse in terms of materials and geometry parameters.

43 MODEL INPUT SELECTION

Predictor variables for model building have been selected by developing a super-
set of variables that are known to influence the characteristic life of an area array package
and then selecting the potentially important variables using stepwise regression and
method of best subsets. Coefficient of multiple determination, adjusted Rz, residual mean
squares and induced bias has been used as criteria for variable selection. Coefficient of
multiple determination (R, given by equation 1, measures the overall adequacy of the

regression model and variables that create a significant increase in coefficient of multiple
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Parameter

Data Range

Die Size 2.5 mm to 10 mm
Ball Count 24 to 184
Ball Pitch 0.2 mm to 0.457 mm

Ball Diameter

0.08 mm to 0.178 mm

Ball Height

0.06 mm to 0.13 mm

Solder Composition

Sn63Pb37, Sn96.5Ag3.5, 95.55n3.5Ag1.0Cu,

Sn99.3Cu0.7, Sn95.8Ag3.5Cu0.7

PCB Thickness

0.5 mm to 1 mm

Thigh, Accelerated Test

100°C, 125°C, 150°C

Tiow, Accelerated Test

-55°C, -40°C, 0°C

Table 4.1 Scope of accelerated test database
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determination are retained in the model. As coefficient of multiple determination
increases marginally for every newly added variable, adjusted R?, given by equation 2,
has been used for studying the overall adequacy of the model and variables that create

significant increase in adjusted R* are retained in the model.

R2 — SSResidual Eq 41
SSToral

R, = 1—(:__;](1—1%;) Eq 4.2

Residual mean square, given by Equation 3, is a measure of model errors .The
residual mean square is calculated for all possible subset of variables and the subset that
minimizes residual mean square is selected for model building. Mallow’s C, statistic,
given by equation 4, determines the induced bias for a model with p variables and n data
points. The Cp statistic is related to the mean square error of the fitted value and subset of
variables with minimum Cp value also minimizes residual mean square. Potentially
important variables are the ones that describe maximum information content in the data
set with minimum variance and bias. Since there cannot be an optimum value for all the
criteria, decision is based on satisfactory values. Stepwise regression and method of best

subsets have been used for arriving at best set of predictor variables.

MS,, =k Eq 4.3

n—p

P

C =&Rz“—n+2p Eq4.4
o
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Flip chip model variables have been selected by defining all the variables that are
known to influence the characteristic life of a flip-chip device. Die length was identified
as a potentially important and hence was selected as the first-variable. A regression
equation was fit with characteristic life as response variable and die length as predictor
variable and the criteria’s for model selection were studied. Die length was found to
explain large proportion of variation and the residual mean square and Cp values were
quiet close model with all the variables. Diagonal length was selected as the next variable
and a regression equation with die length and diagonal length as predictor variables was
fit. Addition of diagonal length need not increase the coefficient of determination
substantially as did die length and hence was dropped from the model. Underfill modulus
was identified as the next potentially important variable and a regression equation with
characteristic life as response variable and underfill modulus and die length as predictor
variables was fit. Addition of underfill modulus yielded an increase in the coefficient of
determination and reduction in residual mean square and hence was retained. Predictor
variable were added in succession, regression equation was fit, criteria’s of model
selection were studied and decision for retention and drop of the variable was made. The
best subset of flip chip predictor variables obtained include die length, underfill modulus,
ball pitch, ball diameter, ball height, undercover area and Delta T. The results of stepwise

regression are given by Table 4.2.
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Step 1 2 3 4 5 6 7
Constant 24943 17839 | 2669.1 1088.2 | 910.2 | 3080.6 | 4438.8
DieLengthMM -147 -115 -87 -87 -296 -543 -665
T-Statistic -3.24 -2.59 -2.13 -2.30 -2.23 -3.59 -4.03
P-Value 0.002 0.013 0.039 0.026 0.031 | 0.001 0.000
UnderfillEGpa 56 136 158 144 128 110
T-Statistic 2.53 4.42 5.37 4.77 4.46 3.67
P-Value 0.015 0.000 0.000 0.000 | 0.000 0.001
BallPitchMM -6555 -8877 -8351 | -7227 -6925
T-Statistic -3.41 -4.56 -4.31 -3.93 -3.83
P-Value 0.001 0.000 0.000 | 0.000 0.000
BallDiaMM 22923 29754 | 31895 32913
T-Statistic 2.94 3.41 393 4.13
P-Value 0.005 0.001 | 0.000 0.000
UndercoverAreaSqMM 19 43 53
T-Statistic 1.63 3.16 3.63
P-Value 0.003 0.001
0.110
BallHeightMM -19650 | -18387
T-Statistic -2.83 -2.69
P-Value 0.007 0.010
DeltaT -6.9
T-Statistic -1.67
P-Value 0.102
R-Sq 18.28 28.27 43.00 52.37 55.16 | 62.33 64.74
R-Sq(Adj) 16.54 25.16 39.20 48.04 49.94 | 56.94 58.72
C-P 46.5 37.3 22.8 14.3 13.2 7.2 6.5

Table 4.2: Stepwise Regression of Flip-Chip Predictor Variables
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44  MULTIPLE LINEAR REGRESSION

Multiple linear regression has been used for developing a linear relationship
between characteristic life and best set of variables obtained from model input selection.
The relationship is expressed as an equation that predicts a response variable from a
function of predictor variables and parameters. The parameters are adjusted so that a
measure of fit is optimized.

Multiple linear regression models were created using the potentially important
variable’s. Diagnosis of multicollinearity using Pearson’s correlation coefficient, given
by Table 4.3, revealed serious correlation between dielength and undercover area,
suggesting suggesting that only one of the variables can be used in the multiple
regression model. In the case of some models, removal of either predictor variables may
result in significant drop in the coefficient of determination and in such cases, the original
variables have been transformed using natural log, power and square root transformations
and multiple linear regression has been carried out on the transformed variables. The
prediction model based on natural log transformation, given by Table 4.4 displayed good
model parameters with correct trends and hence has been chosen for prediction purposes.

The natural log transformed prediction equation is given by Equation 4.5

In characteristiclife = 66.924 +34.088 X InUndarea + 0.481xXInundE —0.292XInUndCTE
—0.665%In solderE +1.805x1In SolderDia —4.813% DeltaT —0.800%In pitch+ 2.645x1n Ballht

—68.216xIndiaglen
Eq4.5
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4.5 HYPOTHESIS TESTING

The overall adequacy of the regression model and significance of individual
regression coefficients have been tested using hypothesis testing methods. ANOVA table
given by Table 4.5 has been used for testing the overall adequacy of the model. The p-
value in the ANOVA table indicates the statistical significance of the regression equation.
A P value of less than 0.05 is a rejection of the null hypothesis signifying the presence of
linear relationship between characteristic life and at least one of the geometric, material
properties and environmental conditions.

Coefficient of determination, RZ, which determine the percentage of variation of
the response variable explained by the predictor variables, has also been used for
assessing the overall adequacy of the prediction model. An R? value of 0.96 suggests the
predictor variables describe almost 96% of variation in characteristic life proving the
overall adequacy of the model. Since, R? increases for every additional predictor variable,
adjusted RZ, which is a modification of RZ, that accounts of addition of new predictor
variable has also been studied. An adjusted R* value of 95% of the prediction equation
reconfirms the overall adequacy of the model.

T tests on individual regression coefficients have been performed for determining
the importance of each predictor variable for retaining in the model. The p-value of a
parameter in Table 4.4 indicates the statistical significance of that parameter and the
parameter with p-value less than 0.05 is considered to be statistically significant and
expected to have a significant effect on the reliability of the package, with confidence
level of more than 95.0%. All the predictor variables in Table 4.4 are statistically

significant with p-values in the neighborhood of 0 to 5%.
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DielengthMM | UndAreaSqMM | BallPitchMM | BallDiaMM | BallheightMM | UnderfillEGpa | DeltaTDegC

DielengthMM 1 0.94287 -.06288 0.18536 0.20931 -0.27463 -0.12668
UndAreaSqMM | 0.94287 1 -.08799 -.06426 0.40774 -0.21080 0.03898
BallPitchMM -.06288 -.08799 1 0.22462 0.01424 0.77619 -0.27825
BallDiaMM 0.18536 -.06426 0.22462 1 -.36201 0.11882 -0.44602
BallheightMM 0.20931 0.40774 0.01424 -.36201 1 0.02007 0.36292
UnderfillEGpa -0.27463 -0.21080 0.77619 0.11882 0.02007 1 -0.24482
DeltaTDegC -0.12668 0.03898 -0.27825 -0.44602 0.36292 -0.24482 1

Table 4.3 Pearson’s correlation matrix of flip chip predictor variables
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Predictors Coeff SE

(In ay, fy) (by) Coeff T P-Value
Constant (In ap) 66.924 19.565 3.421 0.002
InUndCovSgqmm 34.088 10.841 3.144 0.004
InUndEGpa 0.481 0.219 2.195 0.035
InUndCTEppm -0.292 0.102 -2.862 0.007
InSolderEGpa -0.665 0.283 -2.352 0.025
InSolderDiaMM 1.805 0.867 2.082 0.045
InDeltaTdegC -4.813 2.342 -2.055 0.048
InPitchMM -0.800 0.366 -2.184 0.036
InBallHgtMM 2.645 0.794 3.331 0.002
InDiagl.enMM -68.216 21.645 -3.152 0.003

Table 4.4: Multiple linear regression model of Flip-Chip package using natural log

transformed flip chip predictor variables

Source D.F SS MS F P
Regression 9.00 39.6757 4.4084 80.93 0.000000
Residual Error 29.00 1.5798 0.0545

Total 38.00 41.2555

Table 4.5 : Analysis of variance Of log transformed flip chip prediction model.
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4.6 MODEL ADEQUACY CHECKING

Model appropriateness for application has been checked using any one or
combination of the several of the features of the model, such as linearity, normality,
variance which may be violated. Model residuals which measure deviation between data
and fit have been studied and plotted to check model appropriateness and violation of
assumptions. Residual plots studied include, the normal probability plot, histogram plot
of residuals, plot of residuals against fitted values, plot of residual against regressor and
plot of residual in time sequence (Figure 4.2). Departures from normality and the
resultant effect on t-statistic or f-statistic and confidence and prediction intervals have
been studied using normal probability plots. A straight line variation indicates a
cumulative normal distribution. Plots of residuals against fitted values and plots of
residuals against the regressors have been used to check for constant-variance. Existence
of residuals within the normal band indicates constant variance.

Multi-collinearity has been checked using Pearson’s correlation matrix and
variance inflation factor values. Although the natural log transformation corrected the
wrong sign of coefficients in the regression equation, multi-collinearity problem did not
cease to exist. This is evident from the large values in the Pearson’s correlation matrix.
However, since the natural log transformed model has a high coefficient of determination
and conforms to model assumptions it can very well be used for prediction purposes.
Advanced multivariate techniques have been discussed for coping with multi-collinearity

problem.
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Figure 4.2: Residual plots of log transformed flip chip prediction model
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LnUndcover | Ln Ln Ln Ln Ln Ln Ln Ln
Area UnderfillE | Underfill SolderE Solder DeltaT Pitch Ball Diagonal
CTE CTE Height Length

LnUnder 1.00000 -0.14587 -0.18018 0.29163 -0.03948 -0.13070 -0.27052 0.00672 0.99892
coverArea
Ln -0.14587 1.00000 0.86323 0.13244 0.57261 0.81460 -0.41973 0.57967 -0.18489
UnderfillE
Ln -0.18018 0.86323 1.00000 0.09936 0.65041 -0.87380 -0.22910 0.51306 -0.21992
Underfill
CTE
Ln 0.29163 0.13244 0.09936 1.00000 -0.05906 0.06497 -0.23586 0.16766 0.28708
SolderE
Ln -0.03948 0.57261 0.65041 -0.05906 1.00000 0.40160 -0.43848 0.19506 -0.01841
Solder
CTE
Ln -0.13070 0.81460 0.87380 0.06497 -0.40160 1.00000 0.00583 0.60647 -0.17461
DeltaT
Ln -0.27052 - -0.41973 -0.22910 -0.23586 0.43848 0.00583 1.00000 -0.08005 -0.26502
Pitch
Ln 0.00672 0.57967 0.51306 0.16766 -0.19506 0.60647 -0.08005 1.00000 -0.01616
Ball
Height
Ln 0.99892 0.18489 -0.21992 0.28708 -0.01841 -0.17461 -0.26502 -0.01616 1.00000
Diagonal
Length

Table 4.6: Pearson’s correlation matrix of log transformed flip chip predictor variables
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4.7  PRINCIPAL COMPONENTS REGRESSION

Multiple linear regression methods assume the predictor variables to be
independent of each other. Linearly dependent variables result in multi-collinearity,
instability and variability of the regression coefficients [Cook et al. 1977]. Principal
components models have been used for dealing with multi-collinearity and producing
stable and meaningful estimates for regression coefficients [Fritts et al 1971]. The
principal components technique determines a linear transformation for transforming the
set of X predictor variables into new set Z predictor variables known as the principal
components. The set of new Z variables are uncorrelated with each other and together
account for much of variation in X. The principal components correspond to the principal
axes of the ellipsoid formed by scatter of simple points in the n dimensional space having
X as a basis. The principal component transformation is thus a rotation from the original
x coordinate system to the system defined by the principal axes of this ellipsoid [Massay
1965].

