Investigation of the Impact of Material Models on Reliability Assessment of

Electronic Packages

By
Abel Misrak
Presented to the Faculty of the Graduate School of
The University of Texas at Arlington
in Partial Fulfillment of the Requirements

for the Degree of

DOCTOR OF PHILOSOPHY

THE UNIVERSITY OF TEXAS AT ARLINGTON

August 2020



Copyright © by Abel Misrak 2020

All Rights Reserved

A
I\

i



Acknowledgements

I would like to thank Prof. Dereje Agonafer for serving as chair of my dissertation committee and
for his guidance and mentorship during my graduate career. I would also like to thank my
dissertation committee members: Prof. A. Haji-Sheikh, Prof. Zeynep Celik-Butler, Dr. Miguel
Amaya, and Dr. Fahad Mirza for their time and valuable inputs. Some of the work presented in
this dissertation was completed as part of Semiconductor Research Corporation (SRC) funded
project with Texas Instruments and a collaboration with TDK InvenSense. I would like to
acknowledge the support of Dr. Luu Nugyen, Steven Kummerl, Dr. Alok Lohia from Texas
Instruments, and Dr. Fahad Mirza and Dr. Ben Gholami from TDK InvenSense. I would also like
to acknowledge the masters and PhD students at EMNSPC I had the chance to work with through
the years. Special thanks go to: Rabin Bhandari, Tushar Chauhan, Akshay Lakshminaraya, Unique
Rahangdale, Pavan Rajmane, and Raufur Chowdhury. I would also like to thank the staff in MAE
department for their help and support through the years. Last but not least, I would like to
acknowledge my mother, Misrak T. Taddese and my father, Misrak T. Limneih, whose

unwavering support and encouragement made it all possible.

August 2020

i1



Abstract

Investigation of the Impact of Material Models on Reliability Assessment of

Electronic Packages

Abel Misrak, PhD
The University of Texas at Arlington, 2020
Supervising Professor: Dereje Agonafer

Drop testing, thermal cycling, power cycling, etc. are some of the tests used to assess the reliability
of new electronic products. However, performing experimental study of every new design is costly
and time consuming. Computational tools are often employed to perform the required reliability
analysis in a shorter time period and save valuable resources. Extensive set of material
characterization work needs to be done before an accurate material model can be developed and
used in computational analysis. Structural components such as printed circuit boards (PCBs) are
critical in the thermomechanical reliability assessment of electronic packages. The bulk material
properties of PCBs are commonly characterized using equipment such as tensile testers and used
in computational studies. However, if a detailed layer by layer model is required for the study, it
is often difficult to obtain location dependent mechanical properties for a given woven glass/epoxy
substrate. In this work, nanoindentation technique is used to measure the modulus and creep
behavior for a specific layer in the PCB stack-up. Using measurements at room temperature, the
effects of surface roughness, hold time, and maximum load on measurement values are examined.
Moreover, frequency domain master curve results from dynamic mechanical analysis are used to
obtain Prony series terms and perform finite element analysis on the impact of adding viscoelastic

properties of PCBs when performing reliability analysis under thermal cycling and under drop
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testing for wafer level chip scale packages. Another important component of electronic packaging
that are presented here are thermal interface materials (TIMs). Most of the study in the literature
focuses on studying the changes in thermal properties, and there is a lack of understanding when
it comes to studying the mechanical behavior of TIMs. Degradation of mechanical properties is
the cause for the loss in thermal performance and is critical during TIM selection process.
Moreover, mechanical properties such as modulus and thermal expansion coefficient (CTE) are
critical to assess performance of TIMs using finite element analysis (FEA) and potentially save
time and money in the evaluation and selection process. In this work, commercially available TIMs
are studied using TMA, DMA, and FTIR to evaluate the changes in mechanical properties due to
thermal aging. In the last chapter of this work, the effect of parameters such as temperature curing
profile, application of pressure during curing, and sample preparation technique on temperature
dependent thermo-mechanical properties of die attach elastomers is investigated. The mechanical
properties, including elastic modulus (E), coefficient of thermal expansion (CTE), and the glass
transition temperature (Tg) of the die attach material, are measured using a suite of techniques
such as dynamic mechanical analysis (DMA) and thermomechanical analysis (TMA). The
analysis is performed for a wide temperature range corresponding to typical MEMS sensor
applications. It is shown that sample preparation and characterization techniques have a
considerable impact on the measurements which results in different MEMS sensor performance

predictions through computational modeling.
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Chapter 1

Introduction
In 1965, when Gordon Moore published an article titled Cramming more Components onto

Integrated Circuits and forecasted the increase in circuit density for the following decade, there
were roughly 32 transistors on a single chip. Since then, following Moore’s predictions, the
number of transistors on a single chip has increased exponentially to billions of transistors per chip
[1]. The shrinking transistor features along with improvements in interconnect technology have
enabled increased integration levels and made possible improvements in digital, memory, analog,
and other electronic applications [1]. This has revolutionized the electronics industry and led to
the proliferation of handheld devices such as phones and personal computers.

During the design cycle of such electronic products, significant amount of time and resources are
spent in optimizing the thermal and mechanical designs. Thermal designs are made to ensure that
the temperature of the devices will not exceed limits and degrade performance, while mechanical
designs are optimized in order to ensure the devices are reliable under loading conditions such as
drop testing and thermal cycling. During this design process, computational tools, such as finite
element analysis (FEA) or computational fluid dynamic (CFD) tools, are heavily used and are
integral parts of the process.

There are numerous factors that affect the accuracy of computational studies: representation of the
boundary conditions, mesh of the model, and accuracy of the material models used. Often, getting
detailed accurate material property data is time consuming and expensive. As a compromise
between computational time and accuracy, bulk material properties are often used for
computational studies. When we look at the thermomechanical analysis of electronic packages,
equipment such as tensile testers, thermo-mechanical analyzers (TMAs), Dynamic Mechanical
Analyzers (DMAs), etc. have often been used to obtain bulk material properties. However, it has

1



been shown that detailed material property characterizations can improve the accuracy of
computational studies for optimizing designs and predicting residual stresses due to manufacturing
processes [2] [3]. Moreover, roadmaps outlined by organizations such as The International
Technology Roadmap for Semiconductors (ITRS) have proposed heterogenous integration as the
future means of attaining enhanced functionality and improved operating characteristics [4]. When
using heterogeneous integration, components with different functions are manufactured separately
and heterogeneously integrated on a common platform resulting in higher functional density and
higher performance. When designing such systems, thermomechanical reliability assessment is
critical and obtaining accurate material properties is of paramount importance.

There is a need to understand the scale dependence of material characterizations, impact of
environmental conditions on mechanical properties, and impact of material model on
computational reliability assessments. In the work presented in the following chapters, the
following have been addressed: use of nanoindentation technique to obtain location dependent
material properties and creep behavior of PCB substrates, study of the thermomechanical
properties of thermal interface materials and their change due to thermal aging, and an alternative
approach of characterizing the viscoelastic properties of materials using frequency domain master
curve data obtained from dynamic mechanical analysis. As an example, Prony series terms
representing the viscoelastic material properties of PCBs are obtained from dynamic mechanical
analysis. The obtained Prony series terms are used to study the reliability assessment of Wafer
Level Chip Scale Packages (WCSPs) under thermal cycling and under drop testing loading
conditions. In the last chapter, the impact of material models on analysis results is further

investigated by studying the impact of material characterization techniques on the measurement



results for die attach elastomers. The major equipment used for the work presented in chapters 2 —

5 are given in the following sections.

Dynamic Mechanical Analyzer (DMA)

DMA uses a technique that measures kinetic properties of samples by measuring stress or strain
generated by oscillating strain or stress applied to samples [5]. Using different attachments
(bending or tensile), loss modulus (E'"), storage modulus (E'), and loss tangent (Tan §) can be
measured [6]. The major components of DMA are shown Figure 1-1. Output of DMA consists of
temperature dependent loss and storage moduli of materials at different frequencies. Relationship
between these properties and complex modulus (E™), whose magnitude is comparable to Young’s
modulus, is given by Equations (1-1) and (1-2). Relation of modulus values to Loss tangent is
given by Equation (1-3). Using the “time-temperature superposition”, the DMA results can be

expanded to a wider frequency range and a master curve can be obtained.
Force generator

Detector (LVDT)
Probe

Furnace \ ——— Thermocouple

Sample

Figure 1-1: Major components of Dynamic Mechanical Analyzer (DMA). [5]

E*=E' +E" (1-1)

|E*| — /EIZ _l_E//Z (1—2)



E" (1-3)
Tan § = —
an F

Thermomechanical Analyzer (TMA)

TMA is often used to characterize the thermomechanical properties of materials such as thermal
expansion coefficient (CTE) and glass transition temperature (Tg). TMA measures the
deformation of samples under non-oscillating stress. A small furnace is used to heat or cool
samples. The deformation of samples is measured by using linear variable differential transformer
(LVDT) [7]. The measurement results are used to compute the CTE and Tg of materials.
Depending on the sample dimensions and expected measurement results, a compression probe or
tensile attachment may be used. For both attachments, a negligible amount of load is applied on
samples to ensure there is proper contact between the samples and probe. For very thin and soft
samples, the TMA machine may also be used to measure the modulus of materials. However, in
this work, the TMA is used only for measuring the CTE of die attach materials. A schematic

diagram of a TMA is shown in Figure 1-2.

Force generator

e

Probe Detector (LVDT)

Sample cylinder
| Thermocouple

l Furnace

Sample

Figure 1-2: Major components of Thermomechanical Analyzer (TMA). [8]



Fourier-Transform Infrared Spectroscopy (FTIR)

The vibration spectroscopy is used to analyze molecular structures by examining the interaction
between infrared light and nuclear vibrations in molecules. Fourier Transform Infrared
Spectroscopy (FTIR) detects the molecular vibrations by measuring the absorption of infrared
light. This approach can be used to study organic and inorganic materials. However, metallic

materials cannot be studied using FTIR because of their strong reflective property.

The infrared source in FTIR produces light at different wavelengths. One of the mirrors is fixed
while the other is moved to measure an interferogram using a Michelson interferometer. The FTIR
receives the interferogram signals which are transmitted to or reflected from a sample. The
interferogram measured while scanning is Fourier transformed to yield a spectrum. Schematic of

the setup used for FTIR study is given in Figure 1-3 below.

IR Source \Collimaring Mirror

Detector Moving Mirror
| ® Beam splitter

Sample

Fixed Mirror

Figure 1-3: Schematic of the Michelson Interferometer used in the FTIR study.
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Chapter 2

Characterization of Mechanical Properties and Creep Behavior of
Woven Glass/Epoxy Substrates by Nanoindentation'

2.1 Abstract

Reliability is of a concern when designing new products. Extensive set of reliability tests are
performed before a product is ready to be shipped for use. Drop testing, thermal cycling, power
cycling, etc. are some of the tests used to assess the reliability of new electronic products. However,
performing experimental study of every new design is costly and time consuming. Computational
tools (such as finite element analysis software) are often employed to perform the required
reliability analysis in a shorter time period and save valuable resources. One of the challenges of
performing computational analysis is obtaining accurate material property data to be used for
building accurate models. Extensive set of material characterization work needs to be done before
an accurate model can be developed. For example, for a new printed circuit board (PCB), the bulk
properties are often characterized by equipment such as thermomechanical analyzer (TMA) and
tensile testing machines to obtain the bulk properties that can be used for the computational study.
However, if a detailed layer by layer model is required for the study, it is often difficult to obtain
location dependent mechanical properties for a given woven glass/epoxy substrate. In this paper,
the use of nanoindentation technique to measure the modulus and creep behavior for a specific
layer in the PCB stack-up is investigated. Using measurements at room temperature, the effect of

surface roughness, hold time, and maximum load on measurement values is examined.

! The work presented in this chapter has been published in the Journal of Microelectronic and Electronic Packaging. Included here with written
permission from IMAPS. Citation of the publication is given below:

Abel Misrak, Luu Nguyen, Steven Kummerl, and Dereje Agonafer (2018) Characterization of Mechanical Properties and Creep Behavior of Woven
Glass/Epoxy Substrates by Nanoindentation. Journal of Microelectronics and Electronic Packaging: April 2018, Vol. 15, No. 2, pp. 95-100.
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2.2 Introduction

Electronic products are designed to perform in a wide range of environmental conditions: hot, cold,
humid, dry, etc... In addition to the vast range of environmental conditions, the products are
designed to withstand accidental loads such as drops and vibrations during their life time. Different
standards, such as JEDEC, are devised to ensure the reliability of the electronic devices under such
conditions. Reliability tests, such as thermal cycling and thermal shock, are very time consuming.
In order to save time and money, commercially available computational tools are used to test for
reliability and accelerate the product development cycle. Moreover, computational tools have been
used to perform design optimization and improve the reliability of products [1]. One of the
challenges of using computational tools is obtaining accurate material properties and developing
accurate models. Components such as the solder ball and the PCB are highly non-linear and
different approaches are employed to accurately represent their material properties. Lumped
modeling approach, explicit approach, and electronic computer aided design (ECAD) approach

are the three widely used approaches for creating models for Printed Circuit Boards (PCBs).

