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SUMMARY

Electronic components are getting increasingly integrated into a diversity of applica-
tions, products, and industries and are becoming an essential part of them. In some
cases, they are responsible for handling critical tasks (e.g., the perception system in
autonomous driving) and, in some, are exposed to harsh environmental conditions
(e.g., elevated temperatures). Thus, the reliable functioning of electronics has more
significance than ever before. Traditional reliability qualification methods rely on
the tests in specification manuals and handbooks. Although still commonly cited,
they hold little significance in today’s day and age.

New methods of reliability estimation have emerged and evolved quite a lot over the
past six decades. Yet, they face the limitation of getting only a collective overview
of failures from batch-based experimental tests. In reality, it is often the case that
identical electronic components experience non-identical operating conditions
and environmental loads and, thus, have a variation in their lifetimes. Thus, ob-
taining individual, component-specific insights is crucial when moving from a
physics-of-failure to a physics-of-degradation approach for reliability. Implement-
ing Prognostics and Health Management (PHM) for electronic components is a
promising way to address this challenge. Demonstrating this approach using a
Digital Twin-based framework is the primary goal of this dissertation.

First, a generalised framework for PHM is laid out (Chapter 1), and its building blocks
are discussed. Then a systematic review of the term ‘Digital Twin’ and its state of
the art is presented (Chapter 2). A new, more comprehensive, and yet generalised
definition of a Digital Twin (DT) is prepared. Existing DT architectural models are
analysed, and a novel two-branched model is introduced, which incorporates two
key techniques, viz., physics-based and data-driven modelling. In a complete DT
implementation including both modelling approaches, both a cloud-based (external)
computing and an edge-based (localised) computing infrastructure can be utilised
to varying capacities. There are three phases of implementing Digital Twins within
a product’s lifecycle — Digital Twin Prototype (DTP), Digital Twin Instance (DTI),
and Digital Twin Aggregate (DTA) — which gradually shift from a cloud-dominant to
edge-dominant implementation.

XV



xvi SUMMARY

Next, the groundwork for the physics-based branch is laid (Chapter 3) by delving
into electronics packaging materials and associated ageing effects and degradation
mechanisms due to the three dominant stress-factors — temperature, humidity, and
mechanical vibration. Two commonly observed package-associated mechanical fail-
ure mechanisms, viz., delamination and solder fatigue are identified. Furthermore,
specialised hardware requirements for an edge-based, data-driven DT implementa-
tion (i.e. a DTA) are explored. Each chapter after this is dedicated to demonstrating
one or more puzzle pieces of the two-branched DT framework for PHM.

Starting with the physics-of-degradation, the thermo-oxidative ageing of Epoxy
Moulding Compounds (EMC) is modelled to study its effects on the thermomechan-
ical behaviour of an electronic package (Chapter 4). A combination of experimental
characterisation and analytical methods is utilised to record the changes in linear
elastic temperature-dependent mechanical properties of the oxidised EMC at differ-
ent stages of thermal ageing. A six-parameter material model (viz., a®*, ag*, Tg%, T,
Eg¥, Ey¥) is constructed to reflect the changes in between the known ageing stages,
and a continuously updated Digital Twin Instance (DTI) of a Flipchip BGA package is
prepared. The prepared DTI is utilised to predict mechanical stresses along the top
surface of the silicon die, which showed up to 40% increase in the maximum princi-
pal stress (o) after 3000 h of ageing. The effect of thermomechanical degradation
on the acceleration of EMC-die interface delamination is also discussed.

The in-situ monitoring aspect within the data-driven branch of the DT framework
is demonstrated using a solder joint degradation monitoring setup (Chapter 5). A
Wafer-Level Chip-Scale Package (WLCSP) housing a piezoresistive sensor with a high
spatial resolution (70x30 cells of size 10 umx 10 um each) is surface-mounted on a
PCB. An efficient algorithm is developed to achieve a much faster full-readout under
5min. A design of experiments involving static mechanical load with a four-point
bending setup (maximum bending displacement of up to 1.1 mm) coupled with
temperature variation (from —40°C to 125 °C) is carried out to record piezoresistive
data due to the deformation of the package-on-PCB assembly. The measured change
in resistance is able to capture the concentrated stress patterns in the regions around
the solder joints (i.e., the potential location of failure). Moreover, the sensor is able
to detect a crack (i.e., the failure mode) resulting from the static mechanical load.

Another important aspect of the DT framework is hybrid modelling, which combines
the physics-based and data-driven approaches. This is demonstrated by preparing
thermomechanical Reduced-Order Models (ROM) using the physics-based Full-
order Models (FOM) to be utilised in a data-driven approach (Chapter 6). A superele-
ment (SE)-based ROM of a simpler test package (with 4 solder joints) is prepared and
is used to study the effect of several combinations of the definitions and locations
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of the ROM-FOM interface. A benchmarking against the Finite Element-based FOM
shows more than one optimal combination for the accuracy and computational
efforts, as well as the dependency on the thermomechanical properties of the mate-
rials involved in the ROM-FOM interface. The SE-based approach is then utilised
on the thermomechanically aged (3000 h) Flipchip BGA package with a much more
complex geometry and a larger 27x27 solder joint array, and its implications on the
accuracy and efficiency of the ROM-integrated FOM are studied.

In the end, conclusions are drawn based on the obtained results from the aforemen-
tioned demonstrators (Chapter 7). An outlook of the feasibility and complexity of
implementing a fully functional Digital Twin framework for PHM of microelectronic
components and systems is also discussed. Finally, recommendations are provided
for further work in the future.






SAMENVATTING

Elektronische componenten worden steeds meer geintegreerd in een verschei-
denheid aan toepassingen, producten en industrieén en worden er een essentieel
onderdeel van. In sommige gevallen zijn ze verantwoordelijk voor het afhandelen
van kritieke taken (e.g., het perceptiesysteem bij autonoom rijden) en in sommige
worden ze blootgesteld aan moeilijke omgevingen (e.g., verhoogde temperaturen).
Het betrouwbaar functioneren van elektronica is dus belangrijker dan ooit tevoren.
Traditionele betrouwbaarheidskwalificatiemethoden zijn gebaseerd op de testen in
specificatiehandleidingen en handboeken. Hoewel ze nog steeds vaak naar wordt
verwezen, hebben ze weinig betekenis in deze tijd.

Nieuwe methoden voor betrouwbaarheidsschatting zijn ontstaan en zijn de
afgelopen zes decennia behoorlijk geévolueerd. Toch worden ze geconfronteerd
met de beperking om alleen een collectief overzicht te krijgen van storingen
van batchgebaseerde experimentele testen. In werkelijkheid is het vaak zo dat
identieke elektronische componenten niet-identieke operatie-omstandigheden en
omgevingsbelastingen ervaren en dus een variatie in hun levensduur hebben. Het
verkrijgen van individuele, componentspecifieke inzichten is dus cruciaal bij de
overgang van een fysica-van-falen (physics-of-failure) naar een fysica-van-degradatie
(physics-of-degradation)-benadering voor betrouwbaarheid. Het implementeren van
Prognostics and Health Management (PHM) voor elektronische componenten is
een veelbelovende manier om deze uitdaging aan te gaan. Het aantonen van deze
aanpak met behulp van een op Digital Twin gebaseerd werkwijze is het primaire
doel van dit proefschrift.

Eerst wordt een algemeen kader voor PHM opgesteld (Chapter 1) en worden de
bouwstenen daarvan besproken. Vervolgens wordt een systematisch overzicht
gemaakt van de term ‘Digital Twin’ en de stand van de techniek ervan gepresenteerd
(Chapter 2). Er wordt een nieuwe, uitgebreidere en toch algemenere definitie van
een Digital Twin (DT) voorbereid. Bestaande DT-architectuurmodellen worden
geanalyseerd en een nieuw model met twee takken wordt geintroduceerd, dat twee
belangrijke technieken bevat, viz., op fysica gebaseerde en datagestuurde modeller-
ing. In een volledige DT-implementatie die beide modelleringsbenaderingen omvat,
kunnen zowel een cloud-gebaseerde (externe) computer als een edge-gebaseerde

Xix
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(gelokaliseerde) computerinfrastructuur met verschillende capaciteiten worden
gebruikt. Er zijn drie fasen van het implementeren van Digital Twins binnen de
levenscyclus van een product — Digital Twin Prototype (DTP), Digital Twin Instance
(DTI) en Digital Twin Aggregate (DTA) — die geleidelijk verschuift van een cloud-
dominante naar edge-dominante implementatie.

Vervolgens wordt de basis gelegd voor de op fysica gebaseerde tak (Chapter 3) door
zich te verdiepen in verpakkingsmaterialen voor elektronica en bijbehorende ver-
ouderingseffecten en afbraakmechanismen als gevolg van de drie dominante stress-
factoren — temperatuur, vochtigheid en mechanische trillingen. Twee veelgebruikte
verpakkingsgeassocieerde mechanische faalmechanismen, viz., delaminering en
soldeervermoeidheid, worden geidentificeerd. Verder worden gespecialiseerde
hardwarevereisten voor een edge-gebaseerde, datagestuurde (i.e., een DTA) DT-
implementatie onderzocht. Elk hoofdstuk hierna is gewijd aan het demonstreren
van een of meer puzzelstukjes van de twee vertakte DT-werkwijze voor PHM.

Beginnend met de physics-of-degradation, wordt de thermooxidatieve veroudering
van Epoxy Moulding Compounds (EMC) gemodelleerd om de effecten ervan op
het thermomechanische gedrag van een elektronisch pakket te bestuderen (Chap-
ter 4). Een combinatie van experimentele karakterisering en analytische methoden
wordt gebruikt om de veranderingen in lineaire elastische temperatuurafthankelijke
mechanische eