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Abstract
In the interest of improving reliability, electrical monitoring methods were utilized to observe the
degradation of electronics interconnections while simultaneously characterizing accelerated
testing-induced changes in test structures by means of optical examination, X-ray, scanning
acoustic microscopy and scanning electron microscopy. To improve the accuracy of lifetime
prediction for the PCSB interconnections investigated in this work, a modified Engelmaier’s
solder joint lifetime prediction model was recalibrated.
The results show that with most of the presented lead-free (SAC387, SAC405, SAC-In) solder
and structure combinations with a large global thermal mismatch (ΔCTE > 10 ppm/°C), lifetime
was adequate in the presented TCT ranges of 0‒100 °C and −40‒125 °C, while the amount of nonpreferred crack types, i.e. ceramic cracks, was minimized.
Degradation of interconnections was characterized using RF measurements both during TCT
and intermittently during TCT breaks. A grounded coplanar waveguide was arranged either in a
straight back-to-back configuration or together with a filter module with a passband at 22‒24
GHz—both with two transitions—and characterized during cycling breaks up to 25 GHz and 30
GHz, respectively. Besides off-cycle measurements, in-cycle measurements were done on an
antenna structure with an in-band at 10‒11 GHz, up to 14 GHz. The results show that the signal
response was initially affected at some frequencies as short-duration (< 1 s) glitches in the
monitored signal when measured during cycling in 0‒100 °C TCT. Later on the degradation could
be observed in the whole frequency band as TCT was continued.
Development of the semi-empirical lifetime prediction model for PCSB interconnections
showed the temperature range dependency of the correction term to be a second order polynomial
instead of a logarithmic one. For components with PCSB BGA, promising prediction results were
achieved which differed from the realized lifetime by less than 0.5% at best.

Keywords: BGA, failure detection, LTCC, RF, solder joint, TCT
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Tiivistelmä
Elektroniikkaliitosten rikkoontumisen seurantaan tarkoitettuja sähköisiä monitorointimenetelmiä kehitettiin samanaikaisesti karakterisoimalla testauksella liitoksiin aikaansaatuja muutoksia
optisesti, akustisella mikroskoopilla sekä röntgen- ja pyyhkäisyelektronimikroskoopeilla. Liitosten eliniän ennustamiseen soveltuva muokattu Engelmaierin malli kalibroitiin PCSB-liitosten
elinikäennusteen tarkkuuden parantamiseksi.
Tulosten perusteella useimmille tässä työssä käytetyille lyijyttömille (SAC387, SAC405,
SAC-In) juotteille ja suuren termisen epäsovituksen (ΔCTE > 10 ppm/°C) rakenneyhdistelmille
eliniät lämpösyklaustesteissä 0‒100 °C ja −40‒125 °C alueilla olivat riittävät ja haitallisimpien
murtumien, eli keraamimurtumien, määrä saatiin minimoiduksi.
RF-mittauksia käytettiin liitosten vikaantumisen seurantaan sekä lämpösyklauksen aikana
että syklausten välillä. Maadoitettua koplanaarista aaltojohtoa käytettiin joko suoraan perättäiskytkennässä tai suodatinmoduulin kanssa, jonka päästökaista oli 22–24 GHz. Rakenteet karakterisoitiin syklausten välillä 25 GHz ja 30 GHz asti tässä järjestyksessä. Näiden mittausten lisäksi
10–11 GHz kaistalla toimivaa antennirakennetta karakterisoitiin syklauksen aikana 14 GHz asti.
Tulokset osoittavat, että signaalivasteen muutos ilmenee aluksi joillakin taajuuksilla lyhyinä, alle
1 s mittaisina häiriöpiikkeinä, 0‒100 °C syklauksen aikana. Syklauksen edetessä vasteen huononeminen havaitaan myöhemmin koko mittausalueella.
Puolikokeellista elinikäennustemallia tarkasteltaessa havaittiin, että PCSB-liitosten lämpötila-alueesta riippuvia korjauskertoimia kuvasivat logaritmisen riippuvuuden sijaan parhaiten toisen asteen polynomifunktiot. PCSB BGA ‒rakenteille saadun ennusteen ja toteutuneen eliniän
välinen ero oli pienimmillään alle 0.5 %.

Asiasanat: BGA, juoteliitos, LTCC, RF, TCT, viantunnistus

"Luotettavuustekniikka on luonteeltaan yhtä errataa."
-eräs kollega
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c
corr(ΔT)
Δα
ΔD
ΔT
ΔTe
ε'f
εr
E
F
h
θ
κ
LD
N(x%)
R2
tanδ
tD
Tmax
Tmin
TSJ
Tm
2D
3D
AF
AMD
AWR
BGA
CAD
CBGA
CE mark

shape parameter of the Weibull distribution
fatigue ductility exponent
correction term
absolute difference in coefficients of thermal expansion of the
component and the substrate
potential cyclic fatigue damage at complete stress relaxation
thermal cycling excursion range
equivalent cycling temperature swing
fatigue ductility coefficient
dielectric constant
Young's modulus, the most common elastic modulus, the ratio of
stress to strain along an axis
empirical unideality factor
solder joint height
characteristic lifetime of the Weibull distribution
thermal conductivity
distance from neutral point
number of cycles after x percent of the population has failed
coefficient of determination
dielectric loss factor, i.e. loss tangent
half-cycle dwell time in minutes
maximum temperature of temperature cycling
minimum temperature of temperature cycling
average temperature of solder joint
solder's melting temperature
two-dimensional
three-dimensional
acceleration factor
Advanced Micro Devices
Applied Wave Research, Inc.
ball grid array
computer-aided design
ceramic ball grid array
Conformité Européenne, a mandatory conformity marking for
certain products sold within the European Economic Area
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CLCC
CSP
CTE
DC
dc
DNP
DUT
EDS
ENIG
FCOB
FEM
FESEM
FR-4
gbs
GCPW
GHz
GPa
HFSS
IB
IBM
ICA
IMC
ITRS
JEDEC
Ka band
LGA
LSE
LTCC
MCM
MHz
MLE
NDT
NFF
OOB
OPC
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ceramic leadless chip carrier
chip scale package
coefficient of thermal expansion
direct current
dislocation climb
distance from neutral point
device under test
energy dispersive spectrometer
electroless nickel immersion gold
flip chip on board
finite element method
field emission scanning electron microscopy
Flame Retardant 4, woven glass fiber-reinforced epoxy resin used as
a substrate material
grain boundary sliding
grounded coplanar waveguide
gigahertz
gigapascal
high-frequency structural simulator
in-band
International Business Machines
isotropically conductive adhesive
intermetallic compound
International Technology Roadmap of Semiconductors
Joint Electronic Device Engineering Council
frequency band, 26.5–40 GHz
land grid array
least squares estimation
low-temperature cofired ceramics
multi-chip module
megahertz
maximum likelihood estimation
non-destructive testing
no-fault-found
out-of-band
organic protective coating

OSM

VNA calibration method consisting of open, short, and match
standards
OSP
organic solderability preservative
PBGA
plastic ball grid array
PCB
printed circuit board
PCSB
plastic core solder ball
PET
polyethylene terephtalate
PI
polyimide
PPE
polyphenylene ether
ppm
parts per million
PPO
polyphenylene oxide
prognostics proactive diagnostics
PWB
printed wiring board
QFP
quad flat pack
RF
radio frequency
RoHS
Restriction of Hazardous Substances Directive
SAC
lead-free solder material consisting of SnAgCu
SAC-In
lead-free solder material consisting of SnInAgCu
SAM
scanning acoustic microscopy
SEM
scanning electron microscopy
SiP
system-in-package
SMA
surface mount assembly
SMD
surface mount device
SoC
system-on-chip
S-parameters scattering parameters
TCT
thermal cycling testing
TDR
time domain reflectometry
TRL
VNA calibration method consisting of thru, reflect, and line
standards
VNA
vector network analyzer
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1

Introduction

The electronics industry pushes constantly towards smaller sizes and higher
integration levels in components and assemblies. Gordon E. Moore's well-known
prediction of the number of transistors per square inch doubling approximately
every two years has prevailed for decades [1]. Intel, for example, has introduced a
roadmap of moving from current 22-nm 3D transistor technology down to 5-nm
technology in the near future [2]. More transistors per integrated circuit has
traditionally meant less material consumption, better yield per silicon wafer, less
cost, less power needed per transistor, and more computing power. Intel's main
competitor, Advanced Micro Devices (AMD), currently (Q1-2015) holds the
record for the "highest frequency of a computer processor"—8794 megahertz
(MHz)—validated using a system profiler program [3] with a liquid-nitrogencooled processor. These are examples of the ongoing competition between large
companies in terms of cost and performance and in reaching increasing packaging
density, which on the other hand has some potential pitfalls such as cooling and
reliability challenges.
Besides Moore's law, which is focused on predicting growth in transistor
density, the "More than Moore" concept encompasses system integration, i.e.
heterogeneous integrated systems. This concept is manifested through system-onchip (SoC), multichip module (MCM), system-in-package (SiP), and system-onpackage (SoP) thinking [4]. An article from 2006 predicts that: "From about 50
components per square centimeter in 2004, component density will climb to about
a million per square centimeter by 2020" [5]. The International Technology
Roadmap of Semiconductors (ITRS) organization points out that the SiP concept
has to deal with additional challenges besides the ones in single-chip packaging.
Mismatches in coefficients of thermal expansion (CTE), especially when using
large chips, and a lack of models for reliability prediction, are some of the
difficult challenges in the area. However, the pace of innovation in packaging is
high, enabling complex 3D SiP products in the near future [6].
Depending on the viewpoint, the reason or the result is that electronic devices are
an integral part of modern societies. While their existence may not always be
perceivable to the user, their malfunction is, and it can also cause dramatic
consequences. Often the malfunction is the result of a mechanical failure caused by
stresses—typically thermal in nature. The critical parts are often the interconnections
that are used not only to carry electrical signals, but also to conduct heat and act as a
19

mechanical support structure. Added to this, their lifetimes are often negatively
affected by decreasing interconnection sizes.
1.1

Background of the work

This work was originally initiated when it was seen that current reliability
monitoring and prediction methods were not adequate for defining the reliability
of low-temperature cofired ceramic (LTCC) structures attached onto organic
printed circuit boards (PCBs). This is a notable issue, especially in modulemotherboard interconnections, representing the second level in the category of
interconnections, which begins from the zero level, i.e. gate-to-gate
interconnections on silicon and ends at the fifth-level interconnections of
physically separate systems. Added to that, the lead-free era has brought its own
challenges to second-level interconnections.
One of the main reasons for using LTCC materials is that they can be utilized
with high frequencies in current and future electronics [7]. Packages and modules
manufactured from LTCC are hermetic, and therefore embedded elements are
shielded effectively from external stresses. However, cost optimization forces the
use of organic materials such as flame retardant 4 (FR-4) and polyimide (PI) as
substrates. They are then used together with ceramic modules that are utilized in
parts of the product requiring high performance.
1.1.1 Need for improved reliability in electronics interconnections
Electronic products must endure various stresses during their lifetime. These
stresses can be coarsely classified into chemical, mechanical, and thermal
stresses. In mobile electronics applications, for example, air humidity exposes the
products to chemical stress such as corrosion, dropping a cell phone on the floor
causes mechanical stress, and ambient temperature fluctuation causes thermal
stress. In electronics, interconnections are subjected to perhaps the biggest
stresses. Solder joints have an essential role in the functioning of microelectronics, and therefore their reliability is of great importance [8].
Although product renewal cycles have accelerated in most areas, there is an
increased need for improved reliability in interconnections, and thus, a larger
amount of research on their reliability. This is due to at least the following
reasons:
20

–
–
–
–

critical equipment are being or have been replaced with electronics, e.g.
control systems of an aircraft
this is leading to utilization of electronics in circumstances where they are
prone to stresses perhaps not present in previously imaginable situations
the increasing electronics packaging density leads to smaller interconnections
and increased cooling problems
pressure against consumption of single-use products, i.e. a need for more
environmentally friendly electronics

Thus, there is a need to initiate reliability studies of modern interconnection and
module structures with improved reliability.
1.1.2 Need for new monitoring methods
To detect impending failures in electronic equipment in the field at the earliest
stage possible, novel monitoring methods have to be developed. Researchers
working on proactive diagnostics—prognostics—of electronics have put forth
many viable propositions for monitoring purposes and methods in different stress
conditions as well as general reviews [9-11]. Considering field use, it is also
important to take into account the feasibility of measurement structures,
measurement types, continuous or intermittent, and costs [12].
With increasingly higher frequencies, e.g. in modern telecommunication
equipment [13, 14], it is also reasonable to investigate the use of high frequencies
to detect failures [15-17]. This is not only because the device’s own operating
frequency is of interest, but also because high-frequency signals may carry
information about the device’s wearout before it is detected at lower frequencies
or direct current (DC).
The need for new monitoring methods that show the current state and can
preferably be used to show the expected failure times of the device arises from
many factors. These can roughly be considered from the economic perspective
and the life-critical and environmental perspectives.
Economic perspective
Maximizing availability, i.e. minimizing the time needed for service, repair,
replacement, etc., is an obvious condition for a successful business. The longer
the availability times and the shorter the service times during the planned lifetime
21

of the device, the more competitive the product is. This can be achieved by
designing a reliable product and by utilizing novel monitoring methods in the
product that can accurately estimate needed service breaks during field use.
Equipment that is difficult to reach or equipment with high service costs, such
as base stations placed behind rough terrain and in satellites, can place obvious
economic pressures on service, as well. When services are timed optimally, large
savings can be achieved.
New environments and applications require novel monitoring methods so that
service breaks can be scheduled most optimally, i.e. so that the measured property
shows the actual state of the device as accurately as possible, and thus an accurate
prognosis of remaining lifetime can be made. As electronic equipment totally or
partially replaces mechanical systems, novel monitoring methods are needed. An
example of this is hybrid electric vehicles that can include, e.g. electrically
controlled regenerative braking systems to help improve fuel efficiency [18].
Life-critical and environmental perspectives
Life-critical and environmental perspectives are essential in securing safe
operation of equipment. Therefore, even the cheapest electronics should go
through a qualification sequence. Within the European Union, for example, the
least that is required is the manufacturer's assurance of the safety of its product
and its visible indication with a CE mark. Still, in many cases monitoring is
needed for an added level of security:
–