Lumped approach models the PCB as a block and uses bulk properties obtained from tests such as
tensile testing, and dynamic mechanical analysis (DMA)/thermomechanical analysis (TMA) tests.
For explicit approach, individual layers of the PCB are modeled and properties are assigned
accordingly. The ECAD approach uses the files in the PCB design process to build a very accurate
model. Though the explicit and ECAD approaches are very accurate, they are computationally
expensive. Hence, the lumped approach is widely implemented. Though computationally
expensive, the use of layer by layer model of PCBs is an appealing approach. In the layer by layer
approach, orthotropic properties are assigned to PCB layers. Wang et al. have shown that a multi-

layered PCB model gives more accurate results when compared to simplified isotropic and



orthotropic models [2]. Including location dependent material properties of a PCB layer will
improve the model and help to capture location dependent properties. In this paper, the use of

nanoindentation to measure location dependent material properties is investigated.

Nanoindentation is a technique often employed to characterize mechanical behavior of materials
at small scales. The technique is often implemented to characterize the properties of films
micrometers thick and biological samples such as bone tissues [3][4]. One of the main advantages
of nanoindentation is that the hardness and modulus values of samples can be measured from the
indentation load and displacement data without having the need to image the hardness impressions
[2]. A typical data obtained from nanoindentation experiment shows the loading and unloading
curves from the measurement process as shown in Figure 2-1. The accuracy of the measurement
depends on how well the maximum load, maximum indentation, and contact stiffness (slope of the
initial phase of the unloading process) can be measured [4]. Advances in understanding of the
mechanics of elastic-plastic contact and use of improved testing equipment have shown
improvement in the accuracy of measurements since the techniques started being widely used in

the 90s [5].
Pinax]

Loading
Load, P ]

Unloading

l'lf hmax

Indentation depth, h

Figure 2-1: Loading and unloading curve from a Nanoindentation experiment.
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Nano-indentation has been widely implemented in various fields ranging from biology to material
science. Oyen et al. have used nanoindentation to study biological materials and biomimetic
hydrogels [6]. While Ender et al. have demonstrated that nanoindentation can be used to study
compliant and highly structured biological composite materials [7]. Nanoindentation has also been
widely used to study electronic materials. Liu et al. have used a Nanoindenter to study the hardness,
reduced modulus, and creep rate sensitivity and perform comparative study on different solder
alloys [8]. Nanoindentation has also been used to study the elastic-plastic properties of

intermetallic (IMC) layers [9][10].

In addition to hardness and modulus values, the nanoindentation technique has also been
implemented to characterize the viscoelastic properties of materials [3]. Wu et al. have investigated
the viscoelastic behavior of biological samples by keeping a constant load and measuring the
indentation depth [3]. Viscoelastic materials are materials that exhibit both viscous and elastic
behavior. Different rheological models are used to model viscoelastic materials by using a
combination of linear elastic springs and dashpots. Experimentally, the viscoelastic behavior is
characterized through stress relaxation and creep-recovery tests. Nanoindentation has been
previously used to characterize viscoelastic property through the creep test [3]. One of the
rheological models used to study the viscoelastic behavior of materials is the standard linear solid
model shown in Figure 2-2. In this model, the creep behavior for a step load is given by equation

2-1 below [3].

h?(t) = 2 Pycota (1 - v?) [+ Elz (1 — et/ 2-1)

Ey
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h(t) is indentation depth, P, is peak force, a is equivalent cone semi-angle (70.3° for Berkovich
indenter), v is Poisson’s ratio, E; and E, are moduli for the elastic elements in the standard linear

solid model, | is long-term creep viscosity, and 7 is the creep time constant given by E, /7.

E>
Eq oY
~AAAA —
1
g
mn

Figure 2-2: Standard linear solid model with two elastic and one viscous element.

For actual experimental conditions, a step load is hard to produce. As shown in Figure 2-1, a ramp
load is often used in nanoindentation tests. Oyen has shown that the initial loading rate does not
affect the time constant during the constant loading period, and the time constants can be accurately
determined even for tests with ramp load conditions [3] [11]. For data analysis purposes, equation

2-1 can be simplified as follows:
h2(t) = Ag + Ay (1 —e7U/7) (2-2)

Where A, and A; represent the constants:

Vs

Ay = ZP cota (1 — v2)= (2-3)
2 Eq

A, = ZP cota (1 — v2)— (2-4)
2 E,

At different stages of the manufacturing process, residual stresses and strain are formed.
Accurately characterizing the thermo-mechanical properties of the substrate is important to predict

the residual stresses and strain and design dimensionally stable boards [12]. Shrotriya et al. have

12



extensively studied the creep and relaxation behavior of woven glass and epoxy substrates using

dynamic mechanical analysis [12].

In this paper, the nanoindentation technique is used to measure the modulus and creep behavior of
woven glass/epoxy composite substrate. By applying a constant load and measuring the
indentation depth as a function of time, the viscoelastic properties of the substrate are characterized
using standard linear solid model. The effect of hold time on the results from the creep test are also

investigated.

2.3 Methods
2.3.1 Sample Preparation
A 134 mil board used for quad-flat no lead (QFN) packages was used for this experiment. After

studying the cross section of the board under optical microscope, the required FR4 layer was
exposed using a computer numerical control (CNC) machining tool. The exposed surface was
polished using 1um alumina suspension. The roughness of the surface was first measured using
non-contact atomic force microscopy (NC-AFM) before the nanoindentation tests. For all tests,
the sample was mounted on a metal disk as shown in Figure 2-5. Figure 2-3 and Figure 2-4 show

the intermediate steps in the preparation of the sample.

Figure 2-3: Sample prepared for cross-section imaging.
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Figure 2-4: Exposed substrate layers (right) and cross section image under optical microscope
(left).

Figure 2-5: Polished sample mounted on a metal the disk before test.
2.3.2 Experiment

Surface Roughness Measurement

To measure the roughness of the surface, a non-contact tip was used on Park XE 70 AFM. The
cantilever on which the tip is suspended vibrates near the surface of the sample where the near-
field forces is attractive. The resonance frequency and amplitude of the vibration changes due to
the tip-sample interaction. Using the oscillation amplitude as the feedback loop input, the
topography of the sample is mapped. Using the parameters given in Table 2-1, the surface
roughness was measured at five different locations on the exposed substrate, and the results were

averaged to obtain the average roughness of the surface.
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Table 2-1: Parameters used for surface roughness measurements.

Scan Rate 0.7 Hz

Z Servo Gain 6.16

Set Frequency 348.14 KHz

Amplitude 0.24 pm
X Scan Size Sum
Y Scan Size Sum

Nanoindentation

After the roughness of the surface was determined, a Hysitron Ubil Nanoindenter was used to
make indents on the sample using a 100 nm diameter Berkovich tip. Two sets of experiments were
carried out. For the first set of experiments, the indenter was advanced at a rate of 2.0 mN/s, held
at a constant load and unloaded at 2.0 mN/s. Different loads were applied, and the modulus and
hardness values were studied. For the second set of experiments, the load wad held constant for
60s at 9 mN, and the subsets of the data were analyzed to determine the effects of hold times on
the viscoelastic characterization of the material. The indenter was measured to have exhibited a
thermal drift of 0.21 nm/s. That was taken into consideration when studying the effect of hold
time.

2.3.3 Data Analysis

The standard linear solid model was used to study the effect of hold time on characterizing the
viscoelastic property the sample. The hold time is the duration for which the load was kept constant
once the maximum load was reached. A maximum load of 9 mN was held for 60 s at three locations

on the surface of the substrate. Using the indentation depth vs. hold time, a curve fit was performed
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to obtain the corresponding creep time constant. A Mathematica code, CurveFit [13], was used to
perform the fit. The parameter Ao was taken to be 0 since the indentation depth at t = 0 due to creep
is 0. To minimize the effect of thermal drift, only the indentation depth vs. time data for the first
30 s was used. A subset of the data, for hold times of 55, 10s, 155,20 s, 25 s, and 30 s were used
to study the effect of hold time in determining the characteristics time.
2.4 Results

Roughness measurements were done using NC-AFM at five different locations of the exposed
substrate layer of PCB. A zoom out image of the surface from an optical microscope is given in
Figure 2-6, while a contrast NC-AFM images of different regions of the surface are given in Figure
2-7.

Figure 2-8 to Figure 2-10 show representative plots from measurement and analysis.

Figure 2-6: An optical image of the exposed substrate layer of PCB.
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Figure 2-7: Enhanced contrast NC-AFM images of different regions on the exposed substrate
layer.

Table 2-2: Roughness measured using NC-AFM at five randomly selected regions of the
substrate.

Region 1 2 3 4 5 Average

Ra(nm) | 79.380 | 61.031 [ 95.905 | 37.718 | 36.653 | 62.137

17



10000
9000
8000
7000
6000
5000

Load{pN)

4000
3000
2000
1000

(=]

50 100 150 200 250 300 350 400 450
Depth(nm)

Figure 2-8: A representative load vs. indentation depth curve.
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Figure 2-9: A representative indentation depth vs. time for 60 s holding time.
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Table 2-3: Modulus and hardness measurements for 2 s hold time. Each indentation was made at
different location on the substrate surface.

Max | Indentation
Modulus | Hardness
Load Depth
(GPa) (GPa)

(UN) (nm)

2000.00 124.75 32.78 3.26

2000.00 92.13 49.31 5.50

4000.00 173.73 26.15 3.68

4000.00 180.35 25.70 4.32

Table 2-4: Modulus and hardness measurements for 60 s hold time. Each indentation was made
at different location on the substrate surface.

Max | Indentation
Modulus | Hardness
Load Depth
(Gpa) | (GPa)
(uN) (nm)

9000.00 319.29 40.00 2.83

9000.00 360.48 38.64 2.27

9000.00 | 249.51 45.87 4.39
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Table 2-5: Modulus and hardness measurements with same load but different hold times. Each
indentation was made at different location on the substrate surface.

Maximum | Indentation | Modulus | Hardness Hold

Load (uN) | Depth (nm) | (Gpa) (GPa) Time (s)
3000.00 218.94 31.39 1.83 2.0
3000.00 133.40 37.30 4.36 30.0
4000.00 180.35 25.70 4.32 2.0
4000.00 173.73 26.15 3.68 2.0
4000.00 268.91 26.67 1.69 10.0
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Figure 2-10: A representative creep data set and curve fit for the standard linear model with 15 s
hold time.
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Figure 2-11: Creep time constant (s) vs. hold times (s) for three sample measurements.

2.5 Discussion

Each of the indentations was performed at different locations on the substrate. In addition, the
maximum load and hold time for the measurements were varied to obtain the results presented in
Table 2-3, Table 2-4, and Table 2-5. From Table 2-4, it can be seen that for the same load (9mN)
and hold time (60s), the indentation depth varied by 44.5%, modulus value by 18.7%, and hardness
value by 93.4%. This shows that the mechanical properties of the substrate are location dependent,
and nanoindentation measurement captured the location to location variation of the mechanical
properties of the substrate. In Table 2-5, nanoindentation measurements were performed at
different locations with same load (3 mN and 4 mN) and different hold times. With a longer hold
time, we expect larger indentation depth due to creep behavior. However, for the two
measurements with 3 mN load, the indentation depth is smaller for the test with longer hold time.
This is contrary to what one expects and shows that the location-to-location variation of the

measurements is very strong.
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After measuring 5 random locations on the surface of the substrate, the average roughness was
determined to be 62.127 nm as shown in Table 2-2. Donnelly et. al. have shown that reducing the
surface roughness of a sample studied using nanoindentation minimizes the variability in the
measured material properties [ 14]. Specifically, they have shown that as the ratio of the indentation
depth to surface roughness is below 3:1, the variability in the measurements is increased
significantly [3]. From our measurements presented in Table 2-3, it is shown that a large load value
is required to have indentation depths greater than 3x the average surface roughness. Hence, a load

value of 9 mN was used for subsequent measurements.

To study creep behavior, three locations were selected on the surface of the substrate, and
nanoindentation tests were performed with a load of 9 mN and a hold time of 60 s. As mentioned
in the method section above, the nanoindentation measurements performed at room temperature
exhibited a thermal drift of 0.21 nm/s. In order to minimize the effect of thermal drift, the subset
of the data with up to 30 s of hold time was used. To obtain the time constants, the simplified
equation for the standard linear model (equation 2-2) was used. The fit results were independent
of the initial values used for the fit. As shown in Figure 2-11 the creep time constant is linearly
proportional with the hold time. This is in agreement to what was previously reported in literature.
Wu et al. has shown that the creep time constant is linear proportional to the hold time for
indentation measurements done with bone samples [1]. The location dependence of the creep

behavior is also evident from the three curves given in Figure 2-11.
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2.6 Summary

In summary, the nanoindentation technique was successfully implemented to characterize the
mechanical property of a substrate of a PCB. It was shown that a maximum load of more than 4
mN is required to have indentation depth more than 3x the average surface roughness of the
sample. The surface roughness, maximum load, hold time, and location on the substrate surface
were shown to be the main factors affecting the measurement values. Using the standard linear

solid model, it was also shown that the characteristic time is linear dependent to the hold time.

2.7 Nomenclature

h(t) : Indentation depth at time t

P, : Peak force

E : Modulus (Pa)

1 : Long-term creep viscosity (GPa s)
T : Creep time constant (s)

v : Poisson’s ratio

A, : Parameter used for curve fitting
A, : Parameter used for curve fitting
Prax : Maximum load

hs : Final indentation depth

Rmax * Maximum indentation depth

a : Equivalent cone semi-angle
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Chapter 3

Impact of Aging on Mechanical Properties of Thermally Conductive
Gap Fillers?

3.1 Abstract
Thermal interface materials (TIMs) are an important component in electronic packaging, and there
is a concerted effort to understand their reliability when used under various environmental load
conditions. Previous researchers have investigated gap fillers and other types of TIMs to
understand their performance degradation under loading conditions such as thermal cycling and
thermal aging. Most of the study in the literature focuses on studying the changes in thermal
properties, and there is a lack of understanding when it comes to studying the mechanical behavior
of TIMs. Degradation of mechanical properties is the cause for the loss in thermal performance
and is critical during TIM selection process. Moreover, mechanical properties such as modulus
and thermal expansion coefficient (CTE) are critical to assess performance of TIMs using finite
element analysis (FEA) and potentially save time and money in the evaluation and selection
process. Due to the very soft nature of TIMs, sample preparation is a challenging part of material
characterization. In this paper, commercially available TIMs are studied using testing methods
such as TMA, DMA, and FTIR. These methods are used to characterize the material properties
and study the changes in properties due to aging. In this work, the followings are presented: impact
of filler content on the mechanical properties, sample preparation method for curable TIM

materials with specified thicknesses, and impact of thermal aging on mechanical properties.

2 The work presented in this chapter has been published in ASME Journal of Electronic Packaging. Included here with written permission from
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3.2 Introduction
3.2.1 Background

Thermal Interface Materials (TIMs) are an important component of electronic packages
that are used to minimize contact resistance between mating parts. With the utilization of more
efficient thermal cooling options (e.g. liquid cooling solutions), a significant portion of the
temperature drop from the die to the ambient occurs across TIMs. Due to this, TIMs are the bottle
necks in the thermal design process and a wide range of research is currently being undertaken to
develop next generation TIMs. Chow et. al. have investigated electroplated copper nanowires as
Thermal Interface Materials [1]; Sun et. al. have proposed a novel nanocomposite thermal interface
material [2] ; while, Tong et. al. have investigated the use of carbon nanotube (CNT) arrays as
thermal interface materials [3]. More recently, cubic boron arsenide and boron phosphide crystals
have been used to develop high thermal conductivity thermal interface materials [4] [5]. Li et. al.
used chemical vapor transport technique to develop high thermal conductivity cubic boron
arsenide crystals that have thermal conductivity values closer to 1000 W/mK [4]. Zheng et. al.
studied cubic boron phosphide crystals and showed that thermal conductivity of close to 500
W/mK can be attained at room temperature [5]. Yuan et. al. studied vertically aligned carbon
nanotube arrays (VACNTSs) used to make light weighted TIMs with improved mechanical
properties [6]. Novel concepts such as metal nano-springs [7] and graphene aerogel [8] have also
been investigated by other researchers. These are exciting frontiers but are years away from being
widely used in the industry.

Without the use of TIMs, the actual contact area between two mating surfaces is reduced
by up to two orders of magnitude due to the microscopic surface roughness [9]. Air has a very low
thermal conductivity and will significantly increase the contact resistance between the mating

surfaces if no thermal interface material is used. According to Gwinn et. al., an ideal TIM would
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have the following characteristics: very high thermal conductivity, low thickness, deformable in
order to conform to rough surfaces (Figure 3-1), maintain performance indefinitely,
manufacturable, stay in place, and not toxic [10]. Unfortunately, an ideal TIM that satisfied all

these criteria has not been developed yet.

Pressure

'

Heat Sink

{1 Ideal TIM
é/
W

Electronic Package

Figure 3-1: Thermal interface with an ideal TIM [5]

Commercially available TIMs, though are not ideal, excel in some of the criteria and are
used in different applications. The major types of TIMs currently used in the industry can be
categorized to the following groups: greases, phase change materials (PCMs), elastomeric pads,
thermal conductive gap fillers, and epoxies [11] [12]. Most of these TIMs are manufactured by
adding high thermal conductivity fillers such as metals (e.g. silver) or ceramics (e.g. aluminum
nitride or boron nitride) to organic matrix such as silicone grease [13]. The mechanical compliance
due to the mechanical properties of the organic matrix and the higher thermal conductivity due to

the fillers is the desired property of such TIMs [13].

Thermal greases are one of the most extensively used types of TIMs in the industry [13].
Thermal greases are pastes made up of a silicone or hydrocarbon oil and highly thermal conductive
fillers [10]. Thermal greases excel at achieving high thermal conductivity with small contact
pressures [14]. The ease of rework also makes them ideal for many applications [13]. However,
their susceptibility to pump-out and dry-out put them at a great disadvantage [10]. The pump-out

is caused by the coefficients of thermal expansion (CTE) mismatch between the components that
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sandwich the thermal grease [15]. Dry-out of thermal greases happen due to the separation of the
fillers from the matrix due to thermal cycling [16] or high temperatures [17] [18]. On the other
hand, thermally conductive elastomer pads are another group of TIMs that are commonly used in
the industry. The elastomer pads are solids and can have very high thermal conductivity. However,
they require very high contact pressure in order to fill interstitial voids and reduce the contact
resistance [19]. Another group of TIMs, thermally conductive gap fillers, can fill interstices like
thermal greases but do not pump out as they cure in-place. Thermally conductive gap fillers are
elastomer pastes mixed with fillers that have high thermal conductivity [10]. They are applied in
paste form and cure in place conforming to mating surfaces without requiring very high contact
pressures. Despite their moderate thermal performance, thermally conductive gap fillers offer a
unique solution for cases where thermal greases are not applicable and there is a limitation on the
amount of pressure that can be applied on packages. Especially, such gap fillers are used as TIM

2 materials as shown in Figure 3-2 below.

TIMZ/

€«-—TM1
—
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Figure 3-2: TIM 1 and TIM 2 used in electronic packaging. TIM 1 is used between die and lid,
while TIM 2 is used between lid and heat sink.

The reliability of TIMs is assessed by comparing the End of Life (EOLife) performance to
the Beginning of Life (BOLife) performance [ 13]. The performance data needed for the assessment

is not usually available as the TIM sample is required to have undergone the entirety of its service
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life [13]. As Goel et. al. have highlighted, there is a big challenge in studying the degradation of
TIMs in use conditions [12]. Standard testing methods such as ASTM D5470 neglect the
topography of mating surfaces, loading mechanism, pressure, etc. and are unable to capture
thermo-mechanical impact on an application specific use conditions [12]. Hence, accelerated stress
tests are used to study the reliability of TIMs and represent the possible environmental load
conditions the TIMs may be exposed to [13]. Three of the most common stress test categories are:
high temperature storage test, temperature/power cycling tests, and temperature and humidity tests
[13]. Previous researchers have studied the reliability of different kinds of TIMs under the various
stress conditions. Okereke et. al. numerically studied effect of three-dimensional void morphology
on thermal resistance of solder TIMs and showed that the increase in thermal resistance stems from
cylindrical and spherical void shapes, distribution and polydispersity [20]. However, as Due et. al.
have pointed out, reliability testing of TIMs is not as mature as the reliability study of other
components such as solder joints [13]. This lack of literature information on the mechanical
properties of TIMs has been the focus of recent publications; for example, Subramanian et. al. has
recently published a paper that studied the challenges, such as the soft nature and low thicknesses
of samples, in performing mechanical characterization and performing reliability studies of

thermal interface materials [21].

High temperature storage test, also known as bake test, is an accelerated stress test that
represents the continuous high temperature conditions experienced by TIMs [22]. The thermal
resistance of TIMs was observed to have increased after high temperature storage tests [13].
Cracking due to the hardening of the bulk polymer through thermal aging has been attributed as
the cause for the increase in thermal resistance for siloxane-based TIMs [23]. For siloxane-based

TIMs, thermal degradation of ~15 — 50 % has been reported [23] [24] [25].
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Most of the commercially available thermally conductive gap fillers have a siloxane-based
matrix mixed with ceramic fillers such as Aluminum Oxide. Unlike siloxane-based thermal greases
or gels, these TIMs are in the solid state at BOLife. This presents us with an opportunity to
characterize the mechanical properties at BOLife and EOLife, and further understand the causes
for increased thermal resistance after thermal aging. In this paper, a repeatable sample preparation
method is used to perform material characterization of TIMs using Dynamic Mechanical Analyzer
(DMA) and Thermo-mechanical Analyzer (TMA). These methodologies are used to study the
impact of filler content and aging on the modulus and CTE values. Fourier Infrared Spectroscopy
(FTIR) is also used to study the impact of aging on the samples. The goal of this paper is to study
the changes in mechanical properties to understand and assess reliability of thermal interface
materials. Understanding the changes in mechanical properties will allow researchers to assess the
mechanical behavior of the materials and potentially run computational studies to understand
phenomenon such as cracks and delamination. The paper is organized as follows: experimental
procedures are discussed in section 2; results are given in section 3, while discussion and

conclusions are given in section 4 and 5 respectively.

3.2 Materials and Methods

3.2.1 Sample Preparation

For this study, two commercially available thermally conductive gap fillers were used.
They will be referred to as TIM A and TIM B throughout this paper. TIM A has thermal
conductivity of ~4 W/m-K, while TIM B has thermal conductivity of ~ 6 W/m-K. Both TIMs are
silicone-based materials, and the difference in property is understood to be due to the change in

filler content. The assembly shown in Figure 3-3 below was used to prepare samples with uniform

thickness.
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Figure 3-3: Schematic of assembly used to prepare samples.

The TIM was sandwiched between two aluminum plates. 1 mm spacers made of boards
were used at the 4 corners of the assembly to maintain uniform thickness. After dispensing the
TIMs and applying a uniform load, samples were kept at room temperature (25 °C) for 24 hours
to cure. After samples were cured, the load and the top plate were removed. Figure 3-4 shows
cured samples for TIM A and TIM B after top plate is removed. Removing the top plate without

damaging the samples was a challenging part of the sample preparation.

Figure 3-4: Cured samples after removing the top plate.

Authors faced lot of difficulties while separating top plate from the assembly. Figure 3-5
shows wasted samples after removal of top plates. One of the main lessons learnt during the
process was that when preparing samples, one need to make sure that the plates used for sample

preparation do not have very large surface area. This is because when using larger plates, the
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adhesion between the TIMs and plate will be very strong and make it difficult to remove the top
plate. The successfully prepared samples were made on rectangular plates which had relatively
smaller surface area. Careful inspection is also required to make sure the samples used for testing

do not have defects.

Figure 3-5: Wasted samples.

Samples for DMA tests were prepared by cutting the cured samples shown in Figure 3-4.

As shown in Figure 3-6, 35 - 40 mm by 10 mm samples were prepared for DMA testing.

Figure 3-6: Sample used for DMA measurement.

To study the impact of thermal aging on the mechanical properties of TIMs, half of the
samples from each set were placed in an environmental chamber for high temperature aging at
125°C (JESD22-A103, Condition A) for 720 hrs. The remaining samples were tested to obtain pre-

aging measurements.
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3.2.2 Experimental Procedure

Thermomechanical Analysis

Samples used for TMA testing were rectangular with typical length of 7 mm, width of 7
mm, and 1 mm thickness. The width and length are chosen to maintain minimum of 1 mm margin
between sample edge and probe to achieve uniform and even contact between probe and top
surface of sample. Visual inspection was performed while selecting the test samples for
voids and defects. Stainless steel blade was used to cut the samples.

To make sure TMA probe tip is free of TIM residuals, probe tip was cleaned with ethanol
between each experiment. Sanity check was performed by measuring CTE of Aluminum from 25
°C to 180 °C and comparing results with those found in the literature.

For measuring CTE, zero or negligible force is applied on samples to measure
expansion/compression with respect to change in temperature. For measuring CTE of aluminum,
a load of 100 mN is applied to ensure proper contact between sample and probe. As the TIM
samples were significantly softer than Aluminum, set of experiments were carried out to determine
the proper loading conditions. Measurements were performed with loads ranging from 1 mN to
100 mN. 100 mN was strong and deformed the sample. 1 mN was too low and proper contact was
not maintained between probe tip and sample surface. 10 mN loading proved optimum for

maintaining proper contact between TMA probe tip and sample without causing deformation.

Figure 3-3: TIM placed on stage for TMA testing.
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Temperature range of -40 °C to 150 °C was selected for comparing CTE values of the two
TIMs. For TMA tests done to study the impact of aging on mechanical properties, a temperature
range of 25 °C to 150 °C was selected.

Isothermal hold was applied at the initial temperature to ensure the sample temperature was
at the desired value. A stability criterion of having temperature fluctuation within +2 °C of the
initial temperature was used before the start of the test. Isothermal hold also allowed samples to
recover the effect of 50 mN load that was applied for 30 — 50 seconds during sample length
measurements. Sample dimensions were measured with digital caliper that has an
accuracy of 0.02 mm. Thickness of samples was measured by TMA with an accuracy of 0.05
mm. Samples were placed on the sample holder tube as shown in Figure 3-3, and the experiment
was performed for the specified temperature range with a ramp rate of 2 °C/min. Due to the small
size of samples and good conductivity of the materials, the materials responded well to the
temperature changes in the furnace. There was some lag between oven and sample temperatures.
This was mitigated by having a lower ramp rate (compared to 10 °C/min used in literature) and by
holding at the end temperature for extra minutes.

Dynamic Mechanical Analysis

Samples used for DMA tests had a length of ~35 - 40 mm, width of 7 mm, and 1 mm
thickness. Visual inspection was performed to remove samples with voids and
defects. Recommended settings (Table 3-1) for soft materials were used for testing the TIMs in
the tensile mode. The experiment was performed for 0.5, 1, 2, 5 and 10 Hz. The behavior of
viscoelastic materials is temperature and frequency dependent, and the five frequencies selected
are those commonly used in the industry. To compare the property of pre-aging and post-aging

samples, measurements for 1 Hz were used. Temperature range of -40 °C to 150 °C was used for
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the measurements. Sample dimensions were measured using digital caliper which has an accuracy
of 0.02 mm. Samples were assumed to have uniform cross section area. Figure 3-4 shows samples

mounted for testing.

Table 3-1: Settings used for DMA testing in tensile mode.

Parameters Value

Minimum tension/ compression force 50 mN
Tension/ compression force gain 1.2

Force amplitude 50 mN

Figure 3-4: TIM attached for DMA testing.
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Fourier-Transformed Infrared Spectroscopy (FTIR)

For absorbance measurements, the following parameters were selected: 32 scans,
resolution of 4 cm™', and range of 4000 — 600 cm™'. After collecting the background, a small sample

with dimensions of 1 mm by 1 mm was prepared and placed for measurement as shown in Figure

3-5.

Figure 3-5: Sample placed in FTIR for measurement.

3.3 Results

For each TIM, at least four samples were tested, and the averaged DMA results are used
for comparison purposes. Figure 3-6 shows a comparison of storage and loss modulus for TIM A
and B before thermal aging. Figure 3-17 shows a comparison of storage and loss modulus for TIM
A and B after high temperature aging. For both figures, results are normalized to the measured

values of TIM B at the start temperature.
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Figure 3-6: Pre-aging DMA measurements. Comparison between TIM A and B shown for

storage modulus (top), loss modulus (bottom).
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Figure 3-17: Post-aging DMA measurements. Comparison between TIM A and B shown for
storage modulus (top), loss modulus (bottom).

Equation (3-2) was used to compute the complex Modulus, and Figure 3-8 shows a
comparison between the computed complex Modulus values for pre-aging and post-aging samples.

For both figures, results are normalized to the post aging values at the initial temperature.
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Figure 3-8: Complex modulus comparison between pre aging and post aging samples for TIM A
(top), TIM B (bottom).

For the range of wavenumber tested, 4000 — 600 cm™!, a representative FTIR result is given
in Figure 3-9. Table 3-2 shows the main peaks identified for the given range. A comparison was

also made between measurements taken before and after high temperature aging. Results are given

in Figure 3-10.
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Absorbance

2961.9

1500 1000 500

Figure 3-9: FTIR result showing major peaks. All the TIMs studied as part of this work exhibited
the same peaks. A representative result for TIM A is shown above.

Table 3-2: Major Peaks identified from FTIR results [28] [29].

Peaks Wavenumber (cm™) Possible Group
1 2961.9 v —(CH3)
2 1259.5 Si— (CHs)2
3 1087.4 Si—-0O
4 1017.5 Si-O
5 794.3 Si-C

Figure 3-11 and Figure 3-12 show results obtained from TMA experiments. Figure 3-11

shows the relative length comparison between TIM A and B samples before high temperature

aging. Figure 3-12 shows a relative length comparison between the pre aging and post aging

measurements for the two TIMs.
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Figure 3-10: FTIR comparison between pre aged and post aged samples for TIM B.
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Figure 3-11: TMA result comparison between TIM A and TIM B before high temperature aging.
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3.4 Discussion

In section 3.3, Figure 3-6 to Figure 3-8 show results from DMA measurements for TIM A
and TIM B. Each plot is an average of at least four measurements. TIM A results showed an
average of 20 % standard deviation, while TIM B showed an average of 13% standard deviation.
TIM B which had better thermal performance, i.e. higher filler content, had lower standard
deviation because it is stiffer and is easier to mount for measurements. Possible causes for the large
deviations for both tests are: sample to sample variation due to void content, slight variation in
width of samples, and the difference in clamping force used to attach the samples. Due to the soft
nature of both TIM materials, there was a challenge in attaching samples to the tensile attachment
shown in Figure 3-4, especially for TIM A. The screws were tightened until there was enough
pressure to keep the samples in place during the measurements. However, there were instances
where some samples broke due to the force concentration at the clamps. At the start temperature,
an isothermal hold was applied until the sample and chamber temperatures reached equilibrium.
This significantly increased the test time, and each DMA experiment took about 3 hours to
complete. The above presented data shows that the glass transition temperature of the TIM
materials lies outside the temperature range used for testing (-40 °C — 150 °C). For all samples
tested with DMA, no peak was observed for the loss modulus in the given temperature range. For
few DMA measurements performed with starting temperature below -40 °C, it was observed that
the samples were significantly stiffer, and the tension/compression force and force amplitude had
to be changed from the values shown in Table 3-1. Hence, we can conclude that the glass transition
temperature (Tg) is below -40 °C. From literature, the glass transition temperature for polymer
based TIMs is expected be below -80 °C [21].The complex modulus, which is comparable to
Young’s modulus, value of the two studied TIMs is measured to be orders of magnitudes lower

than other components in the stack-up of electronic packages.
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As both TIM A and TIM B are silicone based TIMs, the performance enhancement is
understood to be due to the higher concentration of high thermal conductivity fillers such as
alumina which have higher Modulus when compared to the silicone matrix. The TIMs with higher
filler content are generally expected to have higher modulus values. As shown in Figure 3-6 and
Figure 3-17, TIM B showed higher modulus values for most cases. The results of TIM A before

aging are somewhat unique and are discussed in the following paragraph.

Previous works on siloxane based TIMs have shown that increased thermal resistance was
observed after thermal aging [13]. The hardening of the bulk polymer which leads to cracking was
discussed as a possible reason for the performance degradation. The results shown in Figure 3-8
validate this argument by showing that the hardening of the polymer after high temperature aging
is evident from the increase in the measured modulus values. TIM A showed a significant increase
in the complex modulus values after thermal aging, especially at lower temperatures. The
normalized average complex modulus for TIM B is shown to have increased after thermal aging
for the entire temperature range. On the other hand, aged TIM A samples showed higher average
modulus values at lower temperatures and lower modulus values at higher temperatures. This
behavior was observed consistently for all samples tested. These aging effects can be explained by
the fact that aging leads to increased specific volume and reduced molecular mobility which has

significant impact on mechanical properties such as Modulus [30].

A typical FTIR result for the TIMs is shown in Figure 3-9. From the figure, five main peaks
were identified in the measurement ranges of 4000 — 600 cm™' and listed in Table 3-2. The five
identified peaks are shown to be of silicon functional groups. The measurements also showed
identical peaks for the two different TIMs studied. This is because this measurement was done

only for a relatively small wavenumber range and the remaining compositions of the TIMs did not
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have a signature peak for the given range. Moreover, Figure 3-10 shows that all the peaks have
decreased in magnitude after aging. FTIR detects molecular vibrations by measuring the
absorption of infrared light, and the reduced molecular mobility due to aging may have contributed

to the decrease in peak magnitudes.

Figure 3-11 shows TMA results for the temperature range of -40 °C — 145 °C. For this
temperature range, TIM A had a total thermal expansion of ~2.9 % and TIM B had a total thermal
expansion of 1.2 %. Both CTE values are significantly higher when compared to other components
in the electronic packaging stack up. Moreover, the TIM with higher filler content is shown to
have lower CTE value. This agrees with what has been reported in the literature before.
Subramanian et. al. have shown that among the three polymer based TIMs (PTIMs) they studied,
the lowest CTE value was observed for the PTIM with the highest filler loading [21]. From Figure
3-12, the mean CTE values for both TIM A and TIM B decreased after aging. This is because
aging increases the mass density of the polymer materials, and this leads to a decrease in molecular
motion resulting in lower CTE [31]. Similar to the observations from DMA results, the softer TIM,
TIM B, showed larger standard deviations. Sample to sample variation, ambient noise, accuracy
during length measurements, and the force applied during the measurements contributed to the

larger standard deviations.
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3.4 Conclusions

In conclusion, the thermomechanical properties of two thermally conductive gap fillers
were studied using DMA, TMA, and FTIR. After the samples were prepared, half of them were
tested for pre-aging measurement values, while the rest were placed in an environmental chamber
for 720 hours at 125 °C and were tested afterwards. Multiple samples were tested to obtain average
values and standard deviations. The complex modulus of aged samples is shown to have increased
when compared to measurements of pre aged samples. Among the two samples studied, the TIM
with higher thermal performance (higher filler content) is shown to have higher modulus values.
TMA results showed that the samples with lower filler content had higher CTE, and that high
temperature aging reduced the CTE of both TIMs studied. The FTIR technique was used to identify
the functional groups present in the sample and detect changes after high temperature aging. The
sample preparation technique leveraged for this study can be used to prepare samples that match
the thicknesses used in various applications. In this paper, it is shown that the changes in
mechanical properties can be used to understand and assess reliability of thermal interface
materials. There is a lack of work in the literature on the mechanical testing of TIMs, and this work
may be used as a guide on the preparation and testing of samples for evaluation of mechanical
properties. Moreover, the CTE and modulus values measured using the techniques discussed in
this paper may be used to perform FEA and evaluate the reliability of TIMs under different loading

conditions.
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Chapter 4

Viscoelastic Influence on the Board Level Reliability Assessment of
Wafer Level Packages Under Drop Impact and Under Thermal Cycling

4.1 Abstract

Obtaining accurate material properties is critical for running successful computational studies.
Extensive amount of time and effort is spent in obtaining accurate material properties for
individual components or bulk properties depending on the system studied and the level of detail
required. Structural components such as printed circuit boards (PCBs) are critical in the
thermomechanical reliability assessment of electronic packages. Previous studies have shown that
geometric parameters such as thickness and mechanical properties like Modulus of PCBs have
direct influence on the reliability of electronic packages. The bulk elastic material properties of
PCBs are commonly characterized using equipment such as tensile testers and used in
computational studies. However, in certain applications viscoelastic material properties are
important. Viscoelastic influence on materials is evident when one exceeds the glass transition
temperature of materials. Operating conditions or manufacturing conditions such as lamination
and soldering may expose components to temperatures that exceed the glass transition
temperatures. Knowing the viscoelastic behavior of the different components of electronic
packages is important in order to perform accurate reliability assessment and also design
components such as printed circuit boards (PCBs) that will remain dimensionally stable after the
manufacturing process. Previous researchers have used creep and stress relaxation test data to
obtain the Prony series terms that represent the viscoelastic behavior and perform analysis. Others
have used dynamic mechanical analysis in order to obtain time domain master curves that were

used to obtain Prony series terms. In this paper, frequency domain master curve results from
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dynamic mechanical analysis are used to obtain Prony series terms and perform finite element
analysis on the impact of adding viscoelastic properties when performing reliability assessment.
The computational study results were used to perform comparative assessment to understand the
impact of including viscoelastic behavior in reliability analysis under thermal cycling and under
drop testing for wafer level chip scale packages.
4.2 Introduction

Maximizing reliability and the operating life is one of the main goals when designing electronic
system [1]. Reliability is defined as “the statistical probability that a device or system will operate
without failure for a specified period” [1]. Reliability of electronic systems is impacted by various
environmental loads including thermal and mechanical loads. From an earlier study conducted by
US navy, the failure rate of electronic equipment was observed to have increased by eight-fold
when deliberately exposed to temperature cycling of more than 20 °C [2]. Increasing the operating
temperature also have a negative impact on reliability. According to Yeh et. al., a 2°C increase in
operating temperature reduces the reliability of silicon chips by 10 % [1]. For these reasons, there
is a heavy focus on performing extensive reliability studies before equipment are shipped to

customers.

The reliability of products is often described with the use of “bathtub” diagram like the one
shown in Figure 4-1. High infant mortalities are observed due to bad product quality. Burn-in and
run-in tests are often employed to catch early failures before products are shipped out. Failure rates
due to wear out are reduced through improved designs, and guidelines such as IPC-D-279 (Design
guidelines for Reliable Surface Mount Technology Printed Board Assemblies) are established to
help designers [3]. Depending on the application, electronic components will be exposed to

mechanical shock, mechanical vibration, temperature cycling, or high humidity environments. The

55



reliability of electronic assembly is determined by use conditions, the design life, and acceptable
failure probability rates [3]. For example, a failure risk of < 0.1 % may be acceptable for

computers, but a failure risk of <0.001% is needed for commercial aircraft applications [4].

Infant Intrinsic Wear Qut
mortality Failure

F(t)

Time
Figure 4-1: Bathtub curve showing failure rate as a function of time.

Thermal cycling and drop testing are two of the most common environmental loading conditions
used to assess reliability of electronic equipment. Consumer products such as cell phones and
cameras are susceptible to be dropped due to their size and weight [5]. The input acceleration
from dropping results in mechanical failure on components such as housing and electrical failures
due to cracking of printed circuit boards (PCBs) and solder interconnections [5]. On the other hand,
the temperature swing experienced by various electronic products may range from 60 °C for
consumer products, to more than 140 °C for electronics in automotive used under the hood of cars
[4]. The temperature swings combined with the mismatch of CTE of the different materials used
for packaging, subject critical components such as solder joints to stress and strain, eventually

leading to failure [6].
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In addition to providing electrical connections, solder joints are usually the sole mechanical
attachment of electronic components to PCBs [3]. As such, one of the major reliability concerns
in microelectronic packaging is the integrity of solder interconnections [7]. Solders are
inhomogeneous structures, and their grain structure is inherently unstable [3]. Micro-voids start
forming at the grain boundary ~25 % of the fatigue life, eventually coalescing to macro-cracks and
leading to total fractures causing electrical failures [3]. Experimental tests and numerical

techniques are used to study the thermo-mechanical reliability of solders and other components.

Experimental tests are often expensive and time consuming. To save cost, advanced finite
element analysis is often performed during the design and development phases to maximize
reliability of products [7]. Finite element analysis is also performed to predict field use limits and
analyze field failures [6]. Using numerical techniques requires the use of life prediction
methodologies that are based on the different damage mechanisms observed in the field [7].
Numerous solder joint fatigue life prediction models such as Yamada [8], Engelmaier [9], Syed
[10], Darveaux [11], can be found in the literature [7]. These different approaches can be grouped
into four main categories: strain-based approach, energy-based approach, fracture mechanics-
based approach, and evolution-based approach [12]. Darveaux’s energy-based fatigue life
prediction model has been widely used in the literature to predict the life of Pb-Sn solders [6].
Widely used fatigue life prediction model for lead free solders was proposed by Schubert et. al.

and is also used in this paper [13].

Different factors affect the accuracy of numerical studies. Capturing the correct boundary and
load conditions, employing the correct numerical models, and obtaining accurate material
properties for the components are some of the key challenges in obtaining accurate numerical

results. Components such as solder are extremely inhomogeneous, and accurately capturing their
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material properties is challenging. The Anand viscoplastic constitutive model, originally proposed
to study hot working of metals [14] [15], is widely used to model solders for computational studies
[16]. The Anand model uses stress equation, flow equation, and evolution equation, and unifies
the creep and rate-independent plastic behaviors of solder [16]. The nine material constants used
to define the constitutive equations are experimentally characterized and used in computational
studies [17]. Stress-Strain or Creep data measurements have been used in the literature to
determine the Anand constants [16]. In this paper, Anand constants for SAC solders obtained from

[18] are used for the computational studies.

For structural simulations, most of the components in the electronic packages are modeled as
elastic materials. For materials that go close to glass transition temperature (Tg), viscoelastic
material properties are often used to accurately capture the material behavior. Viscoelastic
materials are materials that exhibit both viscous and elastic behaviors. The Maxwell model,
initially proposed in 1867, captures the elastic and viscous properties using Newtonian damper
and Hookian spring [19]. However, the simple Maxwell model consisting of a single spring and
damper in series had a limitation in modelling creep phenomenon. A generalized Maxwell model
with multiple Maxwell branches in parallel as shown in Figure 4-2 overcomes the limitations and
is used to model viscoelastic materials. For the generalized model, time dependent shear moduli
are represented using Prony series as shown in equations (4-1) below [19]. Taking the Laplace
transform of equation 4-1 gives the complex shear modulus as shown in equation (4-2). The real
part of the complex shear modulus is called storage shear modulus while the complex part is called
loss shear modulus [20]. Storage and loss modulus in terms of Prony series terms are shown in

equations (4-3) to (4-4) [21]. The relative moduli (af) and relaxation time (t) terms can be
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entered to computational software such as ANSY'S to capture the viscoelastic behavior of materials

/]
[ /
%kl = ks kj

Figure 4-2: General Maxwell model used to represent viscoelastic materials.

for computational studies.
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Dynamic Mechanical Analysis

Dynamical mechanical analyzer (DMA) is a technique that applies oscillating strain or stress to
samples and uses the result to measure the kinetic properties of samples [22]. The major
components of DMA are shown in Figure 4-3. Output of DMA consists of temperature dependent
loss and storage moduli of materials at different frequencies. The relations between loss modulus,
storage modulus, and complex modulus are given by equations 1-1 to 1-3. Using the “time-
temperature superposition”, the DMA results are expanded to a wider frequency range and a master

curve is obtained. The detail of these procedures is discussed in the materials and methods section.

-] Force Generator

Detector

Probe

Thermocouple

Sample

Furnace

Figure 4-3: Major components of DMA [22].

Shrotriya et. al. used creep data from DMA to develop a micromechanical model that can be
used to understand the time-temperature dependent behavior of PCB substrates and understand
residual stresses and dimensional changes in the PCBs during processing such as re-lamination
and soldering processes [23]. On the other hand, Liu et. al. performed analytical investigation on
the viscoelastic influence of PCBs under drop impact [24]. They showed that the viscoelasticity of

PCBs has a distinct influence on the system response under board-level impact, and proposed using
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PCB substrate with larger viscoelasticity and reduced size in order to improve drop impact

reliability [24].

While running FEA simulations for reliability study of electronic packages, PCBs are
represented using three different approaches: lumped board modeling approach, explicit geometry
approach, and electronic computer aided design (ECAD) approach [25]. Lumped board approach
represents PCBs as blocks with effective mechanical properties. Explicit approach uses a layer by
layer representation of PCBs, while ECAD approach uses the exact design files used to make
PCBs. Explicit geometry and ECAD approach give a more accurate representation of PCBs;
however, lumped approach is commonly used as the other approaches require very large mesh
sizes and long solution times [25]. In the lump approach, PCBs are characterized using only their
orthotropic elastic material properties. However, for computational studies that involve drop
impact, or for conditions where temperatures go near and beyond the glass transition temperature
(Ty), it is important to include the viscoelastic behavior in computational studies. In this paper, the
frequency domain master curve obtained from dynamic mechanical analysis is used to obtain the
Prony series terms that are then used to model PCBs as viscoelastic materials. Using the Static and
Transient structural packages in ANSYS 2019 R1, the impact of including viscoelastic property
of PCBs for board level reliability assessment of Wafer Level Packages (WLPs) is studied. WLP
is an advanced packaging technology where packages are fabricated and tested at the wafer level
before singulation [26]. WLPs are used for applications such as analog devices, power
management devices, image sensors, and integrated passives [26]. In this paper, the reliability of
WLPs is assessed under two different loading conditions: thermal cycling and drop impact. The

details of the procedure for obtaining the Prony series terms are given in section 4.3, the
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computational model is discussed in section 4.4, results are given in section 4.5, discussion and

conclusions are given in sections 4.6 and 4.7 respectively.

4.3 Materials and Methods

Dynamic Mechanical Analyzer (DMA) was used to measure the frequency and temperature
dependent storage (E’) and loss modulus (E’’) of the PCBs used for WLP. Measurements were run
at frequencies of 0.5, 1, 2, 5, 10 Hz. Figure 4-4 shows the equipment and the sample used for
measurement. Figure 4-5 shows sample attached for measurement using the dual cantilever
bending attachment. Due to the thickness and the expected Modulus of the sample, the tensile
attachment of DMA was found to be not suitable for measurement. The geometric dimensions of
the sample along with the test parameters used on DMA are given on Table 4-1. Figure 4-6 shows
a DMA result for the temperature and frequency dependent measurement of loss and storage

modulus values.

Figure 4-4: DMA7100 used for testing (left). Samples used for measurement (right).
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Figure 4-5: Samples attached using DMA bending mode.

Table 4-1: Geometric dimensions of samples and test parameters used for DMA testing

Parameters Value

Minimum tension/ compression

200 mN
force
Tension/ compression force gain 1.5

Force amplitude 2000 mN
Temperature Ramp 2 °C/min
Sample Thickness 0.93 mm
Sample Width 7.83 mm

Sample Length 50.00 mm

63



1.8E+09 — 24E+10 ==

0.1400

0.1200

1 0.1000

E'Pa
tanD

\—0.0800
\

\
10.0600

—0.0400

10.0200

I
3.0E+08 — 5.6E+09 &

0.0 400 60.0 80.0 100.0 1200 140.0 160.0 180.0
Temp Cel

Figure 4-6: DMA result showing temperature dependent modulus, loss modulus, and loss

tangent.

After the DMA analysis, the built-in tool for DMA (TA7000) was used to generate the master
curve showing the loss and storage modulus for a wider range of frequency values. An important
input parameter in obtaining the master curve using shift functions is the glass transition
temperature (Tg). Dynamic mechanical analysis is one of the widely used techniques to measure
T¢[27]. Results for storage modulus (E’), loss modulus (E’”), or Tan § from DMA measurements
may be used to define the glass transition temperature. For results obtained for 1 Hz, the
temperature values at the onset of E’, peak of E’’, or peak of Tan 6§ may be considered to be the
glass transition temperature points [27]. The three approaches are shown in Figure 4-7. The onset
of E’ is the most conservative of the three approaches and often relates to mechanical failure [27].

In this paper, the onset of E” at 1 Hz is used to measure the Tg as 126.5 °C.
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Figure 4-7: Three approaches to measure glass transition temperature (Tg). Onset of E’, peak

of E”’, or peak of Tan § may be considered as Tg.

The master curve obtained from DMA measurements is one of the available techniques for
studying the frequency dependence of viscoelastic properties of materials [28]. The master curve
is obtained by using the “time-temperature superposition” that exists in dynamic viscoelastic
measurements. Initial measurements are performed at 5 frequency values and a wide temperature
range. However, by using the “time-temperature superposition”, the viscoelastic properties are
predicted for wider frequency ranges for a given temperature value [28]. This “time-temperature
superposition” is achieved using the expanded William - Landel - Ferry (WLF) equation given by
equation (4-5) [28]. The corresponding master curve obtained showed loss and storage modulus
and magnitude of complex modulus as a function of frequency and is shown in Figure 4-8. The
WLF equation is best used to obtain the master curve for temperatures equal or greater than the
glass transition temperature (Tg) [28]. For temperature values lower than Tg, Arrhenius equation
(given in equation 4-6) is preferred to describe the shift factor-temperature relationship and obtain
master curves [29].
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Figure 4-8: Master curve showing storage modulus, loss modulus, and Tan é as a function of

frequency. The terms for the WLF shift function are also given in the figure.

Computational software such as ANSYS require users to input Prony series coefficients to
capture viscoelastic properties in simulations. The master curve shown in Figure 4-8 is not in the
form that can be included in simulations, and additional post processing is required in order to

obtain the Prony series terms that can be included in simulations.

Obtaining the Prony series terms from master curves have been the focus of previous research,
and different authors have used different approaches to obtain the time domain master curves and

extract Prony series terms. Lakes [30] defined the interrelationship between the moduli as:
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2 . _dE'(®w) _  dE(t)
;E (w)lwzl/‘r T dlne dint (4-7)
With T = 1/t, equation (4-7) implies that:
E'(w)],_2 = E(®) (4-8)

Previous studies on the impact of viscoelastic influence on PCBs [31] [32] [33] have made use
of the relation given in equation (4-8) to shift the master curve to the time domain and extract the
Prony series terms by performing nonlinear curve fitting. Other empirical equations, such as
equation (4-9), have also been proposed to shift the frequency domain master curve to time domain

[34].
E(t) = E'(w) + 0.0004E'(0.02w) — 0.25E'(5w) + 0.35E'(0.2w) (4-9)

In this paper, the Prony series terms are obtained by performing nonlinear fit to the master curve
in frequency domain using equations (4-3) and (4-4). Nonlinear parametric fitting tools on

OriginPro were used to perform the curve fitting.

From the curve fitting, g¢ and 77 were obtained. These terms were used in equation (4-1) to
obtain G,. Then the relative moduli terms were obtained using the relation af = gt /G,. The fit
parameters were tested by comparing the computed and measured complex modulus values.
Comparison between computed and measured complex modulus values for 160 °C
are shown in Figure 4-9. Average difference between measured and fit values < 1%. A

representative data for computed Prony series terms for 160 °C and 170 °C are given in Table 4-2.
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Figure 4-9: Computed vs measured storage, loss, and complex modulus for 160 °C.
Comparisons for 170 °C and 180 °C given in Appendix II.
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Table 4-2: Prony series terms for 160 °C and 170 °C. Terms for 140 °C, 150 °C, 180 °C, and
190°C given in Appendix 1.

160 °C 170 °C

G G G G
a; T; a; T;

Inf 2.86E-01 N/A 2.86E-01 N/A

1 5.97E-02 3.31E-05 5.97E-02  3.31E-06

2 6.33E-02 2.24E-04 6.33E-02  2.23E-05

3 7.68E-02 1.28E-03 7.68E-02  1.27E-04

4 9.04E-02 6.69E-03 9.04E-02  6.67E-04

5 9.70E-02 0.03268 9.70E-02  0.00326

6  9.15E-02 1.55E-01 9.16E-02  1.55E-02

7 7.70E-02 0.76658 7.70E-02  0.07653

8  6.27E-02 4.0918 6.27E-02  4.09E-01

9 5.15E-02  2.40E+01 5.15E-02  2.40E+00

10 4.45E-02 1.75E+02 4.45E-02 1.75E+01

4.4 Computational Study
Thermal Cycling

Leveraging the symmetry of the models, quarter symmetry models were used for the
computational studies. The PCB was extended to avoid edge effects. Hex dominant and body
sizing was used to mesh the critical component, solder balls. The schematic of the WCSP model
is given in Figure 4-10. Boundary conditions used for the computational study are shown in Figure
4-11. The material property of the different components used the computational study is given in

Table 4-3.
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Figure 4-10: Schematic of WCSP model used to perform computational study.
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Figure 4-11: Boundary conditions used for the computational study.
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Table 4-3: Mechanical properties of the different components used in the computational

study[7] [36] [26] [37]

CTE
E (GPa) v
(ppm/°C)
Cu pad 110 17 0.34
Die
10 33 0.3
Attach
Mold 24 20 0.3
X, Y 13.2;
PCB 24 0.39
Z:50
Polyimide
1.2 52 0.25
Layer
RDL 130 16.8 0.34
Die 131 3 0.28
55.3 @ -40 °C,
42 @ 25 °C,
Solder 20 0.4
33@ 75 °C,
23 @ 125 °C
UBM 50 16 0.35
Solder
4 30 0.4
Mask
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Table 4-4: Values for the Anand constants used to model solders. Properties for SAC 387 given

below [18]

S.

Constant Unit Value

No

1 sO MPa 33
2 Q/R /K 9883
3 A sec’! 1.57E+07
4 & Dimensionless 1.06
5 m Dimensionless  0.3686
6 hO MPa 1077
7 S MPa 3.15
8 n Dimensionless  0.0352
9 a Dimensionless  1.6832

Regardless of initial stress-free temperature, structure will readjust and reach a ‘near-stress-free’
at high-dwell temperature after few cycles. Stabilized values of strain or strain energy density per
cycle are independent of the initial stress-free setting [26]. For the current study, the high-dwell
temperature was selected as the zero thermal strain temperature. Condition G and H of JEDEC
standard JESD22-A014D were used [38]. The corresponding temperature profiles are shown in
Figure 4-12. Fatigue cracks of solders occur at the package side near the interface of solder
bulk/copper or UBM layer [26]. The damage parameters are extracted from 10 um layer of corner
solder joint at the package side [26]. The inelastic energy density accumulated per cycle is
averaged over the volume of the thin disk (equation 4-10), and the resulting damage metrics is
used to predict the number of cycles to failure [26] [39] [40].
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XiWivi
A Wape = Rz (4-10)

The change in inelastic energy density after the third cycle was determined to be constant. This
value was used because of computational resources and the fact that solder joints have reached
stability after third cycle [41]. An APDL code from [7] was used to compute the change in inelastic
energy density. Then, the model proposed by Schubert et. al. as shown in equation 4-11 below was

used to find N [13].

Ny = (ﬁ)k (4-11)

Temperature (°C)

T T T T T T T T T T
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Time (sec)

Figure 4-12: Temperature cycling profiles used for the study: condition G (solid line) and H

(dotted line) of JEDEC standard JESD22-A014D are shown.
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Drop Testing

WLP technology enables smaller, thinner, and faster electronic products, and has been widely
used in portable electronic products. To understand the reliability of products under mechanical
shock from customer usage or transportation, Joint Electron Device Engineering Council (JEDEC)
has developed board designs and test standards that are used in assessing the reliability of handheld
electronic products [42]. Due to the symmetry of the JEDEC board, quarter symmetry is used as

shown in Figure 4-13 [5].

Fixed support

"
Symmetry

z
”‘i
v

Figure 4-13: Quarter symmetry of the JEDEC board used for the computational study.

For computational analysis of drop testing, different modeling techniques have been developed.
Dynamic vs. static analysis type, free-fall vs. Input-G loads, explicit vs. implicit solvers, are some
of the approaches that can be used for performing drop testing analysis [42]. For Input-G method,
components used in experimental testing (such as drop table, fixture, etc.) are not included in the
simulation and their impact is captured by applying an impact impulse to the mounting holes [42].
Simulation results using explicit Input-G method have been shown to correlate well with
experimental results [43]. On the other hand, Input-D method applies displacement at the loading
points. Solutions for Input-D and Input-G methods include rigid body movement. An alternative

method, direct acceleration input (DAI) method removes the rigid body movement and is
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commonly used to perform drop study analysis. In the DAI method, acceleration impulse is applied
as body force to the problem and the mounting holes are fixed during the dynamic response [42].

Equation 4-12 below shows the impulse conditions applied to the model.

—{M}1500g = sin% , where t < tw} “-12)

0, wheret > ¢,

(MY + (CY[i] + (K}l = {

tw = 0.5 ms, Initial Conditions are [x]|=0 = 0, [X]|=0 = +/2gh

Boundary Conditions are [X]|at hote = 0

{M} is the mass matrix, {C} is the damping coefficient, {K} is the stiffness coefficient matrix.

[u] is displacement vector, [1] is the velocity vector, and [ii]is acceleration vector.

The JEDEC board with multiple components and hundreds of solder balls is a very big model
and computationally extensive for FEA analysis. Sub-model technique needs to be applied to be
obtain fast solutions while still obtaining accurate results. In the global model, the solder balls are
simplified and represented as cubical blocks. For the sub-model, detailed structural components
are added and simulated. In this paper, the global model is used to make a comparative study in
order to assess the impact of including viscoelastic properties of PCBs when running

computational studies for drop testing loading conditions.
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4.5 Results

Thermal Cycling Results

The results for the computational study with the thermal cycling boundary conditions are given
below. Table 4-5 shows the average inelastic energy density for the different cases investigated.

Figure 4-14 shows the comparison of the number of cycles to failure computed using equation 4-

11.

Table 4-5: Average plastic work (Pa) for the different thermal cycling conditions

Average Plastic Work for Cycle (Pa)

Temperature Profile Elastic Viscoelastic
-40°C to 125°C 119270 118880
-40°C to 165°C 137490 136630
[ JElastic - 5000
[ Viscoelastic
L 4800
3
S L 4600
(@]
kS]
o
p L 4400
L 4200
. 4000
-40°C to 125°C -40°C to 165°C

Temperature Profile (°C)

Figure 4-14: Plot comparing the number of cycles to failure between the two cases where PCB

were modeled elastic and viscoelastic.
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Fig. 4-15: Equivalent stress on corner solder for the elastic case for thermal cycling for -40 °C

to 165 °C.

Drop Testing Results

The results for the computational study with the drop testing boundary condition are given
below. Figure 4-16 shows the deformation of the quarter model for drop testing at 135°C for the
case PCB is modeled as viscoelastic material. Figure 4-17 to Figure 4-19 show the comparison for
deformation, strain, and acceleration for the two cases where the PCB was modeled as elastic and

viscoelastic.

A: Model, Transient
Total Deformation
Type: Total Deformation
Unit: mrm

Time: 1,8436e-002
3272020 319 P

0.97753 Max
087978
0.78203
068427
0.58652
048877
035101
028326
018551
0.097753
0 Min

Figure 4-16: Total deformation of the quarter model at 135 °C for the case PCB is modeled as

viscoelastic.
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Figure 4-17: Comparison of average total deformation between models that represented the

PCB elastic and viscoelastic. Results shown for different temperatures.
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Figure 4-18: Comparison of average total acceleration between models that represent the PCB

as elastic and viscoelastic. Results shown for different temperatures.
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Figure 4-19: Comparison of strain between models that represent the PCB elastic and

viscoelastic. Results shown for different temperatures.
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4.6 Discussion

Previous studies that investigated the impact of viscoelastic influence of PCBs used different
approaches to perform material characterization. Shrotriya et. al. used creep data from DMA to
develop a micromechanical model, while others [31] used time domain master curves to develop
viscoelastic models. In this paper, frequency domain master curve results were used to obtain the
Prony series terms. First, the temperature dependent storage and loss modulus measurements for
five different frequencies were obtained as shown in Figure 4-6. Using the WLF shift function, the
time domain master curve shown in Figure 4-8 was obtained. The corresponding Prony series
terms were obtained from a non-linear fit (values for 160 °C and 170 °C shown in Table 4-2) and
included in the subsequent finite element analysis. Figure 4-9 shows a comparison between the
computed and experimentally measured frequency dependent storage, loss, and complex modulus
values. The difference between the computed and experimentally measured values was found to
be on average less than 1%. The difference between the computed and experimentally measured
values was found to be slightly higher for low loss modulus values. This is because the non-linear

fit was performed for the frequency domain storage modulus data.

The thermal cycling results on the WLP package are shown in section 4.5. Condition G and H
of JEDEC JESD22-A014D standard were used to apply the thermal boundary conditions.
Simulation was run for three cycles, and the difference in average inelastic energy density between
the third and second cycles was computed and tabulated in Table 4-5. Equation (4-14) was then
used to compute the number of cycles to failure. Figure 4-14 shows the computed number of cycles
to failure for the different cases investigated. It is shown that for both condition G and H thermal
cycling conditions, the difference between the models with the PCB modeled elastic and

viscoelastic is negligible. This is in agreement to what has previously been reported in literature
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[31] [32]. Solder joint failures due to thermal cycling are caused by the mismatch in CTE of the
different packaging materials. The inclusion of the viscoelastic property of PCBs is shown to not

have an impact for the computational analysis using condition G and H thermal cycling conditions.

In section 4.5, results for the board level drop testing simulations are shown. The computational
results for strain, deformation, and acceleration are shown in Figure 4-17 to Figure 4-19. The
comparisons were done for drops at different temperatures. Temperatures closer to and
significantly higher than the Tg were chosen for the comparisons. Figure 4-17 shows that for 135
°C, the deformation response is dampened after 10 ms. At higher temperatures, the dampened
response becomes even more evident as shown with the results for 145 °C and 155 °C. This
dampened response of the system is not captured for the case where the viscoelastic property of
the PCB is not included in the model. Similar results were obtained for acceleration and strain as
shown in Figure 4-18 and Figure 4-19. These show that for applications where temperatures go
above the glass transition temperature and a drop testing boundary condition is used, it is important
to include the viscoelastic property of PCBs in the computational models in order to accurately
capture the system behavior. These observations are aligned with analytical studies by Liu et. al.
where it was shown that the increase in viscosity of the PCB will dampen the response under drop
testing conditions [24]. Moreover, understanding the time-temperature dependent behavior of PCB
substrates is important to understand residual stresses and dimensional changes in the PCBs during

processing such as re-lamination and soldering processes [23].
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4.7 Conclusions

In this paper, frequency domain master curve results from dynamic mechanical analysis were
used to characterize the viscoelastic behavior of PCBs and computationally study the impact of
PCB modeling on the assessment of thermomechanical reliability of WCSP packages under
thermal cycling and under drop testing conditions. For computational studies with both Condition
G and H of JESD22-4014D standard, it is shown that the inclusion of viscoelastic properties did
not impact the computational results. For computational studies with drop testing boundary
conditions, it is shown that for temperatures above the glass transition temperature, the inclusion
of viscoelastic properties has significant impact on the board level analysis of deformation, strain,

and acceleration.

4.8 Nomenclature

k; Stiffness of j™ spring

T Damping of j™ damper

o Applied stress
G(t) Shear modulus as a function of time
Gy Instantaneous shear modulus att =0
al Long term Prony coefficient (shear)
af Relative moduli (Gi/Go)

Tf Relaxation times

ng Relaxation modes

t Time

G* Complex shear modulus

Goo Long term shear modulus

gf i™ Prony series term
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Gl

GII

E*

El

EII

Tan 6

ar

hO

w»>

Storage shear modulus
Loss shear modulus
Complex modulus
Storage modulus
Loss modulus
Loss angle tangent
Shift factor
Temperature
Reference temperature
Glass transition temperature
First coefficient of shift factor
Second coefficient of shift factor
Frequency
Time constant
Initial value of deformation resistance
Activation energy/Boltzmann’s constant
Pre-exponential factor
Stress multiplier
Strain rate sensitivity of stress
Hardening/softening constant
Coefficient for saturation value of
deformation resistance
Strain rate sensitivity of the saturation value
Strain rate sensitivity of the

hardening/softening
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Chapter 5

Impact of Die Attach Sample Preparation on its Measured Mechanical
Properties for MEMS Sensor Applications

5.1 Abstract

Computational modeling is often leveraged to design and optimize electronic packages for both
performance and reliability purposes. One of the factors that affect the accuracy of computational
models is the accuracy of the material properties. MEMS sensors, in particular, are usually
extremely sensitive to slightest material property changes in the package [1] [2]. Therefore, even
small measurement variations in material characterization due to different sample preparation
methods or different testing techniques can impact accuracy of computational models that are
leveraged for designing or analyzing sensor performance. The challenge in material
characterization is even greater for materials that require curing. Die attach polymers, for example,
have strict curing profile requirements that are used during the manufacturing process. Such curing
conditions are usually hard to duplicate in laboratories, and the samples used for material
characterization may not necessarily be representative of the actual component in the final product.
In this paper, the effect of parameters such as temperature curing profile, application of pressure
during curing, and sample preparation technique on temperature dependent thermo-mechanical
properties of two types of die attach elastomers is investigated. The mechanical properties,
including elastic modulus (E), coefficient of thermal expansion (CTE), and the glass transition
temperature (Tg) of the die attach material, are measured using a suite of techniques such as
dynamic mechanical analysis (DMA) and thermomechanical analysis (TMA). The analysis is
performed for a wide temperature range corresponding to typical sensor applications. It is shown

that sample preparation and characterization techniques have a considerable impact on the
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measurements which results in different MEMS sensor performance predictions through

computational modeling.

5.2 Introduction

Microelectromechanical systems (MEMS) are devices, ranging from microscale to centimeter
scale, that are made of electrical and mechanical components and are used to simulate macroscopic
devices on a microscopic scale [3]. The first MEMS device was invented by H.C. Nathanson less
than a decade after the invention of integrated circuits [3]. Research in MEMS gained significant
traction in the 1980s due to improvements in processing technologies and the start of MEMS
workshops [4]. Since then, MEMS have been successfully used in wide range of applications
including accelerometers, pressure sensors, gyroscopes, jet print heads, automotive (airbag)
applications, and pressure sensors for engine management [5] [6]. MEMS devices have also been
the focus of significant research for application in the space industry due to their low mass, volume,
and power consumption [6]. MEMS are important components in developing cost-effective and

ultra-miniaturized sensors and actuators for applications in the space industry [7].

Packaging of MEMS devices may be at the wafer level packaging (0™ level packaging) or discrete
packaging (1% level packaging) [8]. The major functions of MEMS packaging are to: distribute the
signals to and from the MEMS device, remove heat, support and protect the MEMS device [9].
The techniques used for MEMS packaging share many similarities to those used in the
microelectronics industry including hermeticity and chip level integration techniques including
Multi-Chip-Modules [10]. However, unlike IC packaging, MEMS packaging is expensive and is

custom built. The cost for MEMS packaging can be up to 60 - 80% of total product cost [9].

Figure 5-1 below shows major components of a MEMS package. There are three major

components in a MEMS package: the MEMS device that is either a sensor or actuator, application
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specific integrated circuit (ASIC) and a cap that provides protection. The mechanical parts in a
MEMS package may include cantilever beams (single side clamped, double side clamped),
membranes (either closed at the sides to another structural member, or as a free floating plate),
springs (often doubling as cantilever beams), and hinges [11]. Due to the presence of these
mechanical parts, there are failure modes that are unique to MEMS devices [10] [12] [13]. There
are two levels of connections in a MEMS device: between the sensors/actuators and ASIC and
between ASIC and substrate or printed circuit board (PCB). These connections could be made
using wire bond, flip-chip solder bumps or ordinary solder balls. Die attach adhesive is used to

attach the MEMS device and ASIC to the substrate as shown in Figure 5-1.

Wire bonds 1 ASIC

MEMS device  Die attach
/Cap

Sealing ring
\ . / . f'd____dd—~——~‘u'\n"irneboncls2

+—— Substrate

. . . . .‘_'_'_'___,_,_,d_—-—— Solder balls

Die attach

Figure 5-1: Schematic diagram showing components of a MEMS package.

Die attach materials play very important role in MEMS packaging. Functions of die attach
adhesives include: mechanically attaching the die to substrate, providing efficient heat dissipation
path, acting as intermediate material layer to partially offset the differences in thermal expansion
coefficient (CTE) between die and substrate, and provide electrical reference to the back side of
the die [14]. The die attach adhesives can be classified into two groups: soft and hard. Soft
adhesives are made of polyimides, epoxies and organic based materials filled with thermally
conductive fillers. On the other hand, hard adhesives may be gold-based eutectics or glass-based

materials [14]. The process of curing the die attach adhesive materials require very high
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temperatures and makes the MEMS devices susceptible to thermally induced stresses and strains
[15]. Due to the large mismatch between the thermomechanical properties of silicon and
commonly used adhesives, a drop-in temperature after curing induces strain in the package-die
system and is relieved through deformations that impact the performance of the MEMS device
[15]. Hence, accurate material characterization, modeling, and prediction of the effect of

packaging on device is important in the design of MEMS devices [15].

Accurate material characterization, especially for thin film technology, is very challenging, and
significant amount of time and resources are utilized to obtain accurate properties of materials at
the microscale [11]. Macroscopic bulk behavior is often different from those measured at the
microscale, and there have been databases such as the MEMS clearinghouse website [16]
developed in order to consolidate the work done at the microscale. However, in most applications,
macroscopic bulk properties of materials are often used in computational studies to assess designs
and perform reliability assessments of electronic packages. Dynamic mechanical analysis (DMA),
thermomechanical analysis (TMA), and tensile tester are some of the equipment commonly used
to characterize the bulk properties of electronic packaging materials [17]. Nanoindentation has

also been previously used to characterize material property of packaging materials [18].

Even at the macroscale, where multiple techniques are available to measure material properties,
results reported by different researchers may not be consistent and prone to variations due to
different factors. Testing conditions, techniques used for testing, and sample preparation methods
are some of the main factors affecting the accuracy of material characterization. Sample
preparation methods are even more critical for curable materials used in electronic packaging such
as die attach adhesives and molding compounds among others. In this paper, the effect of several

parameters such as temperature profile, applied pressure, sample thickness, and characterization
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technique on temperature-dependent thermo-mechanical properties of die attach elastomers used
for MEMS devices is thoroughly investigated. The materials and methods are presented in section
5.3, results are given in section 5.4, while discussion and conclusions are given in sections 5.5 and

5.6 respectively.

5.3 Materials and Methods
5.3.1 Sample Preparation

Often, sample preparation methods for material characterization differ from the conditions under
which the materials will be cured and used in applications. In this study, focusing on die attach
materials, different sample preparation methods are utilized and their impact on measurement
results is analyzed. Two different kinds of commercially available die attach materials are used for
this study. The following two sections show different sample preparation methods for curable die
attach materials and die attach films (DAFs).

Curable Die Attach Materials

The curable die-attach materials investigated here are ‘gel-like’ materials that cure and harden after
undergoing a certain temperature curing profile. The temperature profile used for the curing
process is given in Figure 5-2. For mass productions, the die attach materials are cured for given

thickness under certain pressure. It is not possible to duplicate during sample preparation the exact
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conditions used when mass producing. For our study, four different approaches that give different
levels of control for pressure and thickness that were proposed and used are discussed next.

180
150

120

Temperature (°C)
o
o

60
30
0
0 20 40 60 80 100 120 140
Time (min)

Figure 5-2: Temperature profile used for curing the samples.
Approach 1 - Curing without Pressure
The first approach involves curing the die attach samples without applying any pressure. In this
technique, the sample was dispensed on a Teflon sheet placed on a steel plate. The sample was
dispensed between brass spacers of 0.8 mm thickness and spread using a blade to ensure uniform
thickness. The spacers were clamped on to the steel plates as shown in Figure 5-3 below. Using an
oven, the samples were cured using the profile shown in Figure 5-2. This technique was the easiest

for retrieving the samples after the curing as shown in Figure 5-3. However, no pressure was
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applied during curing and this approach may not match the expected curing conditions used for

mass production.

Figure 5-3: Sample preparation without the top plate (left) and cured sample (right).
Approach 2 - Curing with Pressure

Teflon sheets were cut to the dimensions of the steel plates (6" x 6") and attached to steel plates
that were used to sandwich the die attach samples using a double-sided tape. The Teflon sheet was
used in order to make the process of removing the cured samples easier. Spacers were used to
prepare samples of 0.5 mm thickness. The other steel plate was placed with an offset and clamps
were applied to increase the pressure. Using an oven, the sample was cured using the profile shown

in Figure 5-2. The steps for preparing samples using this approach are given in Figure 5-4.

Al Te.

Figure 5-4: Sample dispensed on the Teflon sheet attached to the steel plate (left), assembly
ready to cure on (right).

Approach 3 - Curing Using an Assembly with Controlled Torque

In the approach discussed in the previous section, multiple clamps were used to apply pressure
during the curing process. However, the applied pressure was not measured. In this approach, 0.5

MPa of pressure was applied during curing by applying a measured torque on a set of nuts and
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bolts. Spacers were used to obtain sample of 0.5 mm thickness. Like the previous two approaches,
the sample was then placed in an oven to obtain the desired curing profile. An assembly that was

used to prepare samples using this approach is shown in Figure 5-5.

Figure 5-5: Sample preparation setup with torque control.

Approach 4 - Curing with Hot Press

Figure 5-6: Sample prepared using a hot press machine.

A fourth approach was also implemented where a hot press was used to cure and prepare the
samples. This approach gave a better control of the pressure applied on the samples. However, the
specific hot press machine used for this test did not allow control of the ramp rate for the given
profile. The plate temperature was set to the dwell temperature, and the temperature was ramped
using the default setting of the machine. Teflon sheet were also used in this approach to prevent

the samples sticking to the plates. Spacers were used to obtain 0.5 mm thick samples and the
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samples were cured with ~ 0.5 MPa curing pressure. Figure 5-6 shows a sample prepared using
the hot press.

DAF Materials

The DAF material used for this study was a 25 pm film that is cured during application. For our
study, an oven was used to cure the DAF material. The DAF was cured by raising the temperature
from room temperature to 160°C in 30 mins and keeping it at 160°C for 1 hour. For measurements
on DMA, it was found that the 25 pm films were outside the measurement range for the equipment,
and it was not possible to make measurements for the desired temperature ranges. Figure 5-7 shows
that for sample thicknesses lower than 200 pm, the corresponding geometric factor and expected
modulus at higher temperatures will be outside of the measurement envelop. To overcome this,
eight 25 pm thick films were stacked on top of each other before curing to obtain 200 pm samples.

The steps taken to obtain the 200 um samples are shown in Figure 5-8.

200 um sample

25 um sample

3 4 5 6 7 8 9 10 11 12 13
Log E' (Pa)

Figure 5-7: Log of geometric factor vs expected modulus for different sample sizes. The
expected modulus shown here corresponds to temperatures above room temperature. The

measurable ranges for DMA shown in black.
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Figure 5-8: Sample preparation of DAF samples: thicker samples prepared without a roller (top),

with a roller (bottom).

5.3.2 Experimental Procedure

After the samples were cured, they were cut to dimensions appropriate for testing on TMA and
DMA. For both DMA and TMA, tensile attachments were used for testing as shown in Figure 5-
9. A typical sample used for TMA testing has a length of 15 mm, width of 3 mm, and thickness of
0.1 — 0.5 mm. While a typical sample used for DMA testing has length of 20 mm, width of 10 mm,
and thickness of 0.2 — 0.5 mm. Table 5-1 to Table 5-4 list the settings used for DMA and TMA

measurements.

Figure 5-9: Die attach material mounted for DMA measurement (left) and TMA measurement

(right).
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Table 5-1: Settings used for testing die attach samples on TMA.

Parameter Values
Temperature ramp rate 3 °C/min
Load during length 2033 mN
measurement
Load during testing 10 mN

Table 5-2: Settings used for testing die attach samples on DMA.

Parameter Values
Minimum Tension 50 mN
Force
Tension Force Gain 1.8
Force Amplitude
Default Value S0mN
L Amplitude 10 um
Temperature ramp rate 2 °C/min

Table 5-3: Settings used for testing DAF samples on TMA.

Parameter Values
Temperature ramp rate 3 °C/min
Load during length 2033 mN
measurement
Load during testing 13 mN

Table 5-4: Settings used for testing DAF samples on DMA.

Parameter Values
Minimum Tension 50 mN
Force
Tension Force Gain 1.8
Force Amplitude
Default Value S0mN
L Amplitude 10 um
Temperature ramp rate 2 °C/min
5.4 Results

The results from tests done on TMA and DMA for the samples prepared using the techniques

described in the previous section are shown below. Figure 5-10 and Figure 5-11 show the DMA

results for die attach and DAF samples. Equation 1-2 was used to compute the complex modulus,

and the results are shown below for different temperatures.
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Figure 5-10: Normalized complex modulus as a function of temperature for different sample

preparation methods for curable die attach samples.
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Figure 5-11: Comparison of DMA results for different sample preparation of DAF samples.
Figure 5-12 shows the comparison for TMA measurements performed on curable die attach
samples prepared with different preparation methods. Figure 5-13 shows the complex modulus
results for curable die attach samples after undergoing reflow profile commonly used for SnAgCu

(SAC) alloys.
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Figure 5-12: Change of relative length with temperature for different sample preparation

methods for curable die attach samples.
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Figure 5-13: Normalized modulus of curable die attach materials after the samples were exposed

to reflow temperature profile commonly used for SAC solder alloys.
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5.5 Discussion

Two different kinds of die attach materials were studied. The curable die attach materials were
prepared using the different techniques presented in section 5.3. Cured samples were cut to
dimensions appropriate for DMA and TMA testing, and tested using the parameters given in Table
5-1 and Table 5-2. The sample preparation methods were selected in order to study the impact of
pressure and curing profile used during sample preparation on the measurement results. Three sets
of samples were prepared using an oven for curing but different amount of pressure applied during
curing. Another set of samples were prepared using a hot plate. For each sample preparation
method, three samples were tested on DMA and the average results are shown in Figure 5-10. The
results were normalized to the highest modulus value at the initial temperature. With pressure
applied during curing, the results show that the method used to obtain the curing profile has
negligible impact on the measurement results. On the other hand, the application of pressure is
shown to have a significant impact on the measurement results. Results for the case where pressure
was applied during curing are shown to be lower than the cases where pressure was not applied
during curing. This is in line to what has been previously reported in the literature as Nakamae et.
al. have shown results where Young’s modulus and tensile strength decreased with increasing
curing pressure [19]. Similarly, three samples were tested on TMA and the results are shown in
Figure 5-12. The results are shown as relative length using the sample thickness at the initial
temperature. For the measured temperature ranges, the difference in CTE for the different sample

preparation methods was found to not be significant.

Another set of measurements were also run on DMA to evaluate the impact of reflow on the
measured properties of die attach materials. Figure 5-13 shows the normalized results for

measurement after repeated exposure of the samples to curing profile used for SAC alloys. The
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results after the initial reflow profile were consistent to each other. However, it can be seen that
the initial results without the application of the reflow profile are lower for the measured
temperature ranges except at 100 °C. The difference at 100 °C can be explained by the low
sampling rate used for the measurement and potential noise during testing. This result shows that

it is important to condition the samples properly before performing material characterization.

The second type of die attach materials tested are die attach films (DAFs). Unlike the gel like die
attach materials which cure in place, the die attach films are solid at the initial temperature but
cure after application. Depending on the required modulus value for application, acceptable
tolerance of squeezed out material, and the desired bond line thickness of the material, one type of
die attach material may be preferred over the other. For the second part of this work, a
commercially available DAF material was studied. The authors faced unique challenges when
preparing samples and testing DAF materials on DMA and TMA. The DAF material used for this
study came at 25 um thickness. For DMA tests, it was observed that samples prepared for this
thickness were outside of the measurement range as shown in Figure 5-7. In order to obtain
samples with appropriate geometric factors, multiple DAF sheets were layered on top of each other
before curing. The layered samples were prepared using two different ways: with and without
using rollers to make the multi layered samples. For TMA tests, 100 um thick samples were
prepared using four sheets of DAF films. For DMA tests, 200 um thick samples were prepared
using 8 sheets of DAF films. The 200 um thickness was selected in order to satisfy the geometric
factor requirement for measurements as shown in Figure 5-7. Another constraint for the
measurements was the low glass transition temperature (Tg) of the DAF films. Using the onset of
E’ for the definition of Tg, the Tg was measured to be around 10 °C. For TMA measurements, the

tests were run for temperature range of -40 °C to 160 °C. For some temperatures, negative
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expansion coefficient values were observed. These inaccurate results were obtained because the
same setting values were used for the whole temperature range. This implies that the mechanical
properties significantly changed at the glass temperature, and the same setting values can not be
used for the entire temperature ranges. One alternative work around for this would be to perform
two measurements: -40 °C to Tg, and Tg to 160 °C. This would allow the use of suitable settings
values for each temperature ranges and obtain reasonable values. Due to limitation of resources,
this was not included as part of the current work and could be considered as future work. A second
alternative would be the use of techniques such as laser and optical dilatometers for the
measurement of thermal expansion coefficients. These techniques have been shown to have the
capability to detect expansions in the nanometer range and would be able to measure the thermal
expansion coefficient of the 25 um thick DAF films. For DMA measurement of DAF films, results
were obtained only up to temperature slightly higher than Tg for the 25 um samples. This was
because for higher temperature the expected modulus value and geometric factors were not within
the measurement envelop for the equipment as shown in Figure 5-7. The thicker samples prepared
were within the measurement envelop. However, the sample preparation techniques used has a
major impact on the measurement results. As shown in Figure 5-11, for the lower temperature
values, the results obtained for samples prepared with rollers were closer to results for 25 um DAF
films. For samples prepared without a roller, the results were up to 40% lower for temperature
ranges where comparison was possible. This is because for samples prepared without a roller, the
films were not bonded properly and there were bubbles trapped between layers. These had impact

and resulted in lower measured value for the modulus.
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5.6 Conclusions

In conclusion, thermo-mechanical analysis and dynamic analysis were performed on die attach
samples prepared with different sample preparation techniques. Results for commercially available
curable die attaches and die attach films were used to study the impact of curing pressure, method
used to create curing temperature profile, impact of reflow temperature, and sample preparation
methods. It was shown that the method used to obtain the curing temperature profile (oven vs hot
press) did not have an impact on the measurement results. On the other hand, curing pressure was
shown to have a measurable impact, and samples prepared with no curing pressure were shown to
have high modulus values. For DAF materials, it was shown that performing material
characterization at the desired thickness values on DMA and TMA was not possible. Thicker
samples had to be prepared in order to be in the measurable range for the respective equipment.
The method used to prepare the thicker samples is shown to have significant impact and shows
that special care must be taken when preparing such samples for measurement on DMA and TMA.
Previous studies have shown that MEMS sensors are extremely sensitive to slight material property
changes. The work presented here shows that extreme care must be taken in the sample preparation
and characterization of packaging components, such as die attach materials, in order to develop

accurate material models and perform accurate design analysis.
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Chapter 6

Summary and Conclusions
In chapters 2 — 5, important electronic packaging components such as PCBs, TIMs, and die attach
materials are investigated. The nanoindentation techniques has been shown as a tool to characterize
location dependent material properties of a given PCB substrate. From the work presented in
chapter 2, it was shown that a maximum load of more than 4 mN is required to have indentation
depth more than 3x the average surface roughness of the sample. The surface roughness, maximum
load, hold time, and location on the substrate surface were shown to be the main factors affecting
the measurement values. Using the standard linear solid model, it was also shown that the
characteristic time is linearly dependent to the hold time. The work on PCBs further continued to
chapter 4 where frequency domain master curve results from dynamic mechanical analysis were
leveraged to characterize viscoelastic properties of PCBs. These results were used to investigate
the impact of including viscoelastic properties in computational analysis. For computational
studies with both Condition G and H of JESD22-A4014D standard, it is shown that the inclusion of
viscoelastic properties did not impact the computational results. However, for computational
studies with drop testing boundary conditions, it is shown that for temperatures above the glass
transition temperature, the inclusion of viscoelastic properties has significant impact on the board

level analysis of deformation, strain, and acceleration.

Chapter 3 presents the work done on thermal interface materials. The thermomechanical properties
of two thermally conductive gap fillers were studied using DMA, TMA, and FTIR. After the
samples were prepared, half of them were tested for pre-aging measurement values, while the rest
were placed in an environmental chamber for 720 hours at 125 °C and were tested afterwards.

Multiple samples were tested to obtain average values and standard deviations. The complex
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modulus of aged samples is shown to have increased when compared to measurements of pre aged
samples. Among the two samples studied, the TIM with higher thermal performance (higher filler
content) is shown to have higher modulus values. TMA results showed that the samples with lower
filler content had higher CTE, and that high temperature aging reduced the CTE of both TIMs
studied. The FTIR technique was used to identify the functional groups present in the sample and
detect changes after high temperature aging. The sample preparation technique leveraged for this
study can be used to prepare samples that match the thicknesses used in various applications. In
this paper, it is shown that the changes in mechanical properties can be used to understand and
assess reliability of thermal interface materials. There is a lack of work in the literature on the
mechanical testing of TIMs, and this work may be used as a guide on the preparation and testing
of samples for evaluation of mechanical properties. Moreover, the CTE and modulus values
measured using the techniques discussed in this paper may be used to perform FEA and evaluate

the reliability of TIMs under different loading conditions.

In chapter 5, results from thermo-mechanical analysis and dynamic analysis performed on die
attach samples prepared with different sample preparation techniques were presented. It was
shown that the method used to obtain the curing temperature profile (oven vs hot press) did not
have an impact on the measurement results. On the other hand, curing pressure was shown to have
a measurable impact, and samples prepared with no curing pressure were shown to have high
modulus values. For DAF materials, it was shown that performing material characterization at the
desired thickness values on DMA and TMA was not possible. Thicker samples had to be prepared
in order to be in the measurable range for the respective equipment. The method used to prepare
the thicker samples is shown to have significant impact and shows that special care must be taken

when preparing such samples for measurement on DMA and TMA. Previous studies have shown
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that MEMS sensors are extremely sensitive to slight changes in material property. The work
presented here shows that extreme care must be taken in the sample preparation and
characterization of packaging components, such as die attach materials, in order to develop

accurate material models and perform accurate design analysis.

The work presented here can be used as a starting point for future work that aims at further
investigating the material properties of electronic packaging materials. The characterization of
location dependent material properties of PCBs can further be extended by performing tests at
different temperatures. The technique can also be used to perform material characterization of
other components such as substrate layers and dielectric layers, as well as understand the length
scale dependency of material characterization. The viscoelastic characterization from frequency
domain master curve results from dynamic mechanical analysis presented in chapter 4 can also be
used to perform similar characterizations for other viscoelastic materials used for electronic
packaging such as mold compounds, elastomers, etc... In chapter 5, it was shown that the
mechanical properties significantly changed at the glass temperature, and the same setting values
cannot be used for the entire temperature ranges. As a future work, measurements may be
performed for two temperature ranges: -40 °C to Tg, and Tg to 160 °C in order to obtain data that
can be used to develop more accurate material models. Another area that can be investigated as
part of future work is the impact of different material characterization techniques on measurement
results. Different techniques are available for measuring the same material properties. For
example, DMA, TMA, and DSC can be used to measure the glass transition temperature. Each has
their own advantages and limitations. It would be important to carry out studies that increase our
understanding of the applicability of these techniques in characterization the mechanical properties

of different electronic packaging materials.
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Appendix I

Prony Series Terms for Different Temperatures

A. Prony series terms for 140 °C and 150 °C

140 °C 150 °C
i
af T af T
Inf  2.86E-01 N/A 286E-01  N/A

1 0.05966 5.16E-03 597E-02  3.31E-06

2 0.06331 0.0349 6.33E-02  2.23E-05

3 7.68E-02 0.19885 7.68E-02  1.27E-04

4 0.09036 1.04E+00 9.04E-02  6.67E-04

5 9.70E-02 5.09646 9.70E-02  0.00326

6 9.15E-02  2.42E+01 9.16E-02  1.55E-02

7 71.70E-02 119.5669 7.70E-02  0.07653

8 0.06272 638.2983 6.27E-02  4.09E-01

9 5.15E-02  3.74E+03 5.15E-02  2.40E+00

10 0.04452 2.73E+04 445E-02 1.75E+01
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B. Prony series terms for 180 °C and 190 °C

180 °C 190 °C

o e f %
Inf 2.86E-01 N/A 2.86E-01 N/A

1 0.059633 3.76E-07 0.059634 4 84E-08
2 0.063275 2.54E-06 0.063276 3.27E-07
3 0.076769 1.45E-05 0.076771 1.86E-06
4 0.090333 7.59E-05 0.090335 9.76E-06
5 0.09696 3.71E-04 0.09696 4.77E-05
6 0.091582 0.00176 0.09158 2.26E-04
7 0.077027 0.00871 0.077026 0.00112
8 0.062746 0.04651 0.062745 0.00598
9 0.051513 0.27271 0.051512 0.03504
10  0.044534 1.99063 0.044533 0.25575
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Appendix II

Comparison of Computed vs. Measured Modulus for Different Temperatures

2.5E+10
2E+10 ‘_I
1.5E+10
©
o
W 1E+10 W E' Measured
® E' Computed
5E+09
0
0.01 1 100 10000 1000000
Frequency (Hz)
2.00E+09 N
1.80E+09 m E'" Measured
1.60E+09 ¢ E" Computed
1.40E+09
— 1.20E+09
©
S 1.00E+09 B
i o
8.00E+08 %
6.00E+08 .’
4.00E+08
*
2.00E+08
0.00E+00
0.01 1 100 10000 1000000
Frequency (Hz)
2.50E+10
2.00E+10 o
= 1.50E+10
e
*
W 1 00E+10 W |E*| Measured
® |E*| Computed
5.00E+09
0.00E+00
0.01 1 100 10000 1000000
Frequency (Hz)

Computed vs measured storage, loss, and complex modulus for 170 °C.

116



2.5E+10

2E+10 e

_1.5€+10

E'(Pa

1E+10
M E' Measured

® E' Computed
5E+09

0.1 10 100000 10000000

Frequleor%)y (Hz)
2.00E+09
1.80E+09
1.60E+09
1.40E+09
1.20E+09
1.00E+09
8.00E+08

E"(Pa)

o
)

® E" Measured

6.00E+08

(3
.
. E"C d *

4.00E+08 ¢ E" Compute

2.00E+08
0.00E+00
0.1 10 1000 100000 10000000

Frequency (Hz)

2.50E+10

2.00E+10 o

1.50E+10

|E*|(Pa)

| E¥|
Measured

1.00E+10
5.00E+09

0.00E+00
0.1 10 1000 100000 10000000

Frequency (Hz)

Computed vs measured storage, loss, and complex modulus for 180 °C.

117