The principal component transformation ranks the new orthogonal principal
components in the order of their importance. Scree plots, eigen values and proportion of
total variance explained by each principal component are then used to eliminate the least
important principal components. Multiple linear regression is then performed with the
original response variable and reduced set of principal components and the parameters of
regression are obtained using method of least squares. The principal components
estimators are then transformed back to original predictor variables using the same linear

transformation. Since the ordinary least square method has been used on principal
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components, which are pairwise independent, the new set of predictor coefficients are
more reliable.

The matrix of original correlated variables X, has been created from the flip chip
dataset.A principal component analysis has been performed on this original predictor
variable matrix X and its eigen values and corresponding eigen vectors have been
extracted. The first four eigen vectors explained more than 85% of the original matrix
and had eigen values greater than 1. A kink in the scree plot (Figure 4.3) supports the
selection of first four eigen vectors. A transformation matrix, V has been created with

first four eigen vectors.

[5.10 26.01 0.200 0.112 0.111 10.7 165 ]
250  6.250 0.300 0.080 0.110 5.6 180
5.00 25.00 0.300 0.080 0.110 5.6 100
X= 10.00 100.0 0.300 0.080 0.110 5.6 180

12.50  6.250 0.200 0.080 0.110 5.6 200

[ 0460 0.484 -0.190 0.022
0.512 0434 0.021 0.075
-0.387 0475 0.299 -0.089
-0.233  0.302 -0.345 -0.802
0.300 0.116 0.621 -0.190
-0.423 0.332 0415 0.228

0.230 -0.371 0.444 -0.504
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Figure 4.3: Scree plot for selecting the number of principal components
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The original predictor variable matrix X has then been transformed into principal

component scores Z using the transformation

Z=XxV
Each score of principal component or Z is a linear combination of the original flip chip
predictor variables and can be used as an independent variable for model building. The
first principal component score. Z1 is given by Equation 4.6

71=0.460 % Dielength +0.512xUnder cov erarea —0.387 x ballpitch —0.233 %
BallDiamet er +0.300 X Ballheight —0.423 X UNderfillE +0.230X DeltaT

Eq 4.6
A multiple linear regression analysis has been performed with characteristic life

as response variable and the four principal components as predictor variables. The
regression equation of the principal components is given by Table 4.7. An Alpha matrix
with coefficients of principal components is then created.

Alpha = [797.6 -1286.4 8252 2055.5]
The coefficients of regression of the original variables are obtained by transforming the
coefficients of regression of the principal components using the transformation,

Beta =V x Alpha

Beta = [4389 -367.3 21.6 -855.9 2507.5 212 46.6 -8.9]
where, beta is a matrix of regression coefficients of original variables. The prediction
equation with original variables is given by Table 4.9. The prediction equation is given

by Equation 4.7

63%Charactersticlife= —367.3X Dielength+21.6XUnderarea—855.9 X Ballpitch+

Eq 4.7
2507.5x Balldiameer + 212X Ballheight+ 46.6 X UnderfillE—8.9 X DeltaT a
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Predictor Coeff (bk) SECoeff T value P value
Constant 4389 1354 3.24 0.002
Z1 797.6 322.6 247 0.017
72 -1286.4 504.6 -2.55 0.014
73 825.2 292.5 2.82 0.007
74 2055.5 780.7 2.63 0.012

Table 4.7: Multiple linear regression model using principal components of flip chip

predictor variables

Source D.F SS MS F P
Regression 9.00 39.6757 4.4084 80.93 0.000000
Residual Error 29.00 1.5798 0.0545

Total 38.00 41.2555

Table 4.8: Analysis of variance of multiple linear regression model with principal

components as variables
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Predictors Coeff SE T Statistic P-Value
(ao, fx) (by) Coeff

Constant 4389 1354 3.24 0.002
DeilengthMM -367.3 48.313 7.60 0.000
UndercoverAreaSqMM 21.6 4.5798 4.72 0.000
BallPitch MM -855.9 500.32 1.71 0.001
BallDiaMM 2507.5 946.80 2.64 0.000
Ball HeightMM 212 59.324 3.57 0.000
UnderfillEGpa 46.6 5.5540 8.30 0.000
DeltaDegC -8.9 7.2452 1.22 0.0043

Table 4.9: Principal component regression model using original flip chip predictor

variables
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4.8 HYPOTHESIS TESTING

The overall adequacy of the model has been tested using ANOVA table given by
Table 4.8. Small P value of the ANOVA table rejects the null hypothesis proving the
overall adequacy of the model. Individual T tests on the coefficients of regression of
principal components yielded very small P values indicating the statistical significance of
all the four variables.

The individual T test values of principal components regression components are
then used for conducting individual T test on the coefficients of regression of original
variables. The test statistic proposed by Mansfield et al.[1997] and Gunst et al. [1980] for
obtaining the significance of coefficients of regression of original variables is given by

Equation 4.8

b e
r= L Eq4.8

, 1
{MSEX(Z Vi ﬂz
m=1

Where b, is the coefficient of regression of the ™ principal component, MSE is the

mean square error of the regression model with 1 principal components as its predictor
variables, Vjn is the ™ element of the eigen vector vy and Ay is its corresponding eigen
value. M takes the values from 1 to 1, where 1 is the number of principal components in
the model. The test statistic follows a students T distribution with (n-k-1) degrees of
freedom. The P values of individual T tests given by Table 4.9 are very small proving the

statistical significance of individual regression coefficients of original predictor variables.
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49 MODEL ADEQUACY CHECKING

The principal components regression model has been checked for underlying
model assumptions such as normality, constant variance and independence. Residual
plots have been used for studying the violations of model assumptions. The residual plots
studied include normal probability plot, histogram plot of residuals, plot of residuals
against fitted values, plot of residual against regressor and plot of residual in time
sequence. Straight line variation of normal probability plot shows cumulative normal
distribution. Presence of residuals in a horizontal band shows no violation of constant
variance assumption. Since each principal component is a linear combination of original
predictor variables, they become multivariate variables. Multivariate normality of each
principal component has been checked using Chi-Square plots and Q-Q plot. Straight line
variation of both the plots shows cumulative multivariate normal distribution.

Multicollinearity of the principal component variables has been studied using
Pearson’s correlation matrix and variance inflation values. Since the principal
components are orthogonal to each other the multi-collinearity problem ceased to exist.
Addition of fifth principal component however created serious multi-collinearity

problems justifying the decision of retaining only first four variables.

410 MODEL CORRELATION WITH EXPERIMENTAL DATA

The predicted characteristic life of the statistical model has been compared with
the actual characteristic life to asses the prediction ability of the statistical models. A
single factor design of experiment study with prediction method as the factor and

multiple linear regression, principal components regression and experimental results as
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its three levels has been used for correlating the statistical model results with
experimental results. Analysis of variance has been used for testing the equality of mean
predicted characteristic life. The null hypothesis of the test is that the mean characteristic
life of all the prediction methods is the same. The alternate hypothesis is there is at least
one method with predicted characteristic life different from the others. High P values of
ANOVA table [Table 4.10] shows a clear acceptance of the null hypothesis. Thus it can
be concluded that there is no significant difference in the characteristic life predicted by
the statistical models and experimental methods. T tests [Table 4.11] have been used for
comparing the individual pairs of means. High P values of both the paired T tests shows
that the predicted characteristic life of MLR and PCR methods is same as that of

experimental values.

411 MODEL VALIDATION

The statistical modeling methodology presented in this section has been validated
against the experimental accelerated test failure data. Statistical model predictions have
been done by using multiple linear regression models and principal components
regression models. Statistics and failure mechanics based sensitivity factors quantifying
the effect of design, material, architecture, and environment parameters on thermal
fatigue reliability have been used to compute life. The predictions from the statistical
model have also been compared with the experimental data. The effect of the various
design parameters on the thermal reliability of the package has been presented. The

sensitivity study can be used in building confidence during trade-off studies by arriving at
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Figure 4.4 : Residual plot of principal components regression model
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Source DF SeqSS Adj SS Adj MS F Statistic | P value
Prediction | 2 121420582 | 121420582 | 60710291 | 1.10 0.336
Method
Error 92 5055826106 | 5055826106 | 54954632
Total 94 5177246688

Table 4.10: Single Factor Analysis of Variance
Prediction Diff Of Means | SE Of T Statistic P value
Method Difference
MLR & 2721.4 1941 1.4019 0.4929
Experimental
PCR & 354.9 1772 0.2003 1.0000
Experimental

Table 4.11 : Pair-wise T Test
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consistent results in terms of reliability impact of changes in material, configuration and

geometry using different modeling approaches.

4.11.1 DIE LENGTH

The thermo-mechanical reliability of flip-chip devices generally decreases with
increase in the die length. This effect has been demonstrated in flip-chip devices
soldered to both FR4-substrate and BT-substrates. Multiple linear regression and
principal components regression models have been used to evaluate sensitivity to die
length. The cycles for 63.2% failure from the experimental data and multiple linear
regression and principal components model’s have been plotted against the die length of
various devices. The predicted values from the prediction model follow the experimental
values quite accurately and show the same trend (Figure 4.7). This trend is also
consistent from the failure mechanics standpoint, as the solder joints with larger die
length are subjected to much higher strains due to the increased distance from the neutral
point, thus having lower reliability.

Encapsulated flip-chip packages with die length of 6.3mm and 10mm have been
used for the comparison of the principal components regression and multiple linear
regression model predictions with the actual test failure data. Both the packages had
eutectic (Sn37Pb) solder joints of different ball diameter, pitch and pad definition and
were subjected to different air-to-air thermal cycles (ATC) including thermal cycle of—
40°C to 125°C, and —55°C to 125°C. Thus, the model is being tested for its ability to
predict both single and coupled effects. A negative sensitivity has been computed for the

effect of die length. A negative sensitivity factor indicates that the characteristic life of a
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flip-chip decreases when the die length increases and all the other parameters remaining

constant. The characteristic life of both the packages is plotted in Figure 4.7

4.11.2 SOLDER JOINT DIAMETER

The thermo-mechanical reliability of the flip-chip devices is also influenced by
the solder joint or bump diameter. Flip-chip with bigger bump size usually gives higher
reliability for the device. This trend is supported by the characteristic life plot for the
flip-chip device for two different ball diameters. Flip-chip with larger bumps has lower
stress concentration and longer crack propagation path in the solder interconnects, thus
adding to the thermo-mechanical reliability of the device. The encapsulated flip-chip
used for the validation had ball diameter of 0.08 mm and 0.112 mm respectively. A
positive sensitivity factor indicates the characteristic life of flip chip increases with

increase in bump size.