–
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Critical equipment and systems whose malfunction could have severe
imminent consequences, such as the control systems of automobiles and
aircraft, and a hospital environment place a high demand on the reliability of
electronics and their monitoring methods
Monitoring of electrical equipment to ensure environmentally sustainable
operation and prevent risks caused by malfunction naturally plays a big part
nowadays and in the future, where more and more equipment is operated
either automatically or semi-automatically, and is dependent on input of
signals from electrical equipment

1.1.3 Need for new reliability prediction models
An important question with electronic products is how long they can operate
without failures that risk their operational capability. This question holds true also
on smaller scales, e.g. at the board level, component level, and chip level.
Therefore, it is important to have an accurate initial estimation of lifetime. This
can be done through finite element modeling. Predicting the lifetime of lead-free
packages using the finite element method (FEM) is not always possible due to the
lack of data on the temperature dependence of the mechanical properties of
materials in lead-free interconnections, especially at low temperatures.
Therefore, especially novel electronic components require an in-depth study
of their lifetime endurance through stress tests in different environments. On the
basis of these data, a detailed model of the component's lifetime behavior can be
built, and lifetime in field-use conditions can be estimated rather accurately.
Essentially, the motivation for building improved reliability prediction
models is based on the same factors affecting their development as in the previous
chapter regarding reliability monitoring methods, i.e. economic and life-critical
perspectives.
1.2

Objective and outline of the thesis

The purpose of this work was to improve the reliability, electrical monitoring
methods, and prediction of the reliability of new electronics interconnections.
This research is needed, for example in printed electronics, where there already
are a variety of application-specific structures, but the importance underlining
their reliability and testability has just emerged.
Existing research results were utilized in the design and manufacture of the
structures tested. On this basis, it was possible to improve their reliability further
towards their intended applications. The structures were stressed mainly by
thermal cycling, because thermal stresses are generally the most significant factor
affecting failures of interconnections during field use. Electrical monitoring of the
structures was done in different phases of the thermal cycling test by measuring
electrical signals in both DC and gigahertz (GHz) ranges used in modern
telecommunications. In addition, suitable imaging methods, such as acoustic,
optical, X-ray, and electron microscopy were used to detect failures. With the
information gained by using these methods, defects appearing in the structures
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can be traced and the effects of different types of defects on electrical signals can
be observed.
This work enables the production of more environmentally friendly electronic
products with a longer lifetime and lower service costs. The results can be utilized
in both consumer and specialized electronics.
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2

Theoretical background

2.1

Factors affecting the reliability of electronics interconnections

There are a number of factors affecting the reliability of second-level electronics
interconnections. The main factors are listed and briefly explained in the
following chapters.
Differences in coefficients of thermal expansion (CTE). As the temperature
changes, materials having different CTEs either expand or shrink differently
compared with each other, resulting in stresses in interconnections. As the
temperature stabilizes, these stresses lessen over the course of time through
relaxation and creep. Cracks caused by CTE differences are perhaps the most
significant factor behind failures of interconnections. The CTE of LTCC ceramic
used in the modules is on the scale of 4‒8 parts-per-million per degree Celsius
(ppm/°C), whereas for a typical FR-4 substrate, the CTE depends on the
manufacturer, materials used, and even manufacturing batches. In the IPC
standard, the value is specified as 14‒20 ppm/°C [19]. Manufacturers of ceramic
materials used in modules have developed ceramics whose CTEs are larger than
those of "traditional" ceramics. When developing these materials, one has to
consider the preservation of the typical electrical properties of ceramics, so that
they can be used, for example, in high-frequency applications [20].
Dimensions. As interconnection height increases, its reliability usually
increases. This is because generally a higher interconnection has less peak stress
at the most critical point. The distance from the neutral point (DNP), i.e. the
"center" point in thermally expanding material that does not move during thermal
expansion, affects reliability so that the further away from the neutral point the
interconnection is, the more shear stress it has to endure, creating larger
deformations in the interconnection. However, this simple shear strain assumption
neglects, for example, the facts that solder properties are not constant at different
temperatures and the component's and substrate's flexibilities, through thickness,
affect stresses.
Structure. The interconnection's structure affects reliability, so that when
using a matrix-type structure such as a ball grid array (BGA), the population of
the matrix, i.e. full array or partial array, affects the stress level. Added to this,
heat spreading due to thermal conduction in the structure can alleviate stress
occurring in the interconnection. For example, Tee et al. [21] noted that thermal
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solder joints—whose main function is to conduct heat away effectively—reduced
thermal resistance and enhanced the solder joint's reliability at the same time.
Underfill materials that are spread between the component and substrate can
increase thermal conduction, protect from corrosion, and dampen mechanical
shocks. However, unless the properties of underfill are selected carefully, it may
actually degrade the fatigue lifetime of interconnections [22].
Pandey et al. studied the effect of BGA solder joint shape on reliability and
found that columnar solder joints have delayed crack initiation compared with
spherical solder joints, but the crack may propagate faster once initiated. In the
research, pad area cladding also had a significant effect on the location of crack
propagation [23].
Rigidity. Use of rigid materials in structures increases stress concentration
within a smaller volume during stressing, whereas with more flexible materials
stress is distributed within a larger volume, decreasing peak stress. Rigidity can
be affected by not only material choices, but for example, by the thickness of the
module and substrate, a thinner structure being more elastic. In addition, the
actual interconnection structure should be designed to be as elastic as possible,
resulting in interconnections that are more compliant with stresses. An example of
this is plastic core solder balls (PCSB), which are more compliant than full-metal
solder balls, thus reducing the rigidity of the joint [24-26].
Materials. Material choices naturally have an effect on reliability, and their
selection criteria, such as CTE, Young's modulus E, processability, thermal
conductivity, electrical and chemical properties, price, etc., are always a
compromise in terms of the reliability of the structure. When using BGA
interconnections, it must be noted that so-called low-temperature BGA balls lose
their shape during the reflow process, often leading to weaker reliability than with
shape-preserving, non-collapsible balls such as PCSBs and still-permitted highlead (90/10) PbSn balls.
Nousiainen et al. studied the influence of two lead-free solders, SnAgCu, i.e.
SAC, and SnInAgCu, i.e. SAC-In, on reliability when using 90/10 PbSn BGA
balls and noted that the reliability of these mixed metallurgy interconnections was
much worse compared with earlier studies with eutectic (62/36/2) SnPbAg solder
and shape-preserving, 90/10 PbSn and PCSB, balls [27-30]. Similar findings were
made, for example, by Zbrzezny et al. [31].
Suhling et al. [32] reviewed previous investigations in the area of lead-free
and lead-containing interconnections and found that, depending on the structural
design and environmental conditions, using lead-free materials improves
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interconnection reliability. In thermal cycling, SAC solders are basically better
than lead-containing solders. This improvement concerns compliable
interconnections, such as quad flat pack (QFP), plastic BGA (PBGA), and also
more rigid structures that have been placed under smaller temperature changes,
such as ceramic BGA (CBGA). On the other hand, rigid components that have a
large CTE mismatch with the substrate—such as a CBGA-FR-4 structure and flip
chip on board (FCOB) without underfill—typically have worse solder joint
reliability in large temperature changes. In their study, Suhling et al. tested leadcontaining (63/37) PbSn and lead-free (95.5/3.8/0.7) SnAgCu chip resistor
interconnections in thermal cycling tests (TCTs) in temperature ranges of −40‒
125 °C and −40‒150 °C. Based on these results, both structures were equally
reliable in the milder thermal cycling temperature range, whereas the leadcontaining structure was remarkably more reliable in the harsher thermal cycling
temperature range.
Vandevelde et al. compared lead-containing (SnPb) and lead-free (SAC)
interconnections in their study by using finite element modeling (FEM).
According to their investigation, lead-free solders can withstand smaller loads
better, because they have a smaller creep strain rate than lead-containing solder.
Additionally, lead-free solders have a larger Young's modulus. On the other hand,
they noted that in situations where high stress levels exist in chip scale package
(CSP) and flip chip package interconnections, the lower creep strain rate of SAC
results in higher hysteresis loops with more dissipated energy per cycle, and thus,
shorter lifetime. According to FEM simulations done in said study, acceleration
factors (AF) that contrasted lifetime between test and field environments were
noted to be larger with SAC solder [33].
Nousiainen et al. compared two module side metallizations (AgPd and AgPt)
of LTCC-FR-4 interconnections, and found that AgPd metallizations induced
ceramic cracks, whereas with AgPt metallization cracks were eliminated almost
completely [29]. In reflow soldering, AgPd had completely reacted with solder
(eutectic SnPbAg), forming intermetallic phases (Ag3Sn and PdSn4). This resulted
in dispersion strengthening of the solder matrix and, in turn, ceramic cracking in
the −40‒125 °C TCT range. In another study, Nousiainen et al. pointed out that
also AgPt metallization can dissolve at the high temperatures typically used in a
lead-free reflow process. Thus, interactions between solder and metallization
material in the reflow process should be tested before any actual test structures or
commercial structures are fabricated [34].
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Besides module side interconnection areas, substrate side cladding materials
have been the focus of intensive research. Bradley and Banerji noted that,
compared with organic protective coatings (OPC), i.e. organic solderability
preservatives (OSP), electroless nickel-immersion gold (ENIG) coating has less
resistance to thermal shock [35].
On the other hand, Sundelin and Lepistö state [36] that when compared with
NiAu, OSP is a better choice on the basis of the strength values of non-aged
interconnections. This is due to the dimensional dissimilarity of solderstrengthening Ag3Sn dispersions with different claddings. These differences are,
according to authors, explained by a difference in cooling rates during reflow,
which is dependent on the cladding material. They found that dimensional
dissimilarities became similar during aging, resulting also in equalization of
strength values. However, it must be noted that the difference between cooling
rates was not reported, and that the effect of pad cladding material on the cooling
rate has not been verified. Also, there are reports showing that as-reflowed
structures with ENIG have better drop test resistance than OSP, (e.g., Xia et al.)
[37]. Moreover, Mattila and Kivilahti have reported that the SAC
interconnections with NiAu cladding on the substrate side having 27% longer
average lifetime than OSP in −45‒125 °C TCT [38].
The microstructure of the interconnection, including crystal structure, average
grain size, and defects in the microstructure, has a large impact on reliability. Due
to its tetragonal crystal structure, Sn has anisotropic properties, such as strength
and CTE. Because of this, if the more easily yielding crystal planes and
orientations are parallel or nearly parallel to the stress direction, inelastic strains
occur earlier, leading to faster recrystallization and damage in these joints.
Generally speaking, materials with a small grain size have better fatigue strength
than materials with a large grain size at low temperatures [39]. On the other hand,
materials with a large grain size have better creep resistance at high temperatures,
i.e. in metal creep temperature ranges. Considering that in SAC-BGA structures,
fractures induced by thermal stresses typically exist in the recrystallized zone
[40], it can be assumed that with lead-free solders, the lifetime of the
interconnections is also dependent on their recrystallization kinetics.
Process. During the fabrication phase, the process requirements for each step
must be noted and their effect especially on interconnection reliability taken into
account. Increasing the temperature in some process steps can cause or increase
potentially negative effects in reliability, such as tensile stresses (compressive
stresses usually increase reliability [39]) and creep in interconnections. Also,
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excessive intermetallic compound (IMC) thickness may promote brittle failure
[41], and due to its higher rigidity compared with bulk solder, may increase stress
concentration in some areas such as the solder-IMC interface.
Voids, i.e. gas-filled bubbles in solder interconnections caused by evaporation
of the volatile flux in solder during the reflow process, exist almost inevitably in
interconnections. Voids reduce the reliability of interconnection, decrease thermal
conductivity, and can cause heating of the interconnection and module in power
electronics due to the smaller heat-conducting cross-sectional area. Compared
with bulk solder, recrystallization is more easily driven around voids, because
strain is concentrated around these points of discontinuity [42]. Therefore, there is
a need to minimize the amount and size of voids, often by adjusting the process
parameters. In addition to temperature profile optimization, flux composition has
a large effect on voids, whereas flux residues can affect reliability and radio
frequency (RF) performance [43, 44]. Considering the reliability of, for example,
a BGA interconnection, the most important process steps are the ball attachment
process and the following process of attaching the BGA array onto the substrate
with reflow soldering. The solder reflow process can be divided into four parts as
follows (refer to Fig. 1).
1.
2.

3.
4.

Preheating: The substrate and the components with solder are heated to
approximately 150 °C.
Soak temperature: Flux is activated at this temperature, removing possible
contamination and oxidation layer from the surface to be soldered; at the end
of this phase the temperature of the solder is approaching the melting
temperature Tm. With SAC solders Tm is around 217 °C.
Reflow: The solder is melted and its temperature reaches its peak, which with
lead-free solders is typically 230–250 °C.
Cooling: The molten solder solidifies. Too slow a cooling speed can lead to
excessive growth of IMC and solder grains, whereas too fast a cooling speed
can lead to overly large thermal gradients, resulting in cracks in materials.
The recommended cooling rate is typically around 4 °C/s.

By replacing air with an inert nitrogen atmosphere in the reflow process, the
quality of lead-free solder interconnections can be enhanced. Nitrogen enhances
the wetting capability of the solder, and the surface of the solder also becomes
smoother. The ability of flux to remove oxides and contamination from the
contact surfaces improves solder wetting and adherence to the substrate's
interconnection area.
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The characteristic reflow profile for a lead-free solder is shown in Fig. 1. The
figure shows higher temperatures in the different phases compared with
previously most commonly used eutectic tin-lead solder, whose Tm is 183 °C and
typical peak temperature is around 220 °C. The melting temperature of the solder
in Fig. 1 was 217 °C and the peak temperature used in the profile was 245 °C, i.e.
about 25 °C higher than for eutectic tin-lead.

Fig. 1. A typical reflow profile for lead-free solders.

Finally, the field environment is naturally in the most crucial role in affecting the
reliability of electronics interconnections. Stresses affecting the reliability of
electronics interconnections are presented in Fig. 2a, which also shows some
examples of individual stresses that may exist in interconnections. An example of
a TCT-induced failure in the 0‒100 °C range is shown in Fig. 2b [45]. TCT
causes thermomechanical stresses leading to fatigue and creep in the
interconnections. Thus, initiated cracks propagate and lead to mechanical failures,
which finally result in electrical breakdown of interconnections.
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a)

b)

Fig. 2. a) Stresses in interconnections. b) Result of thermomechanical stresses in a
lead-free interconnection, with a sphere diameter in the order of 100 µm, after TCT at
0‒100 °C [45]. Scale added in image b), © 2001 Springer.

2.2

Reliability models for structure lifetime prediction

Solder joint fatigue models can be classified into five categories: stress based,
plastic strain based, creep strain based, energy based, and damage based models
[46]. Engelmaier's model, based on the Engelmaier-Wild solder creep-fatigue
equation, is a plastic strain-based model. It was developed by Werner Engelmaier
on the basis of Morrow's strain-energy relationship and its specialized case, the
Coffin-Manson low-cycle fatigue equation for non-creeping metals [47].
Engelmaier's model is expressed as


1

1

1  2 f  c  ln(1  0.01x)  
 
N ( x %)  
 ,
2  D   ln 0.5 

(1)

where N (x %) is the number of cycles after x percent of the population has
failed; with often used Weibull distribution this percent is (1−1/e)×100% =
63.2%, i.e. the characteristic lifetime, marked as θ,  f is the fatigue ductility
coefficient corresponding to the plastic strain at one reversal,  D is the potential
cyclic fatigue damage at complete stress relaxation, c is the fatigue ductility
exponent, and  is the shape parameter of the Weibull distribution. For leadless
attachments,  D can be presented as
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FL D Te
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h

(2)

where F is the empirical unideality factor. As explained, for example, in the IPCSM-785 standard [19], this factor is indicative of deviations of real solder joints
from idealizing assumptions and accounts for secondary and frequently
intractable effects such as cyclic warpage, cyclic transients, non-ideal solder joint
geometry, brittle intermetallic compounds, Pb-rich boundary layers in previously
dominant tin-lead solder, and solder/bonded-material expansion differences, as
well as inaccuracies and uncertainties in the parameters in Eq. (1). LD is the
distance from the neutral point,  is the absolute difference in the coefficients
of thermal expansion of the component and the substrate,  T e is the equivalent
cycling temperature swing, and h is the solder joint height.  T e is presented as

Te 

 s Ts   c Tc
,


(3)

where subscripts s and c denote the substrate and the component, respectively.
When there is no power cycling involved, it is acceptable to use the
approximation
Te  T  Tmax  Tmin ,

(4)

where Tmax is the maximum and Tmin is the minimum temperature of the
temperature cycle, respectively.
The fatigue ductility exponent c in Eq. (1) is defined as

360 
,
c   0 .442  6  10  4 T SJ  1 .74  10  2 ln  1 
t D 


(5)

where TSJ represents the average temperature of solder joint, and t D is the half
cycle dwell time in minutes.
Engelmaier’s model was first recalibrated for SnAgCu solder by Salmela et
al. [48]. Later, Engelmaier also gave recalibrated values for the parameters that
the model utilizes [49]. Salmela [50] proposed a stress-dependent term for both
Engelmaier’s and Norris-Landzberg’s models.
The idea of using a stress-dependent model is based on the observation that
even though the test conditions may be similar in accelerated testing, internal
stresses in the solder joint will be different, depending on the stiffness and other
mechanical properties of the assembly. Moreover, the response to internal stresses
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is solder-material-dependent, since the stress-strain behavior of different solder
materials varies. In order to take into account these factors, Salmela [48] has
introduced a correction term corr(ΔT), which replaces both the fatigue ductility
coefficient  f and the unideality factor F used in Engelmaier’s model. The
correction term is defined as
corr (T )  A  ln(T )  B ,

(6)

where A and B are package- and solder-material-specific constants. The
correction term depends on the thermal cycling variation range (ΔT). This is
needed in order to take into account the stress dependence of the material
properties. The modified, stress-dependent Engelmaier's model by Salmela is

1  corr (T ) 

N ( x %)  
2  D1 



1
1
c  ln(1  0.01x)  




ln 0.5

 ,


(7)

where D1  D | F 1 .
This logarithmic model has been proven to give satisfactory reliability
prediction results for ball grid array and ceramic leadless chip carrier
interconnections, and has also been extended to structures with land grid array
(LGA)-type interconnections [51, 52]. In the case of non-collapsible solder joints
with PCSBs, the model was recalibrated again in Paper III to accurately reflect
the lifetime behavior of these joints, resulting in a parabolic presentation of the
temperature dependency of corr(ΔT):
1  A  (T ) 2  B  (T )  C 
N ( x %)  

2 
D1




1
1
c  ln(1  0.01x)  




ln 0.5

 ,


(8)

where A, B, and C are parabolic correction terms for PCSB and for CBGA with
solder balls, and D1  D | F 1 .
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3

Experimental

The experimental details of this work, including the design and fabrication of the
structures, their controlled stress tests, electrical monitoring, imaging methods,
and the chronological order of the tests are presented in this chapter.
3.1

Design of test circuits

Test circuits ranging from conventional structures used in DC measurements, i.e.
chip resistors and LTCC modules, to advanced RF structures with highly
optimized transitions through the interconnections were studied in this work. As
for their design, a rough dimensioning tool (AWR TX-LINE), high-frequency
modeling software (Ansys High-Frequency Structural Simulator, HFSS), design
guidelines from International Business Machines (IBM) [53], and computer-aided
design (CAD) layout tools (AutoCAD, OrCAD), among the most important ones,
were used.
3.1.1 DC structures
The design of the DC structure represents an LTCC module for potential
commercial use. This component has also been used in many previous
investigations [29, 30, 54], and thus, as there already are many test results based
on this design, the component was considered to be suitable for this research, as
well.
The layout of the basic (15 mm x 15 mm) module with 9 x 9 BGA and daisychains in the two outermost BGA rows is presented in Fig. 3a. This structure was
modified from case to case, e.g. a Wheatstone bridge voltage measurement
structure was partly embedded in the LTCC, as shown in the layout in Fig. 3b
[12]. In the current measurements, routing for the monitoring of three diagonal
interconnections in the lower right corner of the layout in Fig. 3b was used.
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a)

b)

Fig. 3. a) LTCC layout of the (15 mm x 15 mm) basic 9 x 9 BGA structure, showing
embedded wiring (black rectangles) in the two outermost rows. b) A customized 15
mm x 15 mm, 9 x 9 LTCC BGA layout, enabling measurement of the three outermost
diagonal interconnections in the lower right corner (Paper V), and embedded resistor
structures (large grey rectangles) for Wheatstone bridge measurements.

3.1.2 RF structures
RF structures, like transmission lines, filter structures, and patch antennas, were
designed and modeled within the research group; they are presented elsewhere
[55, 56].
In Paper I, a feedline on the printed wiring board (PWB) side was a 50 Ω
grounded coplanar waveguide (GCPW), while a feedline on the multilayer
ceramic module side was a 50 Ω stripline. A BGA transition structure consisted of
seven BGA solder joints. One BGA joint is a signal connection and the remaining
six are used for grounding and shielding. In order to enable microwave probe
measurements, two BGA transition structures were arranged in a back-to-back
configuration to form a basic interconnection test module.
In Paper II, the structure was an antenna assembly consisting of a 50 Ω
grounded coplanar waveguide (GCPW)-to-GCPW BGA transition and was
equipped with a surface mount assembly (SMA) connector. One BGA joint is
used as a signal interconnection, whereas the remaining BGA joints are grounded.
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Optimization of transmission lines is a straightforward operation and can be
done rather easily with modern simulation software, but the transitions in each
design needed special attention. The design and optimization of the wideband—
from DC up to 30 GHz—BGA transitions are presented by Kangasvieri [55].
3.2

Fabrication of test structures

The modules were manufactured using a standard LTCC process scrutinized by
Imanaka, for example [57]. Thick-film Ag and AgPt pastes were used for pad
metallization. The material and structural details are described in Papers I–V.
The general LTCC process is presented in Fig. 4. The commercial LTCC
materials (Du Pont 951, Ferro A6-S, and Heraeus CT-800/HL-2000) used in this
work were in ready-made sheets and reels. Their properties, provided by the
manufacturers, are listed in Table 1. The full product data of the tapes are
available through the manufacturers' websites [58-61].
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Fig. 4. The general LTCC fabrication process. This image was published in Printed
Films: Materials Science and Applications in Sensors, Electronics and Photonics,
Prudenziati and Hormadaly (ed.), Chapter 6: Multilayer low-temperature co-fired
ceramic systems incorporating a thick-film printing process, p. 144, Copyright
Elsevier (2012).

An important property concerning the reliability testing implemented in this
study—and generally in this field, as well—is CTE. In high-power applications,
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the thermal conductivity κ is also important. Mechanical properties, such as
flexural strength and Young's modulus, affect the module's rigidity and
adaptability to prevailing stresses. These properties are important not only in
TCT, but especially in pure mechanical stress tests. Lastly, relative permittivity εr
and loss tangent tanδ are important electrical properties in RF applications; they
affect product sizing, signal propagation speed, and the dampening of the signal.
Table 1. Properties of LTCC module materials.
Property

LTCC module material
Du Pont 951

Coefficient of thermal

Ferro A6-S

Heraeus (CT 800&HL 2000)

5.8 ppm/°C (25–300 °C) > 8 ppm/°C (25–300 °C) average 5.9 ppm/°C (25–

expansion (CTE)

300 °C)*

Thermal conductivity κ 3.3 W/mK

2 W/mK

NA

Flexural strength

320 MPa (4-point bend)

> 160 MPa (3-point

> 160 MPa (for CT 800, 3-

bend)

point bend)

Young's modulus E

120 gigapascals (GPa)

NA

110 GPa (for CT 800)

Dielectric constant εr

7.8 (at 3 GHz)

5.9 ± 0.2 (1–100 GHz)

6.7

Loss tangent tanδ

0.006 (at 3 GHz)

< 0.002 (1–100 GHz)

0.004

Related papers

II–V

I

III

*CTE calculated using a Voigt-type relationship of the two tape materials with a 2:5 ratio

After the modules were manufactured, a ball grid array was attached to them.
First, solder paste was applied to the pads with a screen printing machine using a
stencil with a thickness between 100–200 µm, depending on the specified amount
of solder. Thereafter a flip chip bonder with a vacuum system restraining the BGA
balls onto a specially fabricated jig was used, and the modules were taken through
a reflow process in a 5-stage reflow oven with a temperature profile set according
to the manufacturers' recommendations. An example profile is shown in Fig. 1. In
addition to the manufacturers' datasheets, X-ray microscopy was used to adjust
the process, i.e. to minimize the amount of voids and observe the wetting angles
(OK/not OK). Fig. 5 shows the principled layout images of the BGA modules and
surface mount device (SMD) chip resistors used in Papers I–V.

39

Fig. 5. Layouts of test modules and SMD chip resistors in Papers I–V (not to scale).

The modules with BGA were attached similarly onto substrates, i.e. after solder
paste was screen printed onto the printed wiring board (PWB), the modules were
placed onto them using the flip chip bonder. In addition to the aforementioned
inspections, X-ray microscopy was now used also to verify the uniformity of the
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BGA matrix and to detect possible bridging. The substrates included both
ordinary FR-4, i.e. woven-glass-reinforced epoxy resin, printed circuit board
(PCB) material, and Rogers 4003 hydrocarbon ceramic laminates with good RF
performance. Their properties are listed in Table 2 [62-66]. After the
aforementioned structural integrity inspections, the functionality of the accepted
structures was verified with electrical measurements prior to TCT.
Table 2. Properties of the substrate materials.
Property

FR-4 (typical values)

Arlon 55NT

Coefficient of thermal

14–20 ppm/°C

9 ppm/°C

expansion CTE

Rogers 4003
11 (X),14 (Y) ppm/°C (−55‒
288 °C)

Thermal conductivity κ

0.25 W/mK

Flexural strength σF1

345/414 MPa (CW/LW)2 262 MPa

0.2 W/mK

276 MPa

0.71 W/mK (at 80 °C)

Young's modulus E

21/24 GPa (CW/LW)

13.8 GPa

25.5-26.9 GPa (CW/LW)

Dielectric constant εr

4.4 (at GHz range)

3.8 (at 1 MHz)

3.38 ± 0.05 (at 10 GHz, 23 °C)

Loss tangent tanδ

0.017 (at GHz range)

0.015 (at 1 MHz)

0.0021/0.0027 (at 2.5/10 GHz,

Glass transition point Tg

140 °C

170 °C

> 280 °C

23 °C)
1

Three-point bend test

2

CW = crosswise, LW = lengthwise

3.3

Thermal cycling tests

The motivation for using thermal cycling tests to stress the structures is that
thermomechanically induced stress—considered to result in creep and thermalfatigue-related failures—is usually the most significant factor behind failures of
interconnections in most electronics use conditions.
Thermal cycling tests were performed in two very commonly used
temperature ranges: 0‒100 °C, i.e.  T = 100 °C, and −40‒125 °C, i.e.  T =
165 °C, see Fig. 6. Both cycles had 15-minute rise, fall, and dwell times t D ,
resulting in 6.7 °C/min and 11 °C/min ramp rates, respectively, with 1 cycle per
hour. The tests were arranged according to JEDEC standard JESD22-A104
recommendations [67]. The 0‒100 °C test, designated as a mild test, was
performed using an Arctest ARC-150 TCT chamber, and the −40‒125 °C test,
designated as a harsh test, was performed using a Vötsch VTS 7027-15 TCT
chamber.
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Fig. 6. Thermal cycling test profiles. Paper III, © 2012 IEEE.

3.4

Electrical monitoring methods

Electrical monitoring methods can be divided into DC and RF measurements.
Typically, monitoring of interconnection breakdown is done by measuring DC
resistance changes during stress tests. However, monitoring of the RF
performance of the devices under test (DUT) is introduced as a new method in
this research.
The measurement interval should be as short as possible, preferably
continuous, but this is not often possible in field use.
3.4.1 DC resistance measurements
The daisy-chain resistance measurements basically consisted of a signal route that
included all the monitored interconnections in series, as shown in Fig. 7. The
signal follows a path that first goes along the substrate to the root of an
interconnection, ascends through it into the module, moves to the next monitored
interconnection, descends back down to the substrate, moves to the next
monitored interconnection, etc. Each interconnection then contributes to the total
resistance, and for example, with an 800 um plastic-core solder ball (PCSB), the
resistance of an individual ball is typically tens of milliohms, as noted by Okinaga
et al. [24]. Accounting for the contribution of solder and pads, the resistance of an
individual interconnection is less than 100 mΩ. Depending on the amount of
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monitored interconnections, the total resistance is typically about 1‒2 Ω. The
series resistance can be monitored with different methods. Event detectors are
generally preferred because short-term intermittent open circuits occur in
interconnections due to moving of cracked surfaces in the time scale of
microseconds. This is stated in the IPC-SM-785 standard [19] and taken into
account in guidelines concerning real-time monitoring methods in the IPC-SM9701 standard [68]. These short-term effects are hard to catch with common data
loggers that are typically used to register resistance values once every few
minutes. On the other hand, more work is needed to analyze and exclude sudden
resistance changes due to unidealities in, for example, cabling and connectors
between cabling and the DUT.
The absolute accuracy of the common two-point resistance measurement is
not as good as with four-point measurement, where the measurement probes are
separated from the current-carrying probes. However, in the case of daisy-chained
interconnections, the measurement accuracy achieved with the four-point probe
method is not generally of critical importance, and therefore two-point
measurements are considered adequate in most cases.
In Papers III–V, interconnections were concatenated and the failure criterion
used was a doubling of the initial daisy-chain resistance. DC resistance
measurements were performed during cycling using data loggers (Fluke Hydra
II). Since continuous monitoring could not be done with the equipment, doubling
of the initial resistance was taken as an indication of a failure. The resistance
values of daisy-chains were collected every 2nd or 3rd minute, depending on the
case, resulting in 30 or 20 measurements per hour, respectively. In order to have
the maximum amount of channels available for the samples monitored during
cycling, the two-point method was used as the measurement method.
Advanced structures for monitoring of interconnection degradation
Differential voltage measurements with a Wheatstone bridge that can be used to
monitor the degradation of BGA interconnections are presented in detail
elsewhere [12]. Basically, the measurement system consists of a resistance bridge,
as in Fig. 7, where the sensitive balance of the bridge is shifted as a result of
interconnection degradation, i.e. resistance alteration. Initially, the resistance
values Rm1 and R2, representing the monitored interconnection Rm1, e.g. a
corner interconnection, and another interconnection from the middle of the BGA,
ideally at the neutral point, are equal or near each other. Similarly R3 and R4,
43

being either embedded into the module or onto the substrate, are selected to be
equal or near each other. R3 and R4 do not have to be equal to Rm1 and R2, but
R3/R4 should be similar to Rm1/R2 to achieve identical voltage division,
resulting in zero off-balance voltage between points 2 and 3 in Fig. 7. When a
crack propagates in interconnection Rm1, its resistance increases, thereby
decreasing the voltage at point 2 and increasing the off-balance voltage. This offbalance voltage is registered with the related monitoring system.

Fig. 7. Daisy-chained interconnections (left), and the bridge voltage monitoring
principle (right).

Examples of an in-house-built Bluetooth antenna carrier structure and a
prognostic measurement structure under a Blackfin processor—both equipped
with prognostic cells for DC measurements and embedded reference resistors—
are presented in Fig. 8.

a)

b)

c)

Fig. 8. a) 25 x 25 x 1 mm LTCC module with embedded prognostic cells used as a
Bluetooth antenna carrier structure. b) 22 x 22 x 1 mm LTCC module with embedded
prognostic cells used as a Blackfin processor carrier structure. c) An LTCC structure
with prognostic cells from (b) under a Blackfin processor; image courtesy Juha
Karttunen.
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3.4.2 RF measurements
In RF measurements it is anticipated that a propagating crack affects the
impedance of the interconnections. In addition to resistance changes, inductive
and capacitive reactance can change—perhaps more significantly than pure
resistance—at high frequencies in an early phase. This creates a mismatch in the
impedance of a finely tuned transition, and thus reflection or radiation of part of
the input signal occurs.
The RF measurement setup consisted of a vector network analyzer (VNA),
related cabling, and the DUT, as shown in Fig. 9. Calibration was done before the
measurements. In Paper I, the calibration type was multiline thru-reflect-line
(TRL) for 2-port measurements [69], whereas, in Paper II, full one-port
calibration with open, short, and match standards, i.e. OSM, was done with the
accompanying calibration unit to enable reflection measurements. The cabling
was a coaxial type, and the connection to the substrate of the DUT was done with
either coplanar probes (Paper I) or an SMA connector (Paper II).
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Fig. 9. Principle of RF measurements with a VNA.

Intermittent VNA measurements
The RF structures were taken out of the TCT chamber intermittently and
measured with either an HP 8510C VNA in the 0.045‒30 GHz range (Paper I) or
a Rohde & Schwarz ZVB-20 VNA in the 6‒14 GHz range (Paper II).
The quality of the calibration in Paper I was verified each time at the
beginning of the measurements by measuring the calibration thru-line. In Paper II,
full one-port calibration was done from 6 to 14 GHz with a calibration unit
accompanying the VNA. The calibration was performed every time before
measuring the samples and a 50 Ω reference load was used to verify the quality of
the calibration.
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In-cycle VNA measurements
For the structures presented in Paper II, also in-cycle VNA measurements were
performed at certain times. By doing this, the behavior of the RF structures at
different temperatures and the change in behavior after cracks had emerged in the
interconnections could be observed. This provided crucial information on how
cracks reveal themselves at high frequencies in a field environment.
3.5

Imaging methods

Various imaging methods were used during the course of the tests. In the
manufacturing phase, besides optical microscopy, also X-ray microscopy was
used to characterize the interconnections. During testing, scanning acoustic
microscopy (SAM) was the main method used for non-destructive imaging.
Finally, some samples were selected for scanning electron microscopy (SEM)
analysis.
Optical microscopy with a polarizing plate can also be used for imaging
solder interconnections, particularly to reveal the areas of different crystal
orientation in cross-sections. This is convenient in detecting the amount of
recrystallization that has occurred during the tests.
X-ray microscopy is used mainly during the manufacturing phase. A
Feinfocus FXS-160.23 X-ray microscope was used to detect the amount of voids,
alignment of interconnections, wetting angles, and possible bridging that occurred
during the reflow phase. This helped to screen out possible faulty products from
the tests. After the tests, X-ray imaging was also used to see inside area array
interconnections, to reveal the state of interconnections, and even to detect
possible cracks. The resolution of the X-ray system in the X-Y-direction is in
micrometers with a beam diameter of four micrometers in focus. In the Zdirection, the resolution can, in theory, be less than a micrometer, depending on
the material's ability to prevent X-ray propagation that causes contrast
differences. The use of X-ray microscopy to inspect interconnection quality is
scrutinized elsewhere [70].
Scanning acoustic microscopy is a non-destructive imaging method based on
ultrasound reflection at the surfaces of different acoustic impedances. In
reliability studies, acoustic microscopy is used to detect voids, delaminations, and
cracks in material. The use of acoustic microscopy is limited mainly by the
geometry of the sample under test and the materials that it consists of. Curved
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surfaces between the transducer and the surface of interest scatter the ultrasound,
resulting in loss of information.
The operation principle of SAM and the user interface of the Sonoscan D9000 SAM are presented in Fig. 10a–b, respectively. Material thickness and its
acoustic impedance, Z1–Z3 in Fig. 10a, affects signal propagation and thus defines
the maximum depth from which it can be received. The resolution depends on the
selected transducer's frequency, which is inversely proportional to the signal's
penetration depth. For the SAM in this study, transducers are available from 10 to
230 MHz. According to the manufacturer [71], separations as small as 20 nm can
be detected in the Z (depth) direction, whereas the resolution in the X-Y
directions depends on the ultrasonic frequency used and the design of the
transducer. For the 100 MHz transducer used in this work, the resolution is about
25 microns, and for the other 50 MHz transducer, the resolution is about 50
microns. However, a transducer can actually detect defects smaller than its
resolution by an order of magnitude. The defect may not be resolved, but its
presence can be detected.
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a)

b)
Fig. 10. SAM operating principle in the pulse-echo mode: a) schematic view of the
system, and b) the user interface (© Sonoscan, Inc.), showing the A-scan signal and Cscan image.

SAM was used in taking C-type images, i.e. 2D images from a desired depth,
from the DUT during different stages of the tests. In addition, an A-scan signal
was used to determine the crack depth locations in the DUT. In the beginning of
the tests samples were taken out of the chamber at shorter intervals than later on.
The initial more frequent interval was used because the cracks usually propagated
within the early stages of testing (cf. Paper I).
SEM and FESEM were used to take detailed images of the samples together
with compositional analysis using an energy dispersive spectrometer (EDS). The
wavelength of the emitted electron beam is shorter than that of visible light,
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giving an increase in resolution of about a hundred times that of optical
microscopes.
3.6

Chronological order of the tests

The chronological order of the tests is depicted in Fig. 11. After the samples had
been designed and fabricated, including profiling of the reflow oven with the help
of X-ray and SEM imaging to detect wetting angles, possible voiding, and
bridging of area array interconnections, they were inspected with X-ray and SAM
imaging. Also, initial electrical measurements were done. After pre-inspections,
the samples were placed into a thermal cycling test chamber. Resistance
measurements were done with data logger during TCT (Papers III–V), and
intermittently during cycling breaks. Intermittent 2-point resistance measurements
were done with data loggers and multimeters to verify the in-cycle measurements,
and to characterize samples that were not monitored during TCT. In addition,
manual scattering parameter—i.e. S-parameter—measurements were done during
individual thermal cycles (Paper II) and during TCT breaks (Papers I–II).
During TCT breaks, the samples were also inspected with SAM, optical, and
X-ray imaging, and some samples were selected for SEM imaging to detect crack
locations and other characteristic features of the samples during different phases
of the tests. Then TCT was continued until the next break. Finally after TCT,
samples were selected for SEM and FESEM analysis to show the end result.
Failure time data were input to Weibull++ software, and characteristic lifetimes θ
together with shape factors β were calculated using 2-parameter Weibull
distribution for each corresponding case.
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Fig. 11. Chronological order of the tests.

51

52

4

Results

This chapter is divided into three parts: electrical measurements, observed failure
mechanisms, and statistical reliability analysis. The electrical measurements
chapter is subdivided into DC and RF parts, the observed failure mechanisms
chapter is subdivided according to each interconnection type, and statistical
reliability analysis is subdivided according to observed reliability data from the
test results and predicted long-term reliability in a field environment.
A list of the studied BGA assemblies is presented in Table 3. In total,
combinations of three BGA sphere sizes, six solders, and four substrate materials
were used.
Table 3. BGA assemblies used in Papers I–V.
Module1 Sphere Solder material for BGA attachment

Substrate3

Ø2 (µm)

TCT

Number of

range4

samples

Ref.

P_Ia

500

62/36/2 SnPbAg solder

R. + FR-4

H

8

Paper I

P_Ib

500

62/36/2 SnPbAg solder

R. + FR-4

H

2

Paper I

P_Ic

500

62/36/2 SnPbAg solder

R. + FR-4

H

3

Paper I

P_II

800

95.5/4/0.5 SnAgCu solder

R. + FR-4

M

8

Paper II

P_IIIa

500

88.4/7/4.1/0.5SnInAgCu (SAC-In)

FR-4

H

18

Paper III

P_IIIa

500

―''―

A-55NT

M

9

Paper III
Paper III

P_IIIa

500

―''―

A-55NT

H

9

P_IIIb

1100

95.5/3.8/0.7 SnAgCu (SAC387)

FR-4

H

9

P_IIIc

1100

88.4/7/4.1/0.5SnInAgCu (SAC-In)

FR-4

H

9

Paper III

P_IIId

800

95.5/4/0.5 SnAgCu (SAC405)

FR-4

M

9

Paper III

P_IIIe

800

88.4/7/4.1/0.5SnInAgCu (SAC-In)

FR-4

M

9

Paper III

P_IIIf

800

95.5/4/0.5 (SAC405)

FR-4

M

9

Paper III

FR-4

M

9

Paper III

R. + FR-4

H

8

Paper IV

P_IIIg

800

88.4/7/4.1/0.5SnInAgCu (SAC-In)

P_IVa

1100

―''―

P_IVb

1100

―''―

R. + FR-4

H

8

Paper IV

P_IVc

1100

95.5/3.8/0.7 (SAC387)

R. + FR-4

H

8

Paper IV

P_IVd

1100

88.4/7/4.1/0.5SnInAgCu (SAC-In)

R. + FR-4

H

8

Paper IV

P_IVe

1100

―''―

R. + FR-4

H

8

Paper IV

P_IVf

1100

95.95/3/0.5/0.5/0.05 SnAgCuInNi (SAC-InNi) R. + FR-4

H

8

Paper IV

P_Va

800

95.5/4/0.5 (SAC405)

M

2

Paper V

PET5

1

refer to Fig. 5

2

BGA sphere material in P_Ia was 90/10 PbSn; for all other cases the spheres were PCSB

3

R.+FR-4 = Rogers 4003 RF-PWB on top of FR-4, A-55NT = Arlon 55 NT (low-CTE, high-Tg PWB)

4
5

H = harsh, −40‒125 °C, M = mild, 0‒100 °C; both with 15-minute rise-, fall, and dwell times
Polyethylene terephtalate
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Table 4 lists the combinations of chip resistor structures studied in Paper V. Two
resistor sizes with matte tin cladding, two ICA materials, and three different
substrate materials about 100 µm thick were used. All these structures were tested
in the 0‒100 °C TCT range.
Table 4. Chip resistor assemblies tested in Paper V.
Resistor, (case)1

Resistor size

ICA material

Substrate material

Number of samples

P_Vb1, (1)

0805

Epo-Tek H31 (ICA1)

PET

16

P_Vb1, (2)

0805

ICA1

PI

8

P_Vb1, (3)

0805

ICA1

PPO/PPE2

5

P_Vb2, (4)

0805

Panacol EL-3012 (ICA2)

PET

8

P_Vb2, (5)

0805

ICA2

PPO/PPE

5

P_Vc1, (6)

0402

ICA1

PET

15

P_Vc1, (7)

0402

ICA1

PI

16

P_Vc1, (8)

0402

ICA1

PPO/PPE

13

P_Vc2, (9)

0402

ICA2

PET

8

P_Vc2, (10)

0402

ICA2

PPO/PPE

8

1

Refer to Fig. 5

2

Polyphenylene oxide (PPO), polyphenylene ether (PPE)

4.1

Electrical measurements

To gain an understanding of the structures' performance during stress tests and in
the field, electrical measurements were performed during TCT in the applied
temperature ranges. This enabled contrasting of the results to expected behavior
in a field environment that, in a later phase of the work, also allowed adjustment
of the reliability model.
4.1.1 DC measurements
DC measurements of structures consisted of commonly used two-point
measurements done either as intermittent, off-cycle manual measurements with a
multimeter (Paper I: P_Ia–b, P_Ic ground interconnections, Paper V) or
measurements recorded during cycling with data loggers (Papers III–V). Due to
the construction of the antenna assemblies in Paper II, no DC resistance
measurements could be done.
The off-cycle manual measurements performed for Paper I did not show
changes in resistances in any of the assemblies. The resistance varied consistently
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between 0.9‒1.1 Ω. In Paper V, intermittent off-cycle measurements were used
not only to verify the data logger results, but also to measure the assemblies that
could not be logged during cycling due to the limited number of logging channels.
Thus, broken assemblies that were not monitored during TCT could be removed
from the cycling and cross-sectioned as needed.
An example of a suddenly breaking interconnection in the data logger
measurements is shown in Fig. 12a, which shows an eight-cycle measurement
period of a corner PCSB BGA interconnection in an LTCC sample described in
Paper V. The initially repeating, low-resistance variation on the graph is caused by
temperature changes affecting the resistivity of the materials. These high and low
peaks are marked in the figure as H-1‒H-5 and L-1‒L-5, respectively. As TCT is
carried on, sudden resistance changes can be observed on the graph as the
interconnection becomes electrically broken. For short times the resistance returns
to nearly its initial level while spiking over the presented resistance range at
certain points of the cycle as the temperature increases.
Looking at the resistance in detail just prior to breakdown, it is actually
clearly shifting, as the median value lines marked for high and low peak
temperatures suggest in Fig. 12b–c, respectively. In the figures, H-1‒H-22 and L1‒L-21 refer to the high- and low-resistance peaks before breakdown, H-1 and L1 being the closest ones, respectively, as also marked in Fig. 12a. Extending the
analysis to start at an earlier point of cycling—Fig. 12d–e—shows that before
breakdown, resistance variation at the low and high temperature extremes is
around 70–80 mΩ.
Fig. 12. (Next page) An example of the DC resistance of a breaking daisy chain during
the last cycles, monitored in 0‒100 °C TCT. a) Resistance variation during the last
cycles, showing a sudden resistance peak at the time of breakdown. b) Resistance
variation at high peak temperature, 22 cycles prior to breakdown. c) Resistance
variation at low peak temperature, 22 cycles prior to breakdown. d) Resistance
variation at high peak temperature before breakdown, from 3180 to 3400 cycles. e)
Resistance variation at low peak temperature before breakdown, from 3180 to 3400
cycles.
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a)

b)

c)
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d)

e)
The DC resistance of another daisy-chained sample—a chip resistor in this case—
presented in Paper V and measured during cycling is shown in Fig. 13. The
increasing trend in resistance is clearly seen during the course of ~200 cycles on
the graph which shows the resistance in TCT after 604 preceding cycles.
Doubling of the initial 30 Ω resistance, thus exceeding the failure criterion, occurs
after about 220 cycles from the beginning of the presented data, i.e. at
approximately 824 cycles after the beginning of the test. This graph shows that,
with certain types of failures, symptoms of interconnection breakdown can be
observed in DC resistance measurements well before the actual event.
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Fig. 13. Resistance changes during breaking of a daisy-chained sample.

4.1.2 RF measurements
Compared with DC measurements, RF measurements generally gave more
information during the course of the tests. A manifestation of this is presented in
the next chapters.
Advanced RF transition structures (Paper I)
The RF measurement results of the conductor-backed coplanar waveguides
(CBCPW), i.e. grounded CPW (GCPW), are presented in this chapter. Fig. 14
shows a fabricated sample with two transition structures; module size is 5.4 x
14.5 x 1.1 mm and the diameter of the BGA spheres is 500 µm. Transitions had a
return loss amplitude |S11| less than −15 dB from DC up to 28 GHz, i.e. they were
operable up to the Ka band, 26.5‒40 GHz. The design of the transition is
summarized elsewhere [55]. The structure is also presented in more detail in the
related article (Paper I). In addition to an assembly including two transition
structures in a back-to-back configuration, the design was also used in a bandpass
filter assembly with passband at over 20 GHz to test its performance degradation
caused by TCT (Paper I).
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a)

b)

Fig. 14. a) Image of the fabricated structure presented in Paper I. b) X-ray microscope
image of the fabricated structure with two transitions, viewed from the side. Paper I, ©
2008 IEEE.

Fig. 15 shows the S11 amplitude and phase of a transition assembly with PbSn
BGA interconnections (P_Ia) in different phases of TCT. In the figure, the
numbers of the cycles after which the measurements were done are shown. The
largest changes were noted in the structure's RF performance occurring at about
10 GHz and above. Although not so clearly observable on the graph, the return
loss became more pronounced at lower frequencies as TCT proceeded. With
PCSB-equipped transition assemblies (P_Ib) the change was most notably
electrically observed on the S11 phase graph, as presented in Paper I.
In filter structures (P_Ic) the changes in S11 magnitude were rather sudden,
generally occurring in the later phase of the test in −40‒125 °C TCT, between
700‒1000 cycles. However, S11 phase measurements pointed out a clear trend in
the passband, suggesting that the largest change happened within the first 300
cycles, and continued steadily as TCT proceeded in the presented case. The
behavior was probably due to cracks through the middle of the PCSB, where there
is only a small amount of conducting material present. This is speculated further
in Paper I.

a)

b)

Fig. 15. Thermal-cycling-testing-induced changes in a) S11 magnitude and b) S11 phase
of a back-to-back assembly with TCT numbers shown. Paper I, © 2008 IEEE.
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It was observed in the study that although most of the structures could still be
considered operational after 1000 thermal cycles, their mechanical condition had
degraded significantly.
Patch antenna structures (Paper II)
Patch antenna structures were employed for S-parameter measurements in the 6‒
14 GHz frequency ranges. The measurements were done after a certain amount of
cycles during TCT, and also intermittently.
Fig. 16 shows a manufactured antenna package, i.e. Rogers 4003 RF PCB
material laminated on top of an FR-4 support frame, with a 12 x 12 x 1.4 mm
LTCC patch antenna attached with 800 µm PCSB BGA.

a)

b)

Fig. 16. a) Fabricated patch antenna structure. b) X-ray microscope top view of the
fabricated structure before SMA connector attachment. Images from Paper II (scale
bar added in b), © 2011 IEEE.

Fig. 17a–b show changes in an antenna's signal reflection behavior (S11
magnitude) in different phases of the test, suggesting strong changes after 4350
thermal cycles. In Fig. 17a) the measurements were performed outside the TCT
chamber, at room temperature, whereas in Fig. 17b) they were performed during
cycling, at 50 °C. Fig. 17c shows the S11 phase graph, measured at 50 °C.
Contrary to the magnitude graph at 50 °C in Fig. 17b, there is no difference in the
phase graph in the 11.5‒13.5 GHz frequency range after 4350 cycles. Fig. 17d
shows a slight variation in another antenna's reflection performance at around 8
GHz when the temperature is decreased from 100 °C to 0 °C. Fig. 17e shows
measurement data from the same antenna as in Fig. 17a–c. Not only is the drop in
S11 magnitude in the out-of-band (OOB) characteristics at certain frequencies
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larger, it also occurs in a wider frequency range as the temperature decreases from
85 °C to 45 °C. Still, the in-band (IB) characteristics at 10–11 GHz remain the
same.

a)

b)

c)

d)

e)

Fig. 17. a) Off-cycle S11 measurements at room temperature. b) In-cycle S11
measurements performed during rising temperature of the TCT profile, at 50 °C. c) S11
phase of the same sample as in a) and b). d) In-chamber measurements performed
during falling temperature of the TCT profile, from 100 °C to 0 °C, after 3000 cycles. e)
In-cycle measurements performed during falling temperature of the TCT profile, from
85 °C to 45 °C, after 3000 cycles. Figures a, b, d, and e from Paper II, © 2011 IEEE.
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4.2

Observed failure mechanisms

This chapter summarizes the failure mechanisms observed with different imaging
methods in the test structures in Papers I–V. The imaging results of the structures
include optical, SAM, and SEM imaging. As X-ray imaging was mainly used in
reflow process adjustment and pre-test characterization, it is left out of this
chapter.
4.2.1 BGA interconnections
Excluding P_Ia module assemblies with high-lead BGA balls, all the BGA
interconnections were equipped with plastic core solder balls. Compared with
full-metal BGA balls, it was initially expected that PCSB interconnections would
enhance the lifetime of the interconnections by its potential ability to absorb
thermal stresses [24, 30]. Failure mechanisms related to LTCC modules with
BGA interconnections in different cases are presented next, including tin-lead and
lead-free solder and ICA, attached either onto FR-4, Rogers, or thin plastic
substrates.
Advanced RF transition assemblies (Paper I)
Fig. 18 shows SAM images of a cycled structure in different phases of the test.
Although solder cracking can be seen in the image taken after 325 cycles as a
white area in the middle of the interconnection, the crack has propagated most
clearly between 325 and 621 cycles, when the LTCC signal line's metallization
has partly detached from the ceramic. The images are from the same structures
whose electrical measurements are presented in Fig. 15.
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Fig. 18. SAM images of a 5.4 x 14.5 x 1.1 mm P_Ia structure taken after the cycles
shown in each sub-image. Arrows point to the crack propagation area in the
interconnection. (Scale bar added in the original image) Paper I, © 2008 IEEE.

Before the selected assemblies were cross-sectioned for SEM, optical imaging
was used to observe the cracks in the interconnections. Optical microscopy
revealed three different failure mechanisms in the assemblies: 1) strong
deformation of the interconnections; 2) rupture of BGA balls and solder on the
substrate side; and 3) metallization detachment from the module. Fig. 19a–b show
these failure mechanisms in two different structures with module types P_Ia and
P_Ic in Table 3, respectively. Structures including module P_Ic typically had
many interconnections with cracks through the BGA sphere.
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a)

b)

Fig. 19. Optical microscope images of the interconnections of test assemblies (Paper
I). a) Assembly P_Ia (with Ø 500 µm 90/10 PbSn BGA, module on top, substrate on
bottom side) after 1016 cycles. b) Assembly P_Ic (with Ø 500 µm PCSB BGA, module
on top, substrate on bottom side) after 570 cycles. The neutral point in both images is
to the right. Paper I, © 2008 IEEE.

The SEM image of one P_Ia module's ground plane interconnection after 1016
cycles in the harsh test, shown in Fig. 20a, reveals three major failure
mechanisms: deformation of a BGA ball, cracking in solder, and detachment of
metallization on the LTCC side. In addition to these, there is also a minor crack in
the ceramic. The interconnections of P_Ib module assemblies were generally in
better condition than those in P_Ia module assemblies. However, Fig. 20b shows
an extreme case of cracking in the signal interconnection of module P_Ib after
915 cycles in the harsh test. In this case, the S11 magnitude did not give any
indication of the severity of the cracks, but signs of it were seen better on the
phase graph, instead (Paper I). Fig. 20c is an 8000 times magnified image next to
a broken PCSB's Cu cladding of a P_Ic module assembly; refer to the crack in
Fig. 20b, showing a brittle IMC of Cu3Sn and Cu6Sn5 and the fracture surface.
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a)

b)

c)
Fig. 20. a) SEM image of a broken interconnection with a 90/10 PbSn BGA ball, module
P_Ia. b) SEM image of a broken interconnection with a PCSB BGA ball, module P_Ib.
c) SEM image of IMC next to Cu cladding of a broken PCSB, module P_Ic. Paper I, ©
2008 IEEE.

Patch antenna structures (Paper II)
SAM imaging of the interconnections of patch antenna structures showed that
both ceramic and solder cracks existed in the interconnections cycled in mild
TCT, as presented in Fig. 21a–b. However, ceramic cracks were observed in
signal interconnections of only two assemblies. The number of ceramic cracks
under the pads and pad peeling off from the ceramic were minimized by using a
donut-shaped solder mask located around the edges and partially on top of the
pads in the LTCC [72].
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a)

b)

Fig. 21. SAM images of signal interconnections in different phases of the tests. a)
Combined ceramic and solder cracks. b) Pure solder crack in the neutral point side of
the interconnection. Scale bar added in both images, originally from Paper II, © 2011
IEEE.

SEM images verified SAM observations, i.e. solder cracking on the module side
was the main failure mechanism. Fig. 22a presents combined solder and ceramic
cracking in a module after TCT, showing the same signal interconnection as in
Fig. 21a. These cracks have propagated from the opposing edges past each other
on the module side. In addition, the PWB side has cracks in the solder. Fig. 22b
shows a solder crack through the whole signal interconnection of a P_II module
assembly, the same signal interconnection as in Fig. 21b. Altogether, there were
four failure mechanisms in the assembly: module-side solder cracking, cracking
in the solder-IMC interface, rupture of solder on the substrate side, and cracking
in the ceramic.
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a)

b)

Fig. 22. a) Ceramic and solder cracks in the signal interconnection of a P_II module
assembly. b) Solder crack in the signal interconnection of a P_II module assembly.
Paper II, © 2011 IEEE.

Daisy-chained BGA structures (Paper III)
SEM images of the interconnections in Paper III suggested the majority of
failures were located in the LTCC side solder, as shown in Fig. 23a–b for both
interconnections, with 500 µm and 1100 µm PCSB sizes. No ceramic cracking
was observed in the structures.

a)

b)

Fig. 23. SEM micrographs of a cycled test structure with (a) 500-μm and (b) 1100-μm
PCSB interconnections. Paper III, © 2012 IEEE.
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Optical investigations showed recrystallization of solder in the interconnections,
especially near the cracks and fractures as observed in Fig. 24a–b for both
interconnections with 500 µm and 1100 µm PCSB sizes.

a)

b)

Fig. 24. Optical images of tested interconnections. a) 500-µm PCSB interconnection.
b) 1100-µm PCSB interconnection. Paper III, © 2012 IEEE.

Daisy-chained BGA structures (Paper IV)
On the basis of SAM imaging of the structures in Paper IV, solder cracking was
the main type of failure in SAC and SAC-In interconnections cycled in the harsh
TCT range of −40‒125 °C, see Fig. 25. Because a large amount of ceramic
cracking was observed in structures with SAC-InNi solder, they were excluded
from further tests.
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Fig. 25. SAM image showing ceramic and solder cracking with black and white arrows,
respectively, in the daisy-chained SAC387 joints located near the corner after the
thermal cycling test over a temperature range of −40‒125 °C. Paper IV, reprinted with
permission from Emerald Group Publishing Limited.

SEM investigations verified that the main failure mechanism was cracking in
solder, as shown in Fig. 26a–b. With the SAC-In joints soldered on ENIG-plated
pads, intergranular cracking in the middle of the joint was also observed, as
shown in Fig. 26b.

a)

b)

Fig. 26. Cross-sections of interconnections showing characteristic failures of (a)
AgPt-metallized and (b) ENIG-plated SAC-In joints formed during the thermal cycling
test over a temperature range of −40–125 °C. Paper IV, reprinted with permission from
Emerald Group Publishing Limited.
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Surface mount device (SMD) assemblies on flexible substrates with inkjetprinted conductors (Paper V)
SAM inspections of the PCSB structures in Paper V showed that the majority of
failures were located in solder, and that ceramic failures were practically nonexistent, as shown in Fig. 27a. The substrate side of the interconnection imaged
from one of the corners of the module area is shown in Fig. 27b. The corner
interconnection is the leftmost interconnection on the bottom row, and the neutral
point is towards the upper right. Voids are shown in interconnections on the
substrate side, but no indications of cracks can be observed in this image.

a)

b)

Fig. 27. a) SAM image of a tested module, seen from the module side. b) SAM image
from a corner of the tested module interconnections, seen from the substrate side.
Paper V, reprinted with permission from Elsevier.

FESEM imaging verified that most of the cracks were located in the solder/IMC
interface and the solder material. Fig. 28 shows cross-sections of interconnections
of one diagonally diced LTCC module. The rightmost image shows the corner, the
image in the middle shows the second, and the leftmost image shows the third
diagonal interconnection from the corner. As observed from the images, the
corner interconnection has a crack through the whole upper part of the
interconnection, whereas in the other two interconnections only partial cracking
can be observed. These images show the state of the interconnections
corresponding to different phases of crack propagation.
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Fig. 28. Interconnections of a diagonally cross-sectioned module nearest to the
corner, showing cracks in different phases. The corner interconnection is the
rightmost one (the scale bar in each figure is 100 µm). Paper V, reprinted with
permission from Elsevier.

Looking closer at the leftmost interconnection, i.e. the one nearest to the center,
shows microcracks in the solder/IMC interface, as pointed out with arrows in Fig.
29.

Fig. 29. Close-up image of the third diagonal interconnection, showing microcracks.
Paper V, reprinted with permission from Elsevier.

Optical imaging revealed that recrystallization of interconnections had taken
place in the most stressed places, but its amount was rather low after about 3500
cycles, and even after 7000 cycles at 0‒100 °C, as seen in Fig. 30a–b.
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a)

b)

Fig. 30. a) Recrystallized zone in the solder beside an emerging crack near the
module, after 3469 cycles. b) Recrystallized solder near the module with a crack
through the solder, after 7169 cycles. Paper V, reprinted with permission from Elsevier.

4.2.2 Chip resistor interconnections
SAM images of a chip resistor on a polyimide substrate are shown in Fig. 31
(Paper V). The crack has emerged within the first 600 cycles of TCT and
propagated after that, mainly within the first 1200 cycles.

Fig. 31. SAM images of a 0402 resistor during different phases of testing, imaged
from below the substrate (ICA1, PI). Paper V, reprinted with permission from Elsevier.

Fig. 32a–b show cross-section images of chip resistor interconnections. The tested
chip resistors had cracks in three places: (i) in the component’s solder coatingICA interfaces, the cross-section showing lift-off of the component, (ii) in the
component’s matte tin coating, and (iii) in the bulk ICA near the component. In
Fig. 32a, the chip coating-ICA interface has failed and the chip resistor has
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detached from the ICA. In Fig. 32b, the crack has propagated partly in the chip
cladding-ICA interface and partly in the matte tin solder cladding itself.

a)

b)

Fig. 32. a) SEM cross-section image of a broken ICA interconnection, showing
detachment of the chip resistor from the ICA (ICA1, PET, 0805). b) Cracking in an
interconnection (ICA2, PPO/PPE, 0402). Paper V, reprinted with permission from
Elsevier.

4.3

Statistical reliability analysis

Statistical reliability analysis was carried out for the results in Papers II–V.
Weibull distribution was fitted to the data of the BGA structures in Papers II–IV,
except for module P_IVf with ceramic cracks, and the chip resistors in Paper V,
except for two cases that did not have enough failed samples to allow the
calculation. Engelmaier's reliability prediction model, modified by Salmela, was
tested for the partial array BGA structures in Paper III, and for all the cases,
except for module P_IVf with ceramic cracks, presented in Paper IV.
No reliability analysis was done for the samples presented in Paper I because
the structures were still considered electrically operational after the test. Although
the return loss |S11| increased during the testing by about 5 dB, it was still better
than −11 dB in the designed bandwidth from DC up to 25 GHz, and no specific
RF performance limit for interpreting the structure as being broken was set, the
purpose being merely to observe the degradation of interconnections at RF.
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4.3.1 Weibull figures of the test sets
The Weibull figures of the test sets for BGA structures presented in Papers II–IV
and the chip resistor cases in Paper V are presented in Table 5. As no Weibull data
were presented in Paper I, it is absent from the table. It is generally required by
the industry that the failure-free time in 0‒100 °C TCT should be 3000 cycles
[73], whereas for −40‒125 °C TCT, the preferred failure-free time is 800–1000
cycles [74] for SMD component interconnections. However, it is to be noted that
the presented results show the characteristic lifetimes instead of failure-free
lifetimes.
As the exact failure times of all the BGA structures for which lifetimes were
calculated were known, the least squares estimation (LSE) parameter estimation
technique could be used. The parameter estimation technique used for chip
resistor structures depended on the test data, and was either LSE or maximum
likelihood estimation (MLE). MLE was used with sample sets that had many
samples that failed during certain testing intervals (i.e. interval data) and with test
sets that had a large number of non-failed samples after the test (i.e. suspended
data), as recommended in [75].
On the basis of the inspected chip resistor interconnections with ICA1, the
most probable failure type—i.e. in 90% of the cases—was loss of adhesion
between the ICA and the component's solder cladding, whereas with ICA2, most
commonly—i.e. in 40% of the cases—cracks were located partly in the solder
cladding‒ICA interface and partly in the cladding itself in the observed
interconnections. Both of these failure types are presented in Fig. 32a–b.
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Table 5. Weibull reliability figures of the tested structures.
Module

Construction1

LTCC pad
metallization

PWB

TCT

Ceramic First failure

material range2 cracking3 (cycle no.)

θ10

β10

Paper II [76]
P_II4

800 µm; SAC405

AgPt

R.+FR-46

M

occ.

10119

2843

5.5

P_II5

800 µm; SAC405

AgPt

R.+FR-46

M

occ.

10119

2717

6.9

P_IIIa

500 µm; SAC-In

AgPt

FR-4

H

-

962

1644

5.1

P_IIIa

500 µm; SAC-In

AgPt

Arlon A-

M

-

6566

10053

6.0

H

-

4158

5341

8.6

Paper III [77]

55NT
P_IIIa

500 µm; SAC-In

AgPt

Arlon A55NT

P_IIIb

1100 µm; SAC387

ENIG

FR-4

H

-

1688

2125

9.8

P_IIIc

1100 µm; SAC-In

ENIG

FR-4

H

-

1843

2755

4.9

P_IIId7

800 µm; SAC405

AgPt

FR-4

M

-

4082

4919

12.0

P_IIIe7

800 µm; SAC-In

AgPt

FR-4

M

-

7505

8784

12.3

P_IIIf8

800 µm; SAC405

AgPt

FR-4

M

-

7302

8159

19.2

P_IIIg8

800 µm; SAC-In

AgPt

FR-4

M

-

10723

13924

11.0

P_IVa

1100 µm; SAC-In

AgPt

R.+FR-46

H

occ.

1015

1824

4.4

P_IVb

1100 µm; SAC-In,

AgPt

R.+FR-46

H

occ.

1474

1920

7.5

Paper IV [78]

cavities
P_IVc

1100 µm; SAC387

ENIG

R.+FR-46

H

occ.

813

1211

6.1

P_IVd

1100 µm; SAC-In

ENIG

R.+FR-46

H

occ.

1248

1749

7.1

P_IVe

1100 µm; SAC-In,

ENIG

R.+FR-46

H

occ.

1137

1816

5.9

AgPt

R.+FR-46

H

often

NA

NA

NA

cavities
P_IVf

1100 µm, SACInNi

(ceramic
cracks)

Paper V [79]
P_Vb1

0805; ICA1

-

PET

M

-

397–605

11626

0.93

(MLE)
P_Vb1

0805; ICA1

-

PI

M

-

137–254

4009

0.89

(MLE)
P_Vb1

0805; ICA1

-

PPO/PPE

M

-

-

NA, 0/5

NA

broken
P_Vb2

0805; ICA2

-

PET

M

-

2438–3469 NA, 1/8

NA

broken
P_Vb2

0805; ICA2

-

PPO/PPE

M

-

4237–4979 7597

4.5

P_Vc1

0402; ICA1

-

PET

M

-

610

1.0

12923
(MLE)

75

Module
P_Vc1

Construction1

LTCC pad
metallization

0402; ICA1

-

PWB

TCT

Ceramic First failure

material range2 cracking3 (cycle no.)
PI

M

-

254–397

θ10

β10

7532

1.0

(MLE)
P_Vc1

0402; ICA1

-

PPO/PPE

M

-

1747

6084

2.0

P_Vc2

0402; ICA2

-

PET

M

-

4296

10585

2.5

P_Vc2

0402; ICA2

-

PPO/PPE

M

-

605–1200

(MLE)
4919

0.88

(MLE)
1

sphere diameter or chip resistor size; solder, or ICA1/2 (refer to Table 3 and Table 4 for details)

2

M = mild, 0‒100 °C, H = harsh −40‒125 °C

3

occ. = occasionally

4

results from in-cycle measurements

5

results from measurements at cycling breaks

6

R.+FR-4 = 0.4 mm Rogers 4003 on top of 1.2 mm FR-4 substrate

7

module manufactured from DuPont's LTCC and equipped with a partial array BGA

8

module manufactured from Heraeus' LTCC and equipped with a partial array BGA

9

interpretation is based on first indications of failures, while the construction is still fully operational

10

Reliability calculations for items marked not available (NA) were not done because they had too small a

number of broken samples

According to the table, the requirements for failure-free times for TCTs, taking
the mild and harsh test ranges into account, are fulfilled with most of the BGA
structures, i.e. in all but two cases in Papers III and IV. The structures related to
Paper II are not considered because of the interpretation of failure, whereas for
the chip resistor structures, most of the cases do not fulfill the requirement. The
reasons for this are discussed later on.
4.3.2 Lifetime prediction using a modified Engelmaier's model
The results of lifetime predictions using a modified Engelmaier's reliability model
(Salmela's model) are presented in this chapter. The behavior of the model's
correction terms as a function of temperature amplitude, i.e. temperature swing,
was found to be different with the PCSB BGA interconnections presented in
Paper III compared with castellated ceramic leadless chip carrier (CLCC)
interconnections listed in earlier publications, cf. [51, 80, 81]. In other words, a
second order polynomial function described the behavior of the PCSB BGA
interconnections better than a logarithmic one in TCT, see Eq. (8). The obtained
values from Paper III are relisted in Table 6.
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Table 6. New parabolic correction terms for PCSB assemblies and for CBGAs with
solder balls. Paper III, © 2012 IEEE.
corr(∆T)=A·(∆T)2+B·(∆T)+C
A

B

C

−7.2 × 10−6

0.0024

0.3721

PCSB, FR-4, SAC405

−2 × 10−5

0.0039

0.1804

PCSB, FR-4, V347*

−2 × 10−5

0.0037

0.2282

CBGA, FR-4, SAC387

* 88.4/7/4.1/0.5SnInAgCu (SAC-In)

Fig. 33 also shows the resulting second order polynomials fitted to different cases.
The curve fitting shows the best coefficient of determination (R2) in the "PCSB,
FR-4, SAC405" case.

Fig. 33. New parabolic curve fitting used for new PCSB data and earlier-obtained
CBGA, SAC387 data. Paper III, © 2012 IEEE.

The correction term corr(ΔT) values acquired for the BGA structures were used to
predict the characteristic lifetimes of partial array structures presented in Paper III
with modules P_IIId–g, and the BGA structures presented in Paper IV with
modules P_IVa–e.
Concerning the verification of the model's correction terms by comparing
predicted and observed lifetimes of the partial array BGA structures presented in
Paper III, a slight error was detected. Instead of the PWB material Arlon
mentioned in the original published article, the material for the partial array
structures used to test the applicability of the model was FR-4. In other words, the
CTE was actually 15 ppm/°C instead of 9 ppm/°C. This initially caused overly
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optimistic predictions compared with the results, due to the smaller CTE
mismatch to the ceramic material of the module.
Also, the volume-weighted average of the CTEs of modules consisting of two
different Heraeus tape types was about 5.9 ppm/°C, calculated using a Voigt-type
estimate of the effective value with 2:5 proportions of the tapes with CTEs of 5.5
ppm/°C and 6.1 ppm/°C, respectively [82]. These results are now listed in Table
7. As seen from the table, the model actually underestimates the results compared
with the achieved results.
Table 7. Characteristic lifetime results, i.e. cycles of the tested partial array structures,
their predicted lifetimes, and the differences between predicted and achieved
lifetimes.
Assembly/Joint

 (achieved)  (predicted)

Difference  - model

Difference  - model vs.

vs. results (cycles)

results (%)

DP ENIG SAC/FR-4

4919

3733

−1186

−24

DP ENIG V347*/FR-4

8784

4438

−4346

−49

Heraeus ENIG SAC/FR-4

8159

3817

−4342

−53

Heraeus ENIG V347*/FR-4

13924

4607

−9317

−67

*88.4/7/4.1/0.5SnInAgCu (SAC-In)

The corresponding correction terms from Paper III were also used in Paper IV,
where the predictions gave a maximum of 5.6% absolute error compared with the
characteristic lifetime test results with SAC-In solder, and a maximum of 25%
absolute error compared with the corresponding results with SAC387 solder. The
lifetime prediction results are listed in Table 8, whereas the achieved
characteristic lifetimes of each case with modules P_IVa–e are presented in Table
5.
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Table 8. Predicted characteristic lifetimes in −40‒125 °C TCT, the model's difference
compared with the achieved results, and predicted lifetime in a field environment
according to IPC-SM-785. Paper IV, reprinted with permission from Emerald Group
Publishing Limited.
Material combination

Predicted characteristic

Predicted lifetime in the field according

lifetime in −40–125 °C TCT

to IPC-SM-785, with F(N) = 0.01%

PCSB/SAC387

1606 cycles

18.5 years (A)

PCSB/SAC-In

1818 cycles

25.6 years (B)

Material combination

Model's error compared
with characteristic lifetime

SAC-In (AgPt)

−0.32%

B

SAC-In with cavities (AgPt)

−5.6%

B

SAC387 (ENIG)

25%

A

SAC-In (ENIG)

3.8%

B

SAC-In with cavities (ENIG)

0.12%

B
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5

Discussion

A unifying factor in all the subdivisions of the topics in this thesis is the intent to
identify the condition of interconnections in a field environment. Ideally,
electrical measurements correlate with mechanical condition. This understanding
helps in making lifetime predictions on the basis of 1) in-field measurements and
2) pre-knowledge of the behavior of interconnections and failure mechanisms
when exposed to different stresses. The extensive imaging methods have also
helped reveal advantages and disadvantages of each investigated structure and
pointed out their possible challenges in field use.
Concerning accurate knowledge of an interconnection's durability in the field,
Bieler et al. [83] have pointed out that an understanding of solder's atomic unit
cell level is needed to predict the fracturing process in interconnections. This is
due to the tetragonal unit cell structure of Sn that results in its anisotropic
properties. For example, the CTE is twice as high in the closely packed c-axis
direction as it is along the basal plane. In addition to stresses and their net
directions in the field, unit cell alignment after the reflow process is thus an
important factor affecting crack propagation in Sn-based solders. Despite this,
empirical models can predict forthcoming failure with good accuracy, as this
research work has pointed out.
5.1

DC and RF measurements in prognostics

With sophisticated DC measurement structures, it has been shown to be possible
to detect forthcoming failures in interconnections in a remarkably early phase
before electrical breakdown of the interconnection. An average prognostic
distance of 38% for structures with full-metal BGA spheres and 11% for
structures with PCSB spheres, with variations in the range of 10‒50%, has been
achieved using Wheatstone bridge voltage measurements of interconnections
during TCT in the 0‒100 °C and −40‒125 °C ranges [12, 84, 85].
In mechanical cyclic loading—i.e. shear force testing—with an offset shear
force, measurement with time domain reflectometry (TDR) produced a prognostic
distance of averagely 14%, variation being about 0.6‒42% [86]. In creep testing
at 125 °C, including a mechanical shear force of 10 N, the same author reports an
average prognostic distance of 14% with TDR, with variation of 3‒29%.
It was noted several times in the current research that after the daisy-chained
samples were put back into the TCT chamber and DC resistance measurements
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continued, the logged resistance values were higher than before the TCT break.
However, they recovered as the cycling continued. The reasons for this could be
due to cabling, their interconnection to the test board, changes in the resistance of
the monitored DUT, or the sum of these effects. This can occur especially in harsh
TCT ranges. The solder connection of the measurement cabling to a D-male
connector attached to the test board's D-female connector, such as in Papers III
and IV, needed to be verified especially when TCT had been carried out for a long
time. This demonstrated the importance of knowing the failure location before
interpretation of the DUT's daisy-chain breakdown can be done.
Looking at the DC measurements in this work, catastrophic electrical failures
that occurred both within one thermal cycle, i.e. without much of a prognostic
distance, Fig. 12, and those developed over a long time, with a prognostic
distance of tens of percent, such as in Fig. 13, were observed. This could be
related to stresses in the interconnection matrix. Electrically breaking
interconnections with no surrounding mechanically functioning interconnections
able to hold the fracture surfaces together can show a sudden increase in
resistance measurements.
On the basis of RF measurements, this research has pointed out that the
presence of cracks can be shown at various frequencies and as also shifting in the
frequency band under thermal stress during changing temperature. In practice,
this means the electrical manifestation of a crack can first result in an error in the
device's function, but when tested, may appear as no-fault-found (NFF). As noted
in Paper II, electrical manifestations of failures in signal response can shift in
frequency, and can appear and disappear within fractions of a second or even in
minutes. Later, as stress loading is continued, the changes begin to show up at
various frequencies, leading to permanent changes in the signal response.
On the basis of Papers I–II, RF signals contain prognostic capability.
Similarly to the results presented above, this has been noticed also in time domain
reflectometry (TDR) measurements during mechanical strain tests by Kwon et al.,
for example [17]. However, in the current work, it was noted that this prognostic
capability lags the physical (mechanical) state in the early phase of crack
propagation, as mentioned in Paper II.
5.1.1 Comparison of cracks in ceramic and in solder
Ceramic cracks are more adverse than solder cracks for three primary reasons: 1)
ceramic cracks break the module and thus they cannot be fixed, whereas in the
82

case of solder cracks, the interconnection can be reworked, 2) due to the fragile
nature of ceramics, the cracks appear suddenly in a large area of the
interconnection after the ceramic's threshold stress level is exceeded, 3) cracks
occurring in conductive material can be monitored using DC resistance
measurements. However, ceramic cracks are not observable with this
measurement method. In addition, aging in solder is more predictable, which
helps in specifying and verifying the model.
Kwon noted in his dissertation [86] that cracks in non-conducting material
can be observed with time domain reflectometry (TDR) monitoring. Concerning
prognostic capability in the structures of the current work, cracks in LTCC
ceramic are not predicable before failure, because cracking of ceramic material
happens instantly when a critical threshold stress is exceeded. However,
compared with DC measurements, RF measurements have the potential of
indicating the failure. The reason for this is that a crack in ceramic changes the
net permittivity of the material, causing a change in impedance. Also, this is not
generally a problem in the field since thermal stresses usually occur rather slowly,
allowing the stresses to remain below the critical (breakdown) stress of the
ceramic.
In this work, no significant signs of ceramic cracks were observed in the
electrical measurements, or they were not discernible from cracks occurring at the
same time in solder. Cross-sectioning showed ceramic cracks to be in the order of
5 µm perpendicular to the cracking plane, which seems to be too small to be
observed with the current structures at the frequencies used. Obviously, crack
location in the ceramic affects its detectability. However, no simulations have
been done so far on ceramic crack location.
5.1.2 Degree of cracking inducing interference in the RF signal
The question about the amount of cracking that can cause a notable change in
signal levels is complicated. First of all, it all depends on the set failure criteria,
i.e. how much change in operation is acceptable before the device becomes
inoperable. Secondly, the most significant change in performance can occur
outside the frequency of interest, as observed in Paper II. Thirdly, the surrounding
interconnections may induce stress to the interconnection that has a crack,
pressing the fracture surfaces together. This can result in seemingly good
electrical behavior. The fourth aspect, related to the third point, is that at first the
crack may affect the signal only intermittently, e.g. at extreme temperatures and
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during fast enough changes in the environment. Fifthly, in practical realizations of
RF devices, the transition consists of many interconnections, and thus the
observed performance bears the sum of the effects of cracks in all related
interconnections.
In Papers I–II, observable changes were caused by cracks that had propagated
through most of the interconnection. Thus it can be deduced that the fracture
surfaces must become separated and oxidized to some extent before they notably
alter the signal. Kangasvieri et al. have modeled the behavior of their BGA
transition structure that had TCT-induced failures showing a strong detrimental
resonance at 3 GHz [87]. Their conclusion was that either one or both of the two
ground joints adjacent to the signal joint can cause such a resonance phenomenon,
whereas an open signal joint would cause the failure to show up in practically the
whole simulated frequency band from DC up to 5 GHz. Although no simulations
were done to observe this phenomenon in the structures presented in this thesis, it
(cracking of the adjacent ground joints) can be considered to be the main reason
also for the initial behavior in those structures, as well.
5.2

Failure mechanisms of the interconnections

Failure mechanisms are scrutinized in each paper I–V. However, in this chapter
they are mentioned collectively. The failure mechanisms are important because
they relate to the usability of measurement data (e.g. ceramic versus solder
cracks), and finally, to the building of reliability prediction models. Their relation
to failures observed in a field environment is also of great importance.
5.2.1 LTCC-BGA interconnections
Creep and fatigue were the main factors affecting the lifetime of the presented
LTCC-BGA interconnections. The most common failure locations associated with
BGA interconnection structures in Papers I–V were in solder and in the solderIMC interface. It is important to notice that both were located on the module side,
which is basically more rigid and has a smaller CTE compared with the substrate.
Besides this, in an asymmetric structure in which the BGA was located in
opposite corner areas, large shear stresses occurred, resulting in cracking of the
PCSB spheres (Paper I, P_Ic).
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Full-metal BGA interconnections versus PCSB interconnections
Full-metal BGAs, i.e. 62/36/2 SnPbAg solder and 90/10 PbSn balls, were used in
the P_Ia structures in Paper I, as shown in Fig. 5, whereas the rest of the BGA
assemblies in that and other papers (II–V) were equipped with PCSB
interconnections. The results of TCT-induced stresses that occurred in the
interconnections presented in Paper I are shown in Fig. 19 and Fig. 20. As can be
observed, full-metal BGA interconnections suffered from major deformation and
rupture of the BGA ball, along with metallization detachment and ceramic
cracking. PCSB BGAs had retained their shape, although in most extreme cases,
mainly related to the asymmetric matrix in structure P_Ic, the PCSB had broken.
This asymmetric matrix caused shear strains that accumulated in the middle
region of the interconnection, where there was only a < 10 µm thick metal layer
consisting of copper cladding, two different IMC phases (Cu3Sn, and Cu6Sn5),
and solder, see Fig. 20c.
However, the presented results, along with previous data, suggest that
although having the potential to suffer from electromigration in high-power
applications [88], PCSB is well suited for BGA interconnections with high
reliability requirements, while research is being done to further enhance its
properties [24-26, 89-97].
5.2.2 Chip resistor interconnections
SAM imaging of chip resistors showed that the crack growth rate was high at first
but then decreased with an increasing number of thermal cycles (Paper V).
Assemblies with the other ICA had more failures characteristic of
isotropically conductive adhesives, i.e. loss of adhesion between the ICA and the
component cladding, whereas for the other ICA, cracking in the component's
solder layer was rather common.
The reason for the poor two-parameter Weibull factors, i.e. small
characteristic lifetimes and shape factors, lies in the fact that during the
production phase, the reported scaling error resulted in a misalignment problem
(Paper II). This, together with the lack of self-alignment of the ICA and thus the
failure of the ICA to cover the component pad fully in some cases, lead to failure
times spreading over a long period of time.
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5.3

Modified Engelmaier's model

To have an understanding of the failure mechanisms of devices in the field, it is
important to note that the failure mechanism of interconnections should be the
same as in tests. A rough estimation of stresses, e.g. with FEM, can be of use. For
example, ceramic cracks that can occur in a very harsh TCT of −55‒150 °C may
not occur at all in a field environment, where other failure types, such as
transgranular cracks through solder can dominate. Hokka et al., for example,
found that microstructural evolution (recrystallization) occurred in accelerated
tests, whereas significantly less microstructural evolution took place in real use
conditions and the rate of crack propagation was notably lower [98]. This same
also holds true for lifetime predictions based on semi-empirical models, such as
the modified Engelmaier's model. That is, there are differences in the propagation
speeds of different crack types, and the speed also varies from solder to solder.
This can result in large differences between estimated and observed lifetimes in a
field environment. Therefore, model parameters are to be considered as good
estimations. This requires error analysis of the results. However, it must be noted
that the currently presented model's correction terms are mathematical in nature
and do not depend on the failure mechanisms as such. One prerequisite that could
be used to anticipate similar failure mechanisms in the field is that the failure
mechanisms remained the same in all the test ranges, such as in 20‒80 °C, 0‒
100 °C, and −40‒125 °C.
The crack propagation process observed in this study is comparable with field
test data. For example, recrystallization of SAC solder is shown to occur in solder
between the ceramic module and the FR-4 substrate in field conditions as well, as
seen in Fig. 34 [99]. Thus, it is suggested that localized recrystallization can occur
in the highly deformed regions of field-tested solder castellation, and such regions
are potential initiation points for thermomechanically induced failures. Based on
this result, it is expected that the second order polynomial dependency of the
correction terms on the temperature swing in the modified Engelmaier's model is
accurate in making predictions for a field environment. However, this assumption
needs further evidence through electrical measurements in a field environment.
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Fig. 34. Effect of a large void on the microstructure and primary crack path of the SAC
solder castellation between a ceramic module and an FR-4 substrate in a product that
has been in a field test [99]. © IMAPS Nordic 2014.

5.3.1 Observed and predicted lifetimes of PCSB BGA
interconnections
Lifetime predictions for the BGA structures presented in this thesis had a
minimum of 0.12% deviation (Paper IV) from the observed characteristic
lifetimes, which can be considered an excellent result, whereas the largest
observed error for the BGA structures was 67% (Paper III).
The overall larger error in lifetime prediction compared with the observed
lifetime result was with partial array structures. The lifetime prediction
underestimated the lifetime of the structures, which is contrary to the assumption
that the lack of inner interconnections would lead to a reduction of lifetime.
However, the thicknesses of the substrates and modules were different from the
ones used for calibration of the model's correction terms, which strongly hints that
their thickness, and thus their rigidity, is important in considering the lifetime of
interconnections. The ceramic modules for the calibration sets of SAC405 and
V347 solders were 1 mm thick, whereas the Du Pont and Heraeus test sets used in
model verification were 1.2 mm and 0.7 mm thick, respectively. However, due to
this difference in thickness one would have therefore expected optimistic lifetime
prediction with Du Pont modules and pessimistic lifetime prediction with Heraeus
modules. The results, however, pointed to pessimistic lifetime prediction in both
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cases, although the model gave a more pessimistic lifetime prediction with the
thinner Heraeus modules.
In Paper III, the results were biased in the same direction with both SAC and
SAC-In solders, showing pessimistic (small) corr(ΔT) terms determined in Paper
III, and thus, systematic deviation. The correction term calculated from the results
was smaller with SAC than with SAC-In. The absolute difference in the actual
corr(ΔT) terms was ~0.11 with structures III_d and III_e, and ~0.12 with III_f and
III_g. Besides this, the percentual error of the calculated corr(ΔT) with respect to
the model's corr(ΔT) was larger with SAC-In cases than in SAC cases, as seen
between structures III_d and III_e, and structures III_f and III_g in Fig. 35a.
Compared with Paper III, the errors between predicted and realized lifetimes
in Paper IV were minimal. Also, the absolute differences were smaller. The TCT
range was 0‒100 °C with partial array structures (Paper III) and −40‒125 °C with
the structures in Paper IV. The model's corr(ΔT) term deviated more from the
actual corr(ΔT) term in the case of TCT at 0‒100 °C, i.e. mild TCT, as opposed to
the corr(ΔT) term in −40‒125 °C, i.e. harsh TCT, as seen in Table 9. On that
basis, it also seems that the model's parameters require slight adjustment,
especially for the mild TCT range.
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a)

b)
Fig. 35. a) Errors in corr(∆T) terms in Papers III and IV compared with calculated
values from actual thermal cycling test results with all the corresponding test cases.
b) Error in observed and predicted characteristic lifetimes with 10%, 25%, and 50%
error margins of predicted corr(∆T) terms.
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Table 9. Difference between actual and model's corr(∆T) terms in different cases.
Construction

TCT range

Model's corr(∆T)

Calculated actual

Difference (actual –

corr(∆T)

model)

SAC (III_d)

Mild

0.3704

0.4155

10.8% (0.0451)

SAC-In (III_e)

Mild

0.3982

0.5290

24.7% (0.1308)

SAC (III_f)

Mild

0.3704

0.5081

27.1% (0.1377)

SAC-In (III_g)

Mild

0.3982

0.6308

36.9% (0.2326)

SAC-In (IV_a)

Harsh

0.2942

0.2916

−0.877% (−0.0026)

SAC-In (IV_b)

Harsh

0.2942

0.3021

2.62% (0.0079)

SAC (IV_c)

Harsh

0.2794

0.2488

−12.3% (−0.0306)

SAC-In (IV_d)

Harsh

0.2942

0.2904

−1.31% (−0.0038)

SAC-In (IV_e)

Harsh

0.2942

0.2937

−0.183% (−0.0005)

5.3.2 Testing the model with results by other authors
On the basis of a short search of articles, Barbini et al. provided enough data so
that the model could be tested with their results [100]. When comparing the
model's error—calculated using the model's parameters for the CBGA, FR-4,
SAC387 case in Paper III and the β values from Barbini et al.—with the results in
Fig. 36, the model seems to become more accurate as the interconnection height
is increased from SAC305 "LGA" type towards SAC305 "BGA" type, and as
ΔTe, i.e. the TCT range, is decreased, from −40‒125 °C to 0‒100 °C. This is in
contradiction to the results presented above, where mild cycle results required
more model recalibration. In many cases, for a currently unknown reason, the best
match is achieved with a distance from the neutral point (DNP) of about 7 mm.
When using the correction term of the parabolically dependent
CBGA/SAC387 case, the average error was −70%, while for PCSB/SAC405 it
was −91 %, and for PCSB/SAC-In it was −89% with the parameters from Paper
III. With logarithmic model parameters from an earlier publication by Salmela et
al.—"Ceramic, SnAgCu" from Table I in [48]—the average error was −81% when
the calculation was performed with coefficients A and B multiplied by the factor
1/1.2, as recommended in [48]. The result shows that parameters intended for
structures with solder balls, i.e. not plastic core BGA balls, give, in the case of a
parabolically dependent model, about 20% more accurate results. This is
anticipated, as the thermomechanical properties of 90/10 PbSn solder ball
materials are probably closer to the SAC305 solder ball material used by Barbini
et al. [100] than to PCSBs. The difference in accuracy between logarithmically
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and parabolically dependent model parameters was 11% in favor of the
parabolically dependent model.

Fig. 36. Model's error with parabolic model parameters for CBGA, FR-4, SAC387 in
Paper III, compared with TCT results by Barbini et al. [100].

5.3.3 Future considerations for the model
The results have shown that the current model can give decent predictions of
interconnection lifetime, with the preconditions that the properties of the
materials used are similar and the failure mechanisms are similar, meaning that
the TCT range in different cases does not change them. Considering future
improvement of the model, it would be interesting to
–
–
–

–

include the effects of the rigidity of the module and substrate, for which the
affecting factors include materials and thicknesses,
include test data of a variety of other commonly used interconnection types in
the model to improve its coverage,
test different amounts of interconnections per area with the same height, i.e.
varying the net area of interconnections, assuming that it takes a longer time
for a crack to propagate through a larger interconnection cross-sectional area,
include the effect of the microstructure in the model; however, this is a huge
task that probably is not realizable in the near future [83].
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6

Conclusions

The purpose of this thesis work was to study and improve reliability, reliability
monitoring, and lifetime prediction techniques of second-level—i.e. between the
module and the motherboard—interconnections used in modern electronics with
high input/output counts. During the initiation of this work, lead-free
interconnections were being introduced to the market as a result of the Restriction
of Hazardous Substances, i.e. the RoHS directive, while products with eutectic
tin-lead solder were still in common use, for example in telecommunication
technology. Therefore, Paper I included tin-lead solder in the interconnections.
Except in the last paper, all the LTCC-BGA structures used in this work were
attached onto PCBs consisting of commonly used FR-4 or thermomechanically
equivalent material. Although this ceramic module and organic substrate
combination is generally used, the challenges due to the thermal mismatches of
these two materials have been present for decades. To counteract this, plastic core
solder balls were used in the interconnections instead of most common full-metal
BGA balls. In addition, the design of the structures was optimized on the basis of
recent literature. This resulted, for example, in the use of a solder mask glaze
partly on top of the LTCC pad areas to reduce or even eliminate the amount of
ceramic cracking. In addition, novel material combinations such as chip resistors
and LTCC on flexible plastic substrates with inkjet-printed conductors were
examined.
Altogether there are two different approaches to predicting interconnection
lifetime: prognostics based on monitoring of a parameter of interest, and
reliability models based on knowledge of previously tested structures with the
same kinds of designs and materials.
The following summarizes the main results and conclusions of this work.
1.

It was found that high-frequency measurement data indicate forthcoming
electrical failures. Electrical degradation of interconnections may show up at
different frequencies as a change in signal level and phase. Initially the signal
levels do not change in the whole frequency band, but the change may occur
at certain—not necessarily critical—operating frequencies instead. These
structure-dependent, failure-induced disturbances in the signal may in some
cases first occur at high frequencies and later be emphasized at lower
frequencies, too, as stressing continues. The disturbances can also drift in
frequency during operation, depending on changes in the stress environment,
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2.

3.

4.

and even disappear. This is because the stress, for example due to varying
temperature, causes the contact area of the interconnection to alter, resulting
in changes in RF impedance, which consists of resistance and reactance. It
was observed in this work that these changes can be either stochastic or
ordered in nature.
There was a delay between mechanical and electrical degradation of
interconnections, even when electrical measurements were performed at high
frequencies up to 30 GHz. This was proven by comparing scanning acoustic
microscope imaging and electrical high-frequency measurements of the DUT.
Changes were observed in the imaged interconnections before the signal was
notably changed in the monitored frequency bands. However, it must be
noted that the failure of a product is always dependent on the required
functionality.
A modified Engelmaier's model can give relatively accurate predictions of the
lifetime of BGA assemblies with plastic core solder balls. In the best case, an
insignificant amount of error of 0.12% between the prediction and the test
result was achieved. This validates the model for use in the presented cases. A
second order polynomial shows the best fit of the correction term for PCSB
BGA assemblies in the modified Engelmaier's model. Thus, there is a peak
value of the correction term at a certain temperature magnitude.
The presented LTCC-BGA structures with PCSB interconnections can be
combined with inkjet-printed electronics materials, i.e. merging of these two
totally different technologies can be carried out without compromising
reliability if the design is done with care. For new combinations of
electronics materials and structures, such as ceramic components, including
LTCC modules and chip resistors, placed on top of thin flexible substrates
with inkjet-printed conductors, various new aspects must be taken into
account. Unexpected behavior may result from material and structural
incompatibility, such as CTE, leaching and adhesion, and response to
stressing, e.g. a low amount of recrystallization, to mention a few.

Future work in the area of prognostics with electrical methods should seek to
increase detectability and correspondence of mechanical conditions with electrical
monitoring results, especially in the early phase of crack propagation. Things to
be considered are increasing sensitivity by compensating for environmental
effects, such as temperature, and eliminating even the small effects of external
factors, such as measurement cables, contact points, etc. There is still work to be
94

done before the method can be taken into practice. However, this work has shown
the possibilities of high-frequency monitoring of interconnection degradation in
electronics.
As far as building a reliability prediction model for PCSB structures is
concerned, more measurement data are needed to increase the accuracy of the
model. This could include the thickness of the structures that affect the rigidity
and thermal mass of the structures, and thus, lifetime.
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