4.10.2 SOLDER JOINT HEIGHT

The effect of solder height on thermo-mechanical reliability of flip chip has been
presented in Figure 4.9. The increase in the thermo-mechanical reliability of the device
with increase in the ball height is demonstrated by both multiple linear and principal
components regression models. This trend is supported by failure mechanics theory, as
taller solder joints have longer crack propagation length. Encapsulated flip- chip
packages with ball height of .08mm and .11mm, die size 10 and 5.1 respectively have
been used for the comparison of the principal components regression and multiple linear

regression model predictions with the actual test failure data. A positive sensitivity factor
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Figure 4.7: Effect of die length on thermal fatigue reliability of encapsulated flip-chip

with Sn37Pb solder joints.

Die Length | Ball Ball Experiment | MLR PCR Sensitivity
(mm) Pitch Dia Factor For
(mm) (mm) Die length
6.3 0.457 0.178 2050 1829 2378 -367.3
14.14 0.2 0.08 1800 1575 1558

Table 4.12: Sensitivity of the package reliability to the die length and comparison of

model predictions with actual failure data.
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Figure 4.8 Effect of solder joint diameter on thermal fatigue reliability of flip-chip

packages subjected to thermal cycling of -55°C to 125°C

Solder Diagonal | Ball | Ball Ball | Experiment | MLR | PCR | Sensitivity
Joint Length | Pitch | Height | Dia Factor
Diameter | (mm) (mm) | (mm) | (mm) For
(mm) Solder
Joint
Diameter

0.08 8.50 0.2 0.094 |0.08 | 2250 1985 | 1525

2507.5
0.112 7.21 0.2 0.112 [ 0.111 | 3485 2240 | 2727

Table 4.13: Sensitivity of the package reliability to the solder joint diameter and

comparison of model predictions with actual failure data
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indicates the characteristic life of flip chip increases with increase in bump height when

all other parameters are remaining constant.

4.11.3 SOLDER MODULUS

The elastic modulus of the solder joint is found to have a great influence on the
thermo-mechanical reliability of Flip chip packages. The thermo-mechanical reliability of
the device decreases with increase in the solder joint modulus. This is supported by the
failure mechanics theory that increase in elastic modulus leads to higher stress conditions
resulting in higher hysteresis loops with more dissipated energy per cycle. Flip chip
packages with leaded and lead free solder joints of elastic modulus 35 and 37.91 Gpa
respectively [Figure 4.10] have been used for the comparison of the principal components
regression and multiple linear regression model predictions with the actual test failure
data. A negative sensitivity factor indicates the characteristic life of flip chip decreases

with increase in solder modulus.

4.11.4 BALL PITCH

The effect of ball pitch on thermo-mechanical reliability has been shown in Figure
4.11. Encapsulated flip chip packages with ball pitch of 0.2 mm and 0.3 mm have been
used for the comparison of the principal components regression and multiple linear
regression model predictions with the actual test failure data. Ball pitch is inversely
proportional to ball count for constant die size. A trend of increase in the reliability with
the decrease in the ball pitch is predicted by the multiple linear regression and principal

components regression models and supported by experimental data.
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Figure 4.9:

Effect of ball height on thermal fatigue reliability of flip-chip packages

Solder | Ball | Diagonal | Ball | Delta | Experiment | MLR | PCR Sensitivity
Joint Dia | Length | Pitch | T Factor For
Height | (mm) | (mm) (mm) Solder Joint
(mm) Height
0.08 0.08 | 14.14 0.2 180 | 2350 1698 1796

212
0.11 0.112 | 7.21 0.2 165 | 3485 2240 | 2727

Table 4.14: Sensitivity of the package reliability to the solder joint height and comparison

of model predictions with actual failure data.
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This is consistent with a negative coefficient for ball-pitch for the prediction models in
Table 4.4. The trend is also supported by failure mechanics theory. The shear stress
under thermo-mechanical loads is distributed over a larger number of solder
interconnects, with the decrease in the ball pitch. The reduction in load reduces the stress
in the individual joint and increases the life of the solder joint. The predicted effect of
ball count is only applicable in the case where the failure mode is solder joint cracking.
The trend might be different for other failure modes such as underfill-delamination or

trace-cracking.

4.11.5 UNDERFILL MODULUS

Flip-chip devices with underfill show very high thermo-mechanical reliability as
compared to the flip-chip devices without underfill. This trend has been shown to hold
true for both eutectic (63Sn37Pb) and lead-free flip-chip devices mounted on both rigid-
organic, e.g. BT and FR-4 substrates and metal-backed flex substrates The main reason
for this trend from thermo-mechanics standpoint is that the underfill material provides a
mechanical support and shares the shear stresses generated in the solder joints due to the
thermal mismatch between the chip and the board. Also, the presence of underfill
redistributes the displacement fields within a joint thereby reducing the extreme local
strains concentrations that occur in the joint. The elastic modulus of the underfill is found
to have a great significance in determining the thermo-mechanical reliability of flip chip
packages. Stiffer underfill’s with higher elastic modulus are found to share greater shear
loads reducing the inelastic strain sustained by the solder thus enhancing the solder life.

Underfilled flip chip packages with elastic modulus 6.8 and 10 Gpa respectively have
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Figure 4.10: Effect of solder modulus on thermal fatigue reliability of flip-chip packages.

Solder Ball | Ball Ball | Experiment | MLR PCR Sensitivity
Modulus Dia Height | Pitch Factor For
(Gpa) (mm) | (mm) | (mm) Solder
Modulus
35 0.2 0.111 [0.112 | 3485 2240 2727
-0.82
37.91 0.3 0.13 0.08 | 1550 1711 1098

Table 4.15: Sensitivity of the package reliability to the solder modulus and comparison of

model predictions with actual failure data.
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Figure 4.11: Effect of ball pitch on thermal fatigue reliability of flip-chip packages.

Ball Pitch Experiment MLR PCR Sensitivity Factor
(mm) For
Ball Pitch
35 3485 2240 2727
-855.9
37.91 1550 1711 1098

Table 4.16: Sensitivity of the package reliability to ball pitch and comparison of model

predictions with actual failure data.
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been used for the comparison of the principal components regression and multiple linear
regression model predictions with the actual test failure data [Figure 4.12]. A positive
sensitivity factor indicates the characteristic life of flip chip increases with increase in
underfill modulus when all other parameters are remaining constant. However this trend
is reversed for the case where the failure mode is trace cracking, because the application

of underfill leads to much higher stresses on the Cu traces and has a peeling effect.

4.11.6 DELTA T

The thermo-mechanical life of the flip-chip devices, similar to other package
architectures, is a function of the environment or the testing condition to which it is
subjected. Magnitude of the temperature range experienced during the accelerated test is
an influential parameter. The characteristic life of the package decreases with the increase
in the temperature range of the ATC [Figure 4.13]. Temperature cycle magnitude has a
negative sensitivity factor, indicated by decrease in thermo-mechanical reliability with
increase in temperature cycle magnitude. Data presented includes coupled effects of
other parameter variations such as, die size, ball diameter, ball count and cycle time. The
predicted values for characteristic life calculated based on the principal components and
multiple linear regression model match the experimental values from the ATC test very

accurately.

4.11.7 UNDERCOVER AREA

Flip chip devices with larger undercover area are found to exhibit better thermo-
mechanical reliability. This is supported by failure mechanics theory as larger undercover

areas provide scope of filling more underfill reducing the shear stress on the solder joints.
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Figure 4.12: Effect of underfill modulus on thermal fatigue reliability of flip-chip

packages.
Underfill | Diagonal | Ball | Ball | Experiment | MLR PCR Sensitivity
Modulus Length | Pitch | Dia Factor For
(Gpa) (mm) (mm) | (mm) Underfill

Modulus
5.6 14.14 0.2 0.08 | 1800 1369 1558

46.6

10 4.24 0.2 0.08 | 3243 2715 2273

Table 4.17 : Sensitivity of the package reliability to underfill modulus and comparison of

model predictions with actual failure data
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Figure 4.13:

Effect of Delta T on thermal fatigue reliability of flip-chip packages.

Delta T | Ball Ball | Diagonal | Experiment | MLR PCR Sensitivity
Dia Pitch | Length Factor For
(mm) | (mm) | (mm) Delta T
165 0.112 | 0.2 7.21 3485 2240 2727
-8.9
180 0.178 | 0.45 | 8.90 2050 1829 2378
Table 4.18 : Sensitivity of the package reliability to Delta T and comparison of model

predictions with actual failure data
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The effect has been shown in Figure 4.14 for encapsulated flip chip packages with under
cover area of 35.84 sqmm and 39.69 sqmm for the comparison of the principal
components regression and multiple linear regression model predictions with the actual
test failure data. A positive sensitivity factor indicates the characteristic life of flip chip

increases with increase in undercover area.

4.12 DESIGN GUIDELINES

The statistical models presented in this section have been used for providing
design guidelines for smart selection of a flip chip technologies. The sensitivities from
the statistical models have been used to analyze the effect of various parameters on the
solder joint reliability of the flip chip packages.

e The solder joint reliability of Flip-Chip packages decreases with increase in the
die length. This effect has been demonstrated for both leaded and lead free solder
joints.

¢ Thermo-mechanical reliability of solder joints increases with increase in solder
ball diameter of Flip chip packages.

¢ Increase in the solder ball height increases the solder joint reliability of Flip chip
packages.

e Ball pitch is found to have a negative sensitivity on solder joint reliability. The
reliability of solder joint decreases with increase in the ball pitch.

e [eaded solder joints with smaller elastic modulus are found to be more reliable

than lead free solder joints with higher elastic modulus.
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Figure 4.14 : Effect of under cover area on thermal fatigue reliability of flip-chip packages.

Undercover | Ball | Ball | Ball Experiment | MLR | PCR Sensitivity
Area Dia | Pitch | Height Factor For
(Sgmm) (mm) | (mm) | (mm) Undercover
Area
35.84 0.178 | 0.457 | 0.112 2050 1829 2378
21.6
39.69 0.086 | 0.203 | 0.094 2250 1985 1525

Table 4.19: Sensitivity of the package reliability to undercover area and comparison of

model predictions with actual failure data
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Stiffer underfills with higher elastic modulus are found to improve the solder
joints reliability of flip chip packages.

Thermo-mechanical reliability of the solder joint in a Flip Chip package is
inversely proportional to the temperature differential through which the package
under goes thermal cycling.

Increasing the area of undercover is found to increase the thermo-mechanical

reliability of Flip chip packages.
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CHAPTER S

STATISTICS BASED CLOSED FORM MODELS FOR CBGA PACKAGES

Ceramic ball grid array (CBGA) packages are high density, high performance
surface mount (SMT) packages. The broadening of application space of ceramic
packages to be included in the high volume market of personnel computer
microprocessors [Master 1998], telecommunication products [Lau et al 2004],
workstations and avionic products has necessitated the need for understanding the
package design and assembly influence on reliability. In this section, decision support
models for prediction of thermo-mechanical reliability of ceramic ball grid array and
ceramic column grid array packages have been presented. Multiple linear regression
modeling methodologies has been used for the model building.

The models presented in this section, aid in understanding effect of design and
material parameters towards thermo-mechanical reliability and provide decision guidance
for smart selection of component packaging technologies and perturbing product designs
for minimal risk insertion of new packaging technologies. In addition, parameter
interaction effects, which are often ignored in closed form modeling, have been
incorporated in this work. Convergence of statistical models with experimental data has

been demonstrated using a single factor design of experiment study.
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5.1 CBGA PACKAGE ARCHITECTURE

Ceramic ball grid array (CBGA) packages [Figure 5.1] are an extension of
controlled collapsed chip connection (C4) and use a co-fired alumina ceramic substrate
[Lau 1995]. The multilayered ceramic substrates are chosen for their superior electrical
performance such as option for multiple power and ground planes and the ability to
choose the signal, power and ground locations within the column array locations. Also,
the low difference coefficients of thermal expansions of ceramic (6.7 ppm/C) and silicon
(2.7ppm/C) increases the component level reliability [Burnette 2000], making ceramic

substrates a good choice for flip chip applications.

5.2 DATASET

The dataset used for model building has been accumulated from an extensive
CBGA accelerated test reliability database based on the harsh environment testing by the
researchers at the NSF Center for Advanced Vehicle Electronics (CAVE). This database
has also been supplemented with the various datasets published in the literature. Each
data point in the database is based on the characteristic life of a set of CBGA devices of a
given configuration tested under harsh thermal cycling or thermal shock conditions. The
model parameters are based on failure mechanics of CBGA assemblies subjected to
thermo-mechanical stresses. The material properties and the geometric parameters
investigated include die size, substrate CTE, substrate thickness, ball count, ball pitch,
solder alloy composition (SnAgCu, SnPbAg), solder joint height, underfill modulus,
underfill CTE, bump size, and printed circuit board thickness. The range of data collected

in each case is given by Table 5.1.
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Figure 5.1: Motorola CBGA Cross-Section View
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Parameter

CBGA

Die Size

4mm to 42mm

Number of 1/0

64 to 1657

Ball Pitch

Immto 1.27mm

Ball Diameter

0.508mm to 0.195mm

Solder Composition

Sn63Pb37, 95.5Sn3.5Ag1.0Cu

Ceramic CTE

6.8PPM/°C, 12.3PPM/°C

Underfill Modulus

2.6Gpa to 8.5Gpa, No Underfill

Underfill CTE

26PPM/°C to 75PPM/°C, No underfill

Ceramic Thickness

0.635MM to 2.9MM

PCB Thickness

1.27mm to 2.8mm

Thigh in ATC

90°C, 100°C, 125°C

Tlow in ATC

-55°C, -40°C,-15°C, 0°C

Table 5.1: Scope of accelerated test database




5.3  MODEL INPUT SELECTION

A superset of predictor variables including all the variables that are known to
influence the characteristic life has been created. This set included all the geometric
properties, material properties and thermal cycling conditions including die length,
diagonal length, package area, under cover area, die thickness, ball count, bump diameter,
bump height, solder modulus, solder CTE, underfill modulus, underfill CTE, PCB type,
PCB thickness, pad diameter, pad type, substrate CTE, substrate thickness and thermal
cycling conditions. Model input selection involves selecting a subset of variables that are
just enough for model building. The criteria for variable selection are based on
maximization of coefficient of determination and Adj R®> and minimization of residual
mean squares and induced bias. The potentially important variables selected are the ones
that describe maximum information content in the data set with minimum variance and
bias.

Substrate CTE was found to be the most influential factor and a regression
equation with characteristic life as response and substrate CTE alone as predictor variable
was built. Underfill modulus was identified as the next most influential observation and a
regression equation with underfill modulus and substrate CTE as predictor variables and
characteristic life as response variable was fit. Inclusion of underfill modulus increased
the coefficient of determination (R? and reduced the residual errors and hence was
retained in the model. Substrate thickness, solder CTE, DeltaT respectively were found
to be the next most influential variables and were added in steps and the criteria's for
model selection were studied. The variables satisfied the selection criteria and hence were

retained. Ball pitch and die length were identified as important variables, however the
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inclusion of these variables did not increase the coefficient of determination significantly
and hence were dropped. Predictor variables from the super set were added in subsequent
steps and their effect on variable selection criteria was studied for decision making on
variable addition.The best subset of input variables include substrate CTE, underfill
modulus, Solder CTE, substrate thickness, Delta T, PCB thickness, underfill CTE, ball

diameter, ball count and diagonal length.
54  MULTIPLE LINEAR REGRESSION MODELS

Prediction equations for solder joint reliability prediction of CBGA packages have
been built with characteristic life as response variable and best subset variables as
predictor variables. All of the model variables have been modeled in continuous form.
Categorical variables such as solder type, underfill type and ceramic type have been input
as continuous variables by taking into consideration the elastic modulus and coefficient
of thermal expansion of the corresponding material. In case of no underfill, a zero is input
for both Young’s modulus and CTE. Multiple linear regression models are built using
MINITAB™ statistical software. The model is given by Table 5.2. The model [Equation
5.1] indicates an increase in reliability with increase in underfill elastic modulus, ball
count and ball diameter. The model also indicates a reduction in reliability with increase
in temperature cycle magnitude, chip diagonal-length, substrate thickness, underfill

coefficient of thermal expansion, solder elastic modulus and PCB thickness.

63%CharacteristicLife = —1694.9 — 71.06 x DiagonalLength —582.87 x SubstrateThickness +
1.6131x Ballcount +478.96 x CeramicCTE +125.86 x SolderCTE + 2594.6 x Balldia +547.33x
UnderfillE —19.697 xUnderfillCTE — 245.4 x PWBThickness —16.458 x DeltaT

Eq5.1
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5.5 HYPOTHESIS TESTING

The overall adequacy of the prediction model has been tested using ANOVA table
given by Table 5.3 . Small P value in the table signifies the overall adequacy of the model
rejecting the null hypothesis. This means that there is at least one predictor variable that
is contributing significantly towards prediction of characteristic life of the package.
Coefficient of determination, R?, which determine the percentage of variation of the
response variable explained by the predictor variables, has also been used for assessing
the overall adequacy of the prediction model. A coefficient of determination value of
92% for the model suggests that the predictor variables together account for 92% of
variation in characteristic life. Since coefficient of determination is dependent on number
of predictor variable the Adj R? parameter has also been studied. An Adj R? of 91%
reconfirms the overall adequacy of the model. Thus the model is adequate for prediction
purposes.

T tests on individual regression coefficients have been performed for determining
the statistical significance of each predictor variable for retaining in the model. The p-
value of a parameter in Table 5.2 indicates the statistical significance of that parameter
and the parameter with p-value less than 0.05 is considered to be statistically significant
and expected to have a significant effect on the reliability of the package, with confidence
level of more than 95.0%. All the predictor variables in Table 5.2 are statistically

significant with p-values in the neighborhood of 0 to 5%.
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Predictor Coefficient SE Coeff T Statistic P Value
Constant -1694.9 766.6 -2.21 0.030
Diag-Length -71.06 18.00 -3.95 0.000
Substrate Thk | -582.87 64.32 -9.06 0.000
Ball Count 1.6131 0.4294 3.76 0.000
Ceramic CTE 478.96 27.20 17.61 0.000
Solder CTE 125.86 20.09 6.26 0.000
Ball Dia 2594.6 784.7 3.31 0.001
Underfill E 547.33 65.26 8.39 0.000
Underfill CTE | -19.697 7.780 -2.53 0.013
PWB Thk -245.4 116.6 -2.11 0.038
Delta T -16.458 2.243 -7.35 0.000
Table 5.2 : Multiple linear regression model of CBGA package.
Source D.F SS MS F P
Regression 10 199337887 | 19933789 89.08 0.00
Residual Error 84 18797042 | 223774
Total 94 218134929

Table 5.3: Analysis of variance of CBGA multiple linear regression model.
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5.6 MODEL ADEQUACY CHECKING

Residuals which are realized or observed values of the model errors indicate any
violations from model assumptions. Residual plots have been used for studying the
conformance of model with underlying assumptions including linearity, normality,
constant variance and independence. Residual plots (Figure 5.2) studied include, the
normal probability plot, histogram plot of residuals, plot of residuals against fitted values,
plot of residual against regressor and plot of residual in time sequence. Departures from
normality and the resultant effect on t-statistic or f-statistic and confidence and prediction
intervals have been studied using normal probability plots. A straight line variation of
normal probability plot (Figure 5.2) indicates a cumulative normal distribution. The
histogram plot of residuals has also been used to study non-normality. Plots of residuals
against fitted values and plots of residuals against the regressors have been used to check
for constant-variance. Existence of residuals within the normal band indicates constant
variance of regression model. Violation of assumptions may have been indicated by
inward and outward funneling. The plot of residual in time sequence is used to study
correlation between model errors at different time periods. Patterns in the plot of
residuals in time sequence have been studied to determine if the errors are auto-
correlated. Absence of any visible pattern indicates no violation of independence
assumptions. Pearson’s correlation matrix (Table 5.4) has been studied for checking the
linear dependence of predictor variables. Absence of large values in correlation matrix

confirms the absence of any multi-collinearity problems.
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Figure 5.2: Residual plot of CBGA multiple linear regression model.
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Die Substrate | Ball Ceramic | Solder | Ball Und Und PWB | DeltaT
Length | Thickness | Count | CTE CTE Dia Mod | CTE | Thk
Die
Length 1 0.155 | 0.868 0.054 | -0.537 | 0.618 | -0.21 | -0.21 0.14 -0.02
Substrate
Thickness | 0.155 1| 0.254 0.145 | 0.325 | 0.214 | -0.10 | -0.10 0.05 -0.08
Ball
Count 0.868 0.254 1 0.054 | -0.405 | 0.324 | -0.20 | -0.20 0.11 -0.10
Ceramic
CTE 0.054 0.145 | 0.054 1] 0298 | 0.075| -0.08 | -0.08 0.35 -0.20
Solder - -
CTE -0.537 0.325 | 0.400 0.298 1] 0.308 0.12 0.12 0.08 -0.20
Ball
Diam 0.618 0.214 | 0.324 0.075 | -0.308 1| -0.03] -0.03 0.13 0.13
Und - -
Mod -0.218 -0.109 | 0.206 | -0.088 | 0.129 | 0.032 1| 077] -0.11| -0.08
Und - -
CTE -0.217 -0.108 | 0.205| -0.087 | 0.129 | 0.032 | 0.77 1] -011| -0.08
PWB
Thk 0.142 0.056 | 0.114 0.351 | 0.085| 0.133 | -0.11| -0.11 1 -0.15
DeltaT -
-0.025 -0.080 | 0.104 | -0.204 | -0.203 | 0.137 | -0.08 | -0.08 | -0.15 1
Table 5.4: Pearson’s correlation matrix of CBGA predictor variables
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5.7 MODEL CORRELATION WITH EXPERIMENTAL DATA

Characteristic life predicted by the multiple linear regression models have been
correlated with experimental values using a single factor design of experiment study for
assessing the prediction ability of the statistical models. Prediction method with multiple
linear regression and experimental method has been used as the factor and predicted
characteristic life corresponding to each method is used as the response variable.
Analysis of variance has been used for testing the equality of mean predicted life. The
null hypothesis of the test is that the mean characteristic life of all the prediction methods
is the same. The alternate hypothesis is there is at least one method with predicted
characteristic life different from the others.

The analysis was conducted using commercially available statistical software
MINITAB™. The equality of means has been studied using the generalized linear model
function. The characteristic life which is used as response variable contains values of
predicted characteristic life obtained from both statistical and experimental method. The
prediction method which is used a model variable, uses a binary variable to describe the
type of method. A value of zero is assigned for experimental method and a value of 1 is
assigned for statistical method.

High P values of ANOVA table [Table 5.5] shows a clear acceptance of the null
hypothesis. Thus it can be concluded that there is no significant difference in the
characteristic life predicted by the statistical models and experimental methods. Since the
factor has only two levels the ANOVA table in itself becomes a paired T test eliminating

the need for a separate T test.
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Source DF SeqSS Adj SS Adj MS F Statistic | P value
Prediction | 1 57231 57231 57231 0.02 0.877
Method

Error 188 444844550 | 444844550 | 2366194

Total 189 444901781

Table 5.5: Single factor analysis of variance
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5.8 MODEL VALIDATION

The effect of various design parameters on the thermal reliability of package have
been presented in this section. Multiple linear regression based sensitivity factors,
quantifying the effect of design, material, architecture and environmental parameters on
thermal fatigue reliability, have been used to compute life. The sensitivity study can be
used in building confidence during trade-off studies by arriving at consistent results in
terms of reliability impact of changes in material, configuration and geometry using
different modeling approaches. The predictions from the statistical model have also been

compared with the experimental data

5.8.1 DIAGONAL LENGTH

The Thermo-mechanical reliability of flip chip packages reduces with increase in
diagonal length. This effect has been demonstrated on CBGA packages with both low
CTE and High CTE ceramic substrates. Multiple linear regression models have been
used for evaluating the sensitivity of solder joint reliability to diagonal length. The cycles
for 63.2% failure from the experimental data and multiple linear regression models have
been plotted against the diagonal lengths of various devices. . The predicted values from
the prediction model follow the experimental values quite accurately and show the same
trend (Figure 5.2). This trend is also consistent from the failure mechanics standpoint, as
the solder joints with larger diagonal length are subjected to much higher strains due to
the increased distance from the neutral point, thus having lower reliability.

Ceramic ball grid array packages with diagonal length 29.69mm, 35.35mm and

45.96mm have been used for the comparison of multiple linear regression model
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predictions with the actual test failure data. Both the packages had different ball diameter,
pitch and pad definition and were subjected to different air-to-air thermal cycles (ATC)
of 0°C to 100°C. Thus, the model is being tested for its ability to predict both single and
coupled effects. A negative sensitivity has been computed for the effect of diagonal
length. A negative sensitivity factor indicates that the characteristic life of a CBGA
package decreases when the diagonal length increases and all the other parameters

remaining constant. The characteristic life of the three packages plotted in the Figure 5.3.

5.8.2 SUBSTRATE THICKNESS

Thickness of substrate material has a great influence on thermo-mechanical
reliability of ceramic packages. Ceramic ball grid array packages with thinner substrates
have higher cycles to failure than thicker substrates. This trend is consistent from failure
mechanics point of view as increased substrate thickness leads to higher assembly
stiffness, which leads to increases stress levels in the interconnect.. This effect has been
demonstrated for ceramic substrates of 0.8 mm, 1mm and 2.65mm substrate thickness
[Figure 5.2]. A negative sensitivity factor indicates the characteristic life of CBGA
packages decreases with increase in substrate thickness. Sensitivity has been calculated
using multiple linear regression modeling for substrate thickness in the range of 0.635mm
to 3.7mm for CBGA packages including 0.635mm, 0.8mm, 1mm, 1.65mm, 2.4mm,
2.9mm and 3.7mm thick substrates. Model predictions show good correlation with

experimental data.
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Figure 5.3 :Effect of diagonal length on thermal fatigue reliability of CBGA packages

Diagonal Ball Ball PCB Experiment | MLR Sensitivity

Length Count | Diameter | Thickness Factor For

(mm) Diagonal
length

29.69 552 0.8 2.8 5060 4921

35.35 361 0.89 1.57 4091 4063 -71.06

45.96 932 0.8 2.8 2302 2293

Table 5.6 : Sensitivity of the package reliability to diagonal length and comparison of

model predictions with actual failure data
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Figure 5.4: Effect of substrate thickness on thermal fatigue reliability of CBGA packages

Substrate Ball Ball Diagonal | Experiment | MLR Sensitivity
Thickness Count | Diameter | Length Factor For
(mm) (mm) (mm) Substrate
Thickness
0.8 937 0.81 45.96 3754 3703
1 256 0.81 29.69 2561 2490 -582.87
2.65 256 0.81 29.69 819 767

Table 5.7 : Sensitivity of the package reliability to substrate thickness and comparison of

model predictions with actual failure data
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5.8.3 BALL COUNT

The effect of ball count on thermo-mechanical reliability has been shown in Figure
5.5. A trend of increase in the reliability with the increase in the ball count is visible,
which is also supported by the failure mechanics theory. With the increase in the ball
count the shear stress generated in the solder joints due to the thermal mismatch gets
distributed, thus reducing the stress in the individual joint and increasing the life of the
solder joint. Since this failure mechanics is only applicable in the case where the failure
mode is solder joint cracking, so the trend might be different for other failure modes such
as underfill delamination or copper trace cracking. CBGA packages with ball counts 256,
552 and 625 have been used to validate the effect of ball count on the thermo-mechanical
reliability predicted by the model. The characteristic life predicted by the model lies in
close proximity to the actual characteristic life from the experimental thermal cycling
test. The sensitivity factor indicates an increase in cycles to failure of CBGA package by

2 cycles for every additional solder ball.

5.84 CERAMICCTE

The CTE of the ceramic is found to have a direct relationship with thermo-
mechanical reliability of CBGA packages. The thermo-mechanical reliability of CBGA
packages increases with increase in CTE of the ceramic substrate which is inline with the
failure mechanics theory. Increasing the CTE of the ceramic substrate decreases the

difference in coefficients of thermal expansion between the substrate and the board there
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Figure 5.5: Effect of ball count on thermal fatigue reliability of CBGA packages

Ball Count | Diagonal | Ball Substrate | Experiment | MLR Sensitivity
Length | Dia Thickness Factor For
(mm) (mm) | (mm) Ball Count
256 29.69 0.81 2.9 819 761
552 35.35 0.81 1.65 2240 2258 1.6131
625 45.91 0.81 0.8 2654 2595

Table 5.8 : Sensitivity of the package reliability to ball count and comparison of model

predictions with actual failure data
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by reducing stresses induced due thermal mismatch. Since this failure mechanics is only
applicable in the case where the failure mode is solder joint cracking, so the trend might

be different for other failure modes such as underfill delamination or copper trace
cracking. Ceramic substrates with CTE of 6.8 PPM/°C and 12.3 PPM/°C have been used
to validate the effect of ceramic on the thermo-mechanical reliability predicted by the
model. A positive sensitivity factor indicates the characteristic life of CBGA packages
increases with increase in substrate CTE. Model predictions show good correlation with

experimental data.

5.85 SOLDER CTE

The solder joints of CBGA packages have a high lead solder ball with eutectic or lead
free solder fillets. The thermo-mechanical reliability of solder joints is found to depend
on the Coefficient of thermal expansion of the solder fillet. Solder joints with higher CTE
fillets are more flexible leading to reduced stress conditions thereby reducing the amount
of dissipated energy per cycle. Ceramic ball grid array packages with solder joint CTE of
17.6 PPM/°C and 25.5 PPM/°C have been used for demonstrating the effect of solder
CTE on thermo-mechanical reliability [Figure 5.7]. Sensitivity of thermo-mechanical
reliability on solder joint CTE have been determined using multiple linear regression
method. The sensitivity factor indicates that for every unit increase of solder joint CTE
keeping all other parameters constant the characteristic life of the CBGA package
increases by 125 cycles. A positive sensitivity indicates the characteristic life of CBGA
packages increases with increase in solder CTE. Model prediction shows good correlation

with experimental data.
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Figure 5.6: Effect of ceramic CTE on thermal fatigue reliability of CBGA packages

Ceramic CTE | Substrate | Ball Ball Experiment | MLR Sensitivity
(PPM/°C) Thickness | Dia Count Factor For
(mm) (mm) | (mm) Ceramic CTE
6.8 2.9 0.81 552 1503 1567
478.96
12.3 2.9 0.89 361 4063 4091

Table 5.9 : Sensitivity of the package reliability to ceramic CTE and comparison of model

predictions with actual failure data
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Figure 5.7: Effect of solder CTE on thermal fatigue reliability of CBGA packages

Solder CTE Ball Ball Substrate | Experiment | MLR Sensitivity
(PPM/°C) Dia Count | Thickness Factor For
(mm) (mm) Solder CTE
17.6 0.89 625 0.8 1408 1235
125.86
25.5 0.89 361 1.2 2561 2490

Table 5.10 : Sensitivity of the package reliability to Solder CTE and comparison of

model predictions with actual failure data
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5.8.6 SOLDER JOINT DIAMETER

The thermo-mechanical reliability of the CBGA devices is also influenced by the
solder joint or bump diameter. CBGA packages with bigger bump size usually give
higher reliability for the device. This trend is supported by the characteristic life plot for
the CBGA device for three different ball diameters. CBGA packages with larger bumps
have lower stress concentration and longer crack propagation path in the solder
interconnects, thus adding to the thermo-mechanical reliability of the device. This trend
has been demonstrated for CBGA packages with solder joint diameter of 0.5mm, 0.81mm
and 0.89mm. A positive sensitivity factor indicates the characteristic life of CBGA
packages increases with increase in bump size and all other parameters are remaining

constant. Model predictions show good correlation with experimental data.

5.8.7 UNDERFILL MODULUS

The elastic modulus of underfill material is found to have a positive sensitivity on
thermo-mechanical reliability of CBGA packages. The trend has been demonstrated for n
CBGA packages with no underfills and underfilled CBGA packages with underfill elastic
modulus of 2.6 Gpa and 5.6 Gpa. The main reason for this trend from thermo-mechanics
standpoint is that the underfill material provides a mechanical support and shares the
shear stresses generated in the solder joints due to the thermal mismatch between the chip
and the board. Also, the presence of underfill redistributes the displacement fields within
a joint thereby reducing the extreme local strains concentrations that occur in the joint.

Increasing the elastic modulus of the underfills makes it stiffer and hence share’s greater
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Figure 5.8: Effect of ball diameter on thermal fatigue reliability of CBGA packages

Ball Ball Substrate | Substrate | Experiment | MLR Sensitivity
Diameter Count | CTE Thickness Factor For
(mm) (mm) (mm) Ball Diameter
0.5 381 6.8 2.9 1944 1831

0.81 625 6.8 0.8 2293 2302 2594.6
0.89 361 6.8 1.2 2462 2493

Table 5.11 : Sensitivity of the package reliability to ball diameter and comparison of model

predictions with actual failure data
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Figure 5.9: Effect of underfill modulus on thermal fatigue reliability of CBGA packages

Underfill Ball | Ball Substrate | Experiment | MLR Sensitivity
Modulus Count | Diameter | Thickness Factor For
(Gpa) (mm) (mm) Underfill
Modulus
0 256 | 0.89 1.0 1320 1487
2.6 256 |0.81 1.0 2320 2507 547.33
5.6 256 |0.81 1.0 5420 4759

Table 5.12 : Sensitivity of the package reliability to underfill modulus and comparison of

model predictions with actual failure data
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part of shear loads caused by thermal mismatches reducing the inelastic strain sustained

by the solder thereby improving the thermo-mechanical reliability of solder joints.

5.8.8 UNDERFILL CTE

Coefficient of thermal expansion of the underfill material has an inverse
relationship on thermo-mechanical reliability of solder joint. The thermo-mechanical
reliability of CBGA packages decreases with increase in CTE of the underfill material,
which is inline with the failure mechanics theory. With increase in underfill CTE, the
underfill modulus decreases and the underfill becomes more flexible. This reduces the
shear load on the underfill thereby increasing the shear load on the solder joint causing
reduction in thermo-mechanical reliability of the joint. This trend has been demonstrated
for underfilled CBGA packages [Figure 5.9] with underfill CTE of 44PPM/°C and 75
PPM/°C. A positive sensitivity factor indicates the characteristic life of CBGA packages
increases with increase in bump size and all other parameters are remaining constant.

Model predictions show good correlation with experimental data.

5.8.9 PCB THICKNESS

Thermo-mechanical reliability of CBGA packages decreases with increase in
PCB thickness. This trend has been demonstrated for CBGA packages with PCB
thickness of 1.57 mm, 1.8mm and 2.8 mm. This trend is consistent from failure
mechanics point of view as increased PCB thickness leads to higher assembly stiffness,
which leads to increases stress levels in the interconnect. Sensitivity of thermo-
mechanical reliability on PCB thickness has been determined using multiple linear

regression method. The sensitivity factor indicates that for every unit increase of PCB
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Figure 5.10: Effect of underfill CTE on thermal fatigue reliability of CBGA packages

Underfill CTE | Ball Ball Substrate | Experiment | MLR Sensitivity
(PPM/°C) | Count | Dia | Thickness Factor For
(mm) | (mm) Underfill CTE
75 256 0.81 1.0 2320 2597
-19.697
44 256 0.81 1.0 5420 4759

Table 5.13: Sensitivity of the package reliability to underfill CTE and comparison of

model predictions with actual failure data
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Effect of PCB thickness on thermal fatigue reliability of CBGA packages

PCB Substrate | Ball Ball | Experiment MLR Sensitivity
Thickness Thickness | Count | Dia Factor For
(mm) (mm) (mm) PCB

Thickness
1.57 2.9 361 0.89 1511 1429

-245.4

1.8 0.8 625 0.89 1212 1234
2.8 2.9 625 0.89 1013 800

Table 5.14 : Sensitivity of the package reliability to PCB thickness and comparison of

model predictions with actual failure data
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thickness keeping all other parameters constant the characteristic life of the CBGA
package decreases by 245 cycles. Model predictions show good correlation with

experimental data.

5.8.10 DELTAT

The environment or testing condition the package is subjected to has a great
influence on thermo-mechanical reliability CBGA packages. The characteristic life of the
package decreases with the increase in the temperature range of the ATC. This trend has
been demonstrated for two different cycling conditions including 0 t0 100°C and -40 to
125°C. Temperature cycle magnitude has a negative sensitivity factor, indicated by
decrease in thermo-mechanical reliability with increase in temperature cycle magnitude.
Data presented includes coupled effects of other parameter variations such as, die size,
ball diameter, ball count and cycle time. The predicted values for characteristic life
calculated based multiple linear regression model match the experimental values from the
ATC test very accurately.

5.9 DESIGN GUIDELINES

The statistical models presented in this section have been used for providing
design guidelines for smart selection of CBGA technologies. The sensitivities from the
statistical models have been used to analyze the effect of various parameters on the solder
joint reliability of the flip chip packages.

e Solder joint reliability of CBGA packages decreases with increase in diagonal
length. This effect has been demonstrated on both high CTE and low CTE

ceramic substrates.
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Figure 5.12: Effect of Delta T on thermal fatigue reliability of CBGA packages

Delta T Ball Ball | Substrate | Experiment MLR Sensitivity
Count Dia | Thickness Factor For
(mm) (mm) DeltaT
256 0.81 1.0
100 2561 2490 -16.458
361 0.89 2.9
165 819 767

Table 5.15: Sensitivity of the package reliability to Delta T and comparison of model

predictions with actual failure data
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Thermo-mechanical reliability of CBGA packages increases with increase in
substrate thickness.

Ball count has a positive sensitivity on solder joint fatigue life. Increasing the ball
count increases the thermo-mechanical reliability of CBGA packages.

Increasing the CTE of the ceramic substrate increases the solder joint reliability of
CBGA packages.

Increasing the CTE of the solder joint fillet increases the solder joint reliability of
CBGA packages.

Thermo-mechanical reliability of CBGA packages increases with increase in
solder joint diameter.

Solder joint reliability increases with increase in elastic modulus of the underfill
and decrease in CTE of the underfill.

Thicker printed circuit boards are less reliable than thinner printed circuit boards.
Thermo-mechanical reliability of the solder joint in a CBGA package is inversely
proportional to the temperature differential through which the package under goes

thermal cycling.
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CHAPTER 6

STATISTICS BASED CLOSED FORM MODELS FOR CCGA PACKAGES

Ceramic column grid array (CCGA) packages are an extension of ceramic ball
grid array packages and use a column instead of a high melt ball to create higher standoff,
more flexible interconnection, and to achieve significant increase in reliability. [Figure
6.1, Figure 6.2 ].The broadening of application space of ceramic packages to be included
in the high volume market of personnel computer microprocessors [Master 1998],
telecommunication products [Lau et al 2004], workstations and avionic products has
necessitated the need for understanding the package design and assembly influence on
reliability. In this section, a reliability assessment numerical model that could take into
account the geometric details of a CCGA package, the material properties of the widely
used material and the operating conditions has been developed help in understanding the
influence of design and material parameters on thermo-mechanical reliability of CCGA
packages.

Multiple linear regression has been used for model building. Parameter interaction
effects, which are often ignored in closed form modeling, have been incorporated in this
work. In addition, categorical variables such as solder volume have been incorporated in
this model. Convergence of statistical models with experimental data has been

demonstrated using a single factor design of experiment study.
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Figure 6.1: Layered View of IBM CCGA Package

Figure 6.2: Column Grid Arrays of IBM CCGA Package
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6.1 DATA SET

The dataset used for model building has been accumulated from an extensive
CCGA accelerated test reliability database based on the harsh environment testing by the
researchers at the NSF Center for Advanced Vehicle Electronics (CAVE). This database
has also been supplemented with the various datasets published in the literature. Each
data point in the database is based on the characteristic life of a set of CCGA devices of a
given configuration tested under harsh thermal cycling or thermal shock conditions. The
model parameters are based on failure mechanics of CCGA assemblies subjected to
thermo-mechanical stresses.

The material properties and the geometric parameters investigated include
substrate length, substrate area, substrate thickness, die length, ball count, ball pitch,
solder type, solder ball height, solder ball volume, PCB surface finish, PCB thickness,
PCB pad diameter deltaT, ramp rate, and dwell time. The range of data collected in each

case is given by Table 6.1 .

6.2 MODEL INPUT SELECTION

All the predictor variables that are known to influence the characteristic life of
CCGA package have been selected from the data set. The best subset of variables for
model building has been selected based on the criteria of maximization of coefficient of
determination and adjusted R? at the cost of minimum variance and bias. Ball height was
found to be the most influential factor and a regression equation with characteristic life as

response and ball height alone as predictor variable was built. Substrate area was
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Parameter CCGA

Die Size 32mm to 42.5mm
Number of I/0 1024 to 1806
Ball Pitch Imm to 1.27mm
Ball Height 0.89mm to 2.2mm

Solder Composition

Sn63Pb37, 95.5Sn3.5A¢g1.0Cu,

Solder Volume

Low, Nominal, High

Substrate Thickness

0.8mm to 3.75mm

PCB thickness

1.5mm to 2.8mm

Thigh in ATC

100°C, 110°C, 125°C

Tlow In ATC

-55°C, 0°C

Table 6.1: Accelerated test database
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identified as the next most influential observation and a regression equation with
substrate area and ball height as predictor variables and characteristic life as response
variable was fit. Inclusion of substrate area increased the coefficient of determination
(R%) and reduced the residual errors and hence was retained in the model. Substrate
thickness, solder volume, DeltaT respectively were found to be the next most influential
variables and were added in steps and the criteria's for model selection were studied. The
variables satisfied the selection criteria and hence were retained. Ball pitch, ball diameter
and die length were identified as important variables, however the inclusion of these
variables did not increase the coefficient of determination significantly and hence were
dropped. Predictor variables from the super set were added in subsequent steps and their
effect on variable selection criteria was studied for decision making on variable addition.
The process was repeated by changing the first selected variable and subsequently adding
and dropping variables forming new subset of predictor variables. The subset that best
optimized the variable selection criteria was used for model building. The best subset of
input variables includes ball height, substrate thickness, substrate area, solder volume and

delta T.

6.3 MULTIPLE LINEAR REGRESSION

Multiple linear regression has been used for developing a relation between
characteristic life of CCGA package with its geometric details, material properties and
operating conditions. The best subset of variables obtained from stepwise methods has
been used as predictor variables and 63% characteristic life has been used as the response

variable. All predictor variables except solder volume have been input in continuous
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form. Solder volume with two levels, nominal and high has been input in binary form
using a binary variable, soldervolume. A zero state represents a case of nominal solder
volume and one state represents high solder volume. When soldervolume is input zero,
the term is knocked out of the equation and the prediction equation modifies itself for
nominal solder volume. When a one is input for soldervolume , the effect of high solder
volume is added to the equation. Since transition from nominal solder volume to low
solder volume does not create a significant increase in the characteristic life it has not
been included in the model building. MINITAB™ statistical software has been used for
model building. The multiple linear regression models are given by Table 6.2. The
prediction equation is given by Equation 6.1

63%CharacteristicLife = 6271.8 —1.247 X SubstrateArea — 352.79 X SubstrateThickness
+2790.6 X BallHeight — 814.9 X SolderVolume — 49.439 X DeltaT

Eq 6.1

6.4 HYPOTHESIS TESTING

Analysis of variance has been used for testing the overall adequacy of the model.
Small P value in the ANOVA table given by Table 6.3 shows the overall adequacy of the
model signifying, the presence of at least one variable that is contributing significantly
towards life prediction. Coefficient of determination, R*, which determine the percentage
of variation of the response variable explained by the predictor variables, has also been
used for assessing the overall adequacy of the prediction model. A coefficient of
determination value of 89% for the model suggests that the predictor variables together

account for 89% of variation in characteristic life. Since coefficient of determination is
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Predictors Coeff SE

(In ag, fk) (bk) Coeff T P-Value
Constant 6271.8 808.3 7.76 0.000
SubAreaSqMM -1.2479 0.3454 -3.61 0.001
SubThkMM -352.79 95.80 -3.68 0.001
BallHIMM 2790.6 301.7 9.25 0.000
SolderVolume -814.9 285.7 -2.85 0.007
DeltaT -49.439 3.558 -13.89 0.000

Table 6.2: Multiple linear regression model for characteristic life prediction of CCGA package.

Source D.F SS MS F P
Regression

6 131084172 | 21847362 55.05 0.000
Residual Error

42 16666954 | 396832
Total

48

Table 6.3: Analysis of variance of CCGA multiple linear regression model.
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dependent on number of predictor variable the Adj R’ parameter has also been studied.
An Adj R? of 88% reconfirms the overall adequacy of the model. Thus the model is
adequate for prediction purposes.

T tests on individual regression coefficients have been performed for determining
the statistical significance of each predictor variable for retaining in the model. The p-
value of a parameter in Table 6.2 indicates the statistical significance of that parameter
and the parameter with p-value less than 0.05 is considered to be statistically significant
and expected to have a significant effect on the reliability of the package, with confidence
level of more than 95.0%. All the predictor variables in Table 6.2 are statistically

significant with p-values in the neighborhood of 0 to 5%.

6.5 MODEL ADEQUACY CHECKING

Model appropriateness for application has been checked using any one or
combination of the several of the features of the model, such as linearity, normality,
variance which may be violated. Model residuals which measure deviation between data
and fit have been studied and plotted to check model appropriateness and violation of
assumptions. Residual plots studied include, the normal probability plot, histogram plot
of residuals, plot of residuals against fitted values, plot of residual against regressor and
plot of residual in time sequence (Figure 6.3). Departures from normality and the
resultant effect on t-statistic or f-statistic and confidence and prediction intervals have
been studied using normal probability plots. A straight line variation indicates a
cumulative normal distribution. Plots of residuals against fitted values and plots of

residuals against the regressors have been used to check for constant-variance. Existence
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Figure 6.3: Residual plots of CCGA multiple linear regression model.
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Substarte | Substrate | Ball Solder DeltaT
Area Thickness | Height Volume
Substrate
Area 1 0.33156 | 0.37405 -0.30384 | -0.01379
Substrate
Thickness 0.33156 1] -0.20341 0.04287 | -0.11346
Ball Height
0.37405 | -0.20341 1 -0.31305 | 0.08106
SolderVolume
-0.30384 0.04287 | -0.31305 1] -0.19267
DeltaT
-0.01379 | -0.11346 | 0.08106 -0.19267 1

Table 6.4: Pearson’s correlation matrix of CCGA predictor variables
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of residuals within the normal band indicates constant variance. Multi-collinearity has
been checked using Pearson’s correlation matrix (Table 6.4) and variance inflation factor
values. Absence of any large values in the Pearson’s correlation matrix shows absence of

any multi-collinearity problems.

6.6 MODEL CORRELATION WITH EXPERIMENTAL DATA

The predicted characteristic life of the statistical model have been compared with
the actual characteristic life using a single factor design of experiment study to asses the
prediction ability of the statistical models. 63% characteristic life has been used as
response variable and prediction method, used for obtaining the characteristic life, with,
experimental method and statistical method as its two levels, has been used as the factor
of study. The objective of the study is to analyze if the characteristic life predicted by
both the methods for any given test case is the same under 95% confidence level.

Analysis of variance has been used for testing the equality of mean predicted life.
The null hypothesis of the test is that the mean characteristic life prediction by all the
methods is the same. The alternate hypothesis is that, there is at least one method with
predicted characteristic life different from the others. The analysis was conducted using
commercially available statistical software MINITAB™. The equality of means has been
studied using the generalized linear model function. The characteristic life, which is used
as response variable contains values of predicted characteristic life obtained from both
statistical and experimental method. The prediction method which is used a model
variable, uses a binary variable to describe the type of method. A value of zero is

assigned for experimental method and a value of 1 is assigned for statistical method.
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Source DF SeqSS Adj SS Adj MS F Statistic | P value
Prediction |2 2420582 2420582 710291 1.10 1.000
Method

Error 96 278835298 | 278835298 | 2904534

Total 97 278835298

Table 6.5: Single factor analysis of variance
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High P values of ANOVA table [Table 6.5] shows a clear acceptance of the null
hypothesis. Thus it can be concluded that there is no significant difference in the
characteristic life predicted by the statistical models and experimental methods. Since the
factor has only two levels the ANOVA table in itself becomes a paired T test eliminating

the need for a separate T test.

6.7 MODEL VALIDATION

The statistical modeling methodology presented in this section has been validated
against the experimental accelerated test failure data. Statistical model predictions have
been done by using multiple linear regression models. Statistics based sensitivity factors
quantifying the effect of design, material, architecture, and environment parameters on
thermal fatigue reliability have been used to compute life. The sensitivity study can be
used in building confidence during trade-off studies by arriving at consistent results in
terms of reliability impact of changes in material, configuration and geometry using
different modeling approaches. The effect of various design parameters on the thermal
reliability of package have been presented in this section. The predictions from statistical

model have also been compared with the experimental statistical data.

6.7.1 SUBSTRATE AREA

The thermo-mechanical reliability of ceramic column grid array packages
decreases with increase in substrate area. Multiple linear regression models have been
used for evaluating the sensitivity of thermo-mechanical reliability to substrate area. The
cycles for 63.2% failure from the experimental data and multiple linear regression models

have been plotted against the die length of various devices. The predicted values from
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the prediction model follow the experimental values quite accurately and show the same
trend (Figure 6.4). This trend is also consistent from the failure mechanics standpoint, as
the solder joints with larger substrate area are subjected to much higher strains due to the
increased distance from the neutral point, thus having lower reliability.

Encapsulated CCGA packages with substrate area of 1024 Sqmm, 1764 Sgmm
and 1806Sgmm have been used for comparing the multiple linear regression model
predictions with the actual test failure data (Figure 6.4). All the three packages had high
lead solder joints of different ball pitch and substrate thickness and were subjected to
different air-to-air thermal cycles (ATC) including thermal cycle of —55°C to 125°C, and
0°C to 100°C. Thus, the model is being tested for its ability to predict both single and
coupled effects. A negative sensitivity has been computed for the effect of substrate area.
A negative sensitivity factor indicates that the characteristic life of a CCGA package

decreases when the die length increases and all the other parameters remaining constant.

6.7.2 SUBSTARTE THICKNESS

Substrate thickness has a great influence on the thermo-mechanical reliability of
CCGA packages. Increasing the thickness of the ceramic substrate decreases the thermo-
mechanical reliability of solder joints. This trend is also consistent from the failure
mechanics standpoint, as thicker substrates tend to be rigid increasing the overall
assembly stiffness thereby inducing great stresses on the solder joints. Ceramic column
grid array packages with substrate thickness of 0.8 mm, 2.9 mm and 3.75 mm have been
used for demonstrating this effect [Figure 6.5]. Sensitivity of thermo-mechanical

reliability on substrate thickness has been determined using multiple linear regression.
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Figure 6.4: Effect of substrate area on thermal fatigue reliability of CCGA packages

Substrate Substrate Ball Solder | Experiment | MLR Sensitivity
Area Thickness | Height | Volume Factor For
(mm) (mm) (mm) Substrate
Area
1024 2.9 2.21 Nominal | 5010 5194
-1.2479
1764 1.4 2.21 Nominal | 3874 3957
1806 3.75 2.21 Nominal | 3417 3761

Table 6.6: Sensitivity of the package reliability to Delta T and comparison of model

predictions with actual failure data
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Figure 6.5 Effect of substrate thickness on thermal fatigue reliability of CCGA packages

Substrate Substrate | Ball DeltaT | Experiment | MLR Sensitivity

Thickness Area Height Factor For

(mm) (Sqgmm) Substrate
Thickness

0.8 1056.25 | 2.21 100 6056 5894

2.9 1764 2.21 100 3874 3957 -352.79

3.75 1806 221 100 3185 3103

Table 6.7: Sensitivity of the package reliability to die length and comparison of model

predictions with actual failure data
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method. The sensitivity factor indicates that for every unit increase of substrate thickness
keeping all other parameters constant the characteristic life of the CCGA package
decreases by 352 cycles. The characteristic life predicted by the model lies in close

proximity to the actual characteristic life from the experimental thermal cycling test.

6.7.3 BALL HEIGHT

The height of the solder joint has direct influence on the thermo-mechanical
reliability of CCGA packages. The thermo-mechanical reliability increases with increase
in the solder joint height. This is supported by failure mechanics theory as, taller solder
joints have longer crack propagation length leading giving more time for the joint to fail.
This trend has been demonstrated for CCGA packages with ball heights of 0.89 mm, 1.27
mm and 2.21 mm [Figure 6.6]. Sensitivity of thermo-mechanical reliability on substrate
thickness has been determined using multiple linear regression method. The sensitivity
factor indicates that for every unit increase of solder ball height keeping all other
parameters constant the characteristic life of the CCGA package increases by 2790

cycles. Model predictions show good correlation with experimental data.

6.7.4 SOLDER VOLUME

The effect of solder joint volume on thermo-mechanical reliability has been
shown [Figure 6.7]. The decrease in the thermo-mechanical reliability of the device with
increase in the solder volume is demonstrated by both multiple linear regression model
and experimental data. This trend is supported by failure mechanics theory as increasing
the solder volume make the solder joint very stiff leading to higher stress conditions

resulting in higher hysteresis loops with more dissipated energy per cycle. Ceramic ball
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Figure 6.6: Effect of ball height on thermal fatigue reliability of CCGA packages

Ball Substrate | Substrate | Solder | Experiment | MLR Sensitivity
Height Area Thickness | Volume Factor For
(mm) (Sgmm) | (mm) Ball Height
0.89 1056.25 | 2.9 Nominal | 400 655

1.27 1056.25 | 2.9 Nominal | 1700 1715 2790.6
2.21 1764 1.4 Nominal | 4629 4747

Table 6.8: Sensitivity of the package reliability to ball height and comparison of model

predictions with actual failure data
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Figure 6.7:

Effect of solder volume on thermal fatigue reliability of CCGA packages

Solder Substrate | Substrate | Ball Experiment | MLR Sensitivity
Volume Area Thickness | Height Factor For
(Sgmm) | (mm) (mm) Solder
Volume
Nominal 1806 3.75 2.11 3447 3639
High 1806 3.75 2.11 3185 3103 814.9
Low 1806 3.75 2.11 3540 3671

Table 6.9: Sensitivity of the package reliability to solder volume and comparison of model

predictions with actual failure data
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grid array packages with nominal, low and high solder volumes have been for comparing
multiple linear regression model predictions with the actual test failure data. A negative
sensitivity factor indicates the characteristic life of CCGA package decreases with
increase in solder volume. Model predictions show good correlation with experimental

data.

6.7.5 DELTAT

The thermo-mechanical life of the CCGA devices, similar to other package
architectures, is a function of the environment or the testing condition to which it is
subjected. Magnitude of the temperature range experienced during the accelerated test is
an influential parameter. The characteristic life of the package decreases with the increase
in the temperature range of the ATC [Figure 6.8] . Temperature cycle magnitude has a
negative sensitivity factor, indicated by decrease in thermo-mechanical reliability with
increase in temperature cycle magnitude. Data presented includes coupled effects of
other parameter variations such as, die size, ball diameter, ball count and cycle time.
Sensitivity of thermo-mechanical reliability on DeltaT has been determined using
multiple linear regression method. The sensitivity factor indicates that for every unit
increase of DeltaT keeping all other parameters constant the characteristic life of the
CCGA package decreases by 49 cycles. The predicted values for characteristic life
calculated based on multiple linear regression model matches the experimental values

from the ATC test very accurately.
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Figure 6.8: Effect of DeltaT on thermal fatigue reliability of CCGA packages

DeltaT Substrate | Substrate | Ball Experiment | MLR Sensitivity
Area Thickness | Height Factor For
(mm) (mm) (mm) DeltaT

100 1806 3.75 2.11 3185 3103

165 1806 3.75 2.11 1139 1304 49439

180 1024 2.9 221 1060 1239

Table 6.10: Sensitivity of the package reliability to Delta T and comparison of model

predictions with actual failure data
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6.8  DESIGN GUIDELINES

The statistical models presented in this section have been used for providing
design guidelines for smart selection of CBGA technologies. The sensitivities from the
statistical models have been used to analyze the effect of various parameters on the solder

joint reliability of the flip chip packages.

e Solder joint reliability of CCGA packages decreases with increase in substrate
area.

e (CCGA packages with thinner ceramic substrate’s yield higher reliability than
CCGA packages with thicker ceramic substrates.

¢ Thermo-mechanical reliability of CCGA packages decreases with increase in
solder volume.

e Solder joint height has a positive sensitivity on solder joint reliability. Increasing
the height of the solder joint increases the solder joint reliability of CCGA
packages.

¢ Thermo-mechanical reliability of the solder joint in a CCGA package is inversely
proportional to the temperature differential through which the package under goes

thermal cycling
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CHAPTER 7

POWER LAW DEPENDENCY OF PREDICTOR VARIABLES

Power law relationship of predictor variables with 63 % characteristic life have
been developed for various area array packages including flip chip BGA, Flex BGA,
CBGA and CCGA packages. These power law relationships form the basis of reliability
models in determining the appropriate family of transformations for linearizing the
predictor variables for building robust multiple linear regression models that describe the
data more efficiently . The power law relationship also help determining the appropriate
transformation of predictor variables for coping with multi-collinearity, non normality
and hetro-skedasticity. The power law dependence of predictor variables have been
obtained using Box-Tidwell power law modelling and compared with traditional failure

mechanics values.

7.1 BOX TIDWELL POWER LAW MODELLING

Box-Tidwell power law model attempts to model the power law dependence
between predictor variable and a response variable. The relationship is expressed as an
equation that predicts a response variable from a function of predictor variables and
parameters. The parameter is adjusted so that residual sum of squares is minimized. The

prediction equation is of the form given by Equation 7.1

n

leson = aoH (fk )ﬁk Eq7.1

k=1
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Where, parameter tg3,9 on the left hand side of the equation represents the characteristic
life of three-parameter Weibull distribution for the flip-chip package when subjected to
accelerated thermo-mechanical stresses. The parameters on the right hand side of the
equation are the predictor variables or the various parameters that influence the reliability
of the package and the parameter Ay is the power law value obtained from box Tidwell
method.

The Box-Tidwell method has been used to identify a transformation from the
family of power transformations on predictor variables. Box, et. al. [1962] described an
analytical procedure for determining the form of the transformation on regressor
variables, so that the relation between the response and the transformed regressor
variables can be determined. Assume that the response variable t, is related to a power of

the regressor,

E(t):f(&’ Bo’ Bl):BO-i_Bl& Eq7.2
Where,
=% 0 Eq7.3
Inx, o=0

and B, . B1, o are unknown parameters. Suppose that o, is the initial guess of the constant
a. Usually the first guess isa, =1, so that§, = x* =x, or that no transformation at all is

applied in the first iteration. Expanding about the initial uses in Taylor series,

df £,B, —a ) [ PEEB,
B =1 & B+ (oo [ TERP -, @[ CTERS )j -
da g-:%? 2! do E;%?
Eq 7.4
(o—a,)’ [ I’FE B, B) .\ L@y d"f(&B,P)
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and ignoring terms of higher than first order gives,

df €,B,
E() =f(&,B,B)+(@—ay) (MJ
o,
=B, +B,x+(a—1) (—df(é’ BO’B)j Eq7.5
do i

Now if the terms in braces in Equation (B) were known, it could be treated as an
additional regressor variable, and it would be possible to estimate the parameters B, . B,
and o by method of least squares. This way the value necessary to linearize the regressor
variable can be determined.

This procedure has been carried out for all the four devices for each of its
predictor variable and the results are tabulated and compared with power law dependence
values obtained from failure mechanics method. The power law dependence values
obtained from Box-Tidwell method are found be very close to the power law dependence

values obtained from failure mechanics models.

7.2  POWER LAW DEPENDENCY OF FLIP CHIP PREDICTOR VARIABLES

The power law dependency of predictor variables of flip chip package have been
obtained using Box-Tidwell power law modeling. The predictor variables obtained from
model input selection method has been used for power law dependency studies. The
predictor and response variables are transformed using a natural log transformation and a
regression analysis using the transformed variables has been conducted in order to obtain

the initial guess value of alpha for each predictor variable. The predictor variables are
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then power transformed using their corresponding alpha value’s obtained from initial
guess and the residual sum of squares is obtained which is then fitted into Equation 7.5.
Equation 7.5 represents a multiple linear regression model and the parameters of the
equation including o and  have been obtained using method of least squares. The
predictor variables are again power transformed using the newly obtained alpha value and
the residual sum of squares is extracted. The residual sum of squares is again fitted into
Equation 7.5and the next alpha value is obtained using method of least squares. This
iteration is continued until the residual sum of squares is minimized. The procedure for
power law modeling has been coded in commercial statistical software SAS™.

Power law dependency of flip chip predictor variables is given by Table 7.1. The
table gives an alpha value of 2.08 for solder ball diameter which matches very closely
with failure mechanics value of 2.3. Also, alpha values of -2.55 for Delta T and 3.7 for
ball height match closely with failure mechanics values of 2.3 and 2.7 respectively.
Apart from magnitude the sensitivity trends of power law dependency values are found to
conform to experimental data and statistical models. Trends of positive sensitivity for
under cover area, solder ball diameter, underfill modulus and ball height and negative
sensitivity for die length, solder modulus, underfill CTE are very much inline with
experimental data and statistical model predictions. The power law dependency values
can be used for developing generalized linear model with appropriate distributions
corresponding to the power law dependency values of each predictor variables. Also, the
power law dependence values can be used for adding correcting terms for addition for
extra variables in the traditional failure mechanics model for more accurate reliability
prediction of flip chip packages
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Parameter Box- ( ),, m
Tidwell N INlAe Y =C , HP ﬁ(]jm
vV P N. =K YLHV —
N[%IW(WJ } =C ST av ) S
[Coffin-

[Norris Landzberg | Manson [Goldmann 1969]
1998] 1954]

Die Length -69.31

Undercover 34.625

Area

Solder -0.827

Modulus

Underfill CTE | -0.202

Solder 2.0827 4 2.3 5.44

Ball Dia

Ball Pitch -2.9369

Delta T -2.55 2 2.3 -2

Ball Height 3.741 2.7 2.3 2

Underfill 0.5009

Modulus

Table 7.1: Power law dependency of flip chip predictor variables
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7.3 POWER LAW DEPENDENCE OF CBGA PREDICTOR VARIABLES

The power law dependency of CBGA predictor variables with characteristic life is
given by Table 7.2. The variables for power law dependency have been selected from
model input selection. The power law relations have been obtained using Box-Tidwell
power law modeling in a manner similar to that of flip chip variables. The initial alpha
value for each variable has been obtained using a regression analysis on natural log
transformed data and the residual sum of squares have extracted. The residual sum of
squares is then substitutes in Equation 7.5 and the next alpha value is obtained. The
iteration has been continued until the residual sum of squares has been minimized.

The Box Tidwell method yields an alpha value of -2.147 which matches closely
with failure mechanics values of -2 and -2.3. The power dependency value of -1.209 for
diagonal length is also very close with failure mechanics value of -2. Also, the power law
dependence values of underfill CTE, underfill modulus and solder modulus match closely
for CBGA and Flip chip BGA. This gives scope for adding correction factors for the
inclusion of material properties in the traditional failure mechanics models which are
based more on geometric aspects of the package. The sensitivity trends of power law
values are found to be inline with sensitivity trends of statistical model and experimental
data. A trend of positive sensitivity for ball count, ball diameter, underfill modulus and
ceramic CTE and negative sensitivity for Delta T, PCB thickness, underfill CTE, solder
modulus, substarte thickness and diagonal length is in good conformance with sensitivity
trend of experimental data and statistical prediction model. Power law dependence values

show good correlation with failure mechanics values.
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74 POWER LAW DEPENDENCE OF CCGA PREDICTOR VARIABLES

The power law dependence value of CCGA predictor variable has been obtained
using Box-Tidwell power law modeling. The power law dependence of predictor
variables are given by Table 7.3. The power law dependence value of 2.4 for ball height
is found to match closely with failure mechanics values of 2.3. The power law
dependency values of -2.8 and -0.14 are found to match closely with failure mechanics
value of -2.3 and -.152 respectively. A trend of positive sensitivity for ball height and
solder diameter and negative sensitivity for substrate area, substrate thickness, solder
volume and delta T is inline with sensitivity trends of experimental data and statistical

prediction models.

7.5 POWER LAW DEPENDENCE OF Flex-BGA PREDICTOR VARIABLES

The power law dependency of Flex BGA predictor variables with characteristic life is
given by Table 7.4. The power law dependence values have been obtained in a manner
similar to that of Flip chip, CBGA and CCGA packages. The sensitivity trends of power
law values are found to be inline with sensitivity trends of statistical model and
experimental data. A trend of positive sensitivity for ball count, ball diameter and
encapsulant mold compound filler content and negative sensitivity for die to body ratio,
PCB thickness, delta T and board finish is well in conformance with sensitivity trend of
experimental data and statistical prediction models. The power law dependency values of
ball diameter and Delta T are roughly in the range of failure mechanics values however

not very close. However, values in correct sensitivity and rough range indicates
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convergence with failure mechanics can be achieved by expanding the data set and

increasing the number of iterations.
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Parameter Box- ( ),, s m
Tidwell Y INlAe V=cC , WP \B1Y!
frrtaif] 7 el
n°h
[Coffin-
[Norris Landzberg | Manson [Goldmann 1969]
1998] 1954]
Ball Count 0.2501
Delta T -2.147 -2 2.3 -2
PCB -0.255
Thickness
Ball 0.667 4 2.3 5.44
Diameter
Underfill -0.3172
CTE
Underfill 0.6498
Modulus
Solder CTE -0.571
Ceramic CTE | 0.93
Substrate -0.41
Thickness
Diagonal -1.029 2.3 -2 -2
Length

Table 7.2: Power law dependency of CBGA predictor variables
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Parameter Box- ( ) s m
Tidwell Y Inlae Y =C , h ﬂ(lj’"
Vo » N, =K,|T [Ir =
N[(Zrlel‘(W] J =C f T( f AV 5
[Coffin-
[Norris Landzberg | Manson [Goldmann 1969]
1998] 1954]
Substrate -0.61
Area
Substrate -0.22
Thk
Ball Height 2.4096 2.7 2.3 2
Delta T -2.862 -2 2.3 -2
Solder -0.1485 -0.152 -0.175
Volume
Solder Dia 0.3027 4 2.3 5.44

Table 7.3: Power law dependency of CCGA predictor variables

163




Parameter Box- o
Tidwell N[ J N(ae, ) =c ( I jﬁ(lj
arellvr( 2B =C 1)
[Coffin-

[Norris Landzberg | Manson [Goldmann 1969]
1998] 1954]

Die To Body | -1.739

Ratio

Ball Count 0.4162

Ball 0.9485 4 2.3 5.44

Diameter

PCB -0.5322

Thickness

Delta T -0.9454 -2 2.3 -2

EMC Filler 0.1913

ID

Board Finish | -0.0779

ID

Table 7.4: Power law dependency of Flex-BGA predictor variables
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CHAPTER 8

SUMMARY AND CONCLUSION

A perturbation modeling methodology based on multiple linear regression,
principal components regression and power law modeling has been presented in this
paper. The method provides an extremely cost effective and time effective solution for
doing trade-offs and the thermo-mechanical reliability assessment of various BGA
packages including Flex-BGA, CBGA, CCGA and Flip-chip BGA subjected to extreme
environments. This methodology also allows the user to understand the relative impact
of the various geometric parameters, material properties and thermal environment on the
thermo-mechanical reliability of the different configurations of BGA packages with
leaded as well as lead-free solder joints.

The model predictions from both statistics and failure mechanics based models
have been validated with the actual ATC test failure data. The convergence between
experimental results and the model predictions with higher order of accuracy than
achieved by any first order closed form models has been demonstrated, which develops
the confidence for the application of the models for comparing the reliability of the
different BGA packages for various parametric variations. The current approach allows
the user to analyze independent as well as coupled effects of the various parameters on

the package reliability under harsh environment. It is recommended to use these models
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for analyzing the relative influence of the parametric variations on the thermo-mechanical
reliability of the package instead of using them for absolute life calculations.

Power law relationship of predictor variables with 63 % characteristic life have
been developed for various area array packages including flip chip BGA, Flex BGA,
CBGA and CCGA packages. These power law relationships form the basis of reliability
models in determining the appropriate family of transformations for linearizing the
predictor variables for building robust multiple linear regression models that describe the
data more efficiently. The power law values show good conformance with failure
mechanics values for most of the variables. Convergence of power law values can best be
achieved by expanding the existing data set. Advanced power law models can then be
developed by transforming each predictor variable with its appropriate power law
transformation and then conducting a linear regression analysis. Such power law
transformed linear regression models can describe the data more efficiently and resulting
in better prediction models. Also, the power law lamda values can be used for adding
correction factors to existing first order failure mechanics models and building power law
based models.

Parameter interactions, their effect on reliability and model optimization can be
considered for an extension of this work. Parameter interaction effects can be studied
using factor plots and factorial study. If interaction between two variables is found to be
significant, an interaction term as a product of the original variables can be added to
existing model the effect of interaction can be studied. Polynomial regression models can
be used for model building as multiple linear regression can fail due to multi-collinearity

of original and interaction variable. Response surface methodologies can be used for
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visualizing the sensitivity of parameter to reliability and optimization of parameter for

maximizing the reliability.
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C-p
DeltaTDegC
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List of Symbols

Coefficient of thermal expansion

Displacement of chip relative to substrate

Relative thermal coefficient of chip to substrate

Exponent from plastic shear stress-shear strain relationship
Temperature cycle range

Ball grid array

Number of I/O on area array device.

Binary variable for board finish.

Ceramic Ball Grid Array

Ceramic Column Grid Array

Coefficient of thermal expansion of ceramic substrate in parts per
million per degree centigrade

Regression Coefficient

Mallows statistic for bias estimation

Temperature cycle range

Degrees of freedom
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DiagLenMM
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DieToBody
EMCFillerID
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Flex-BGA

H
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MaskDefID
NSMD
PBGA

P Value
PCB
PCBThkMM
Pitch MM

R

R-sq
R-sq(adj)
S

SE Coeff

Chip diagonal length in millimeter

Chip-length in millimeter

Ratio of Die Size to Body size

Binary variable for encapsulant mold compound filler content
(mean square of residual error) / (mean square of regression error)
Flex Ball Grid Array

height of the solder in millimeter

Distance from chip neutral point to interconnection in millimeter

Coffin Manson coefficient

Mean Square Error

Binary variable for solder mask definition
Non-solder mask defined

Plastic Ball Grid Array

Singinificance value of null hypothesis

Printed circuit board

Thickness of printed circuit board in millimeter
Area array device I/O in millimeter

radius of the cross section under consideration

Multiple coefficient of determination
R-sq adjusted for degrees of freedom
Standard deviation

Standard Error coefficient.

180



SMD
SolderDiaMM
SolderEGpa
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Solder Mask Defined.

Diameter of solder joint in millimeter
Solder joint elastic modulus in giga pascal
Volume of the solder joint

Error Sum of Squares

Thickness of substrate in millimeter
t-statistic of the coefficient

Underfilled area in Square Millimeter
Coefficient of thermal expansion of underfill in parts per million
per degree centigrade

Elastic modulus of underfill in giga pascal

volume of the solder

Characteristic life

Regression constant

Regression coefficient

Diagonal flexural stiffness of unconstrained non soldered corner

most solder joint
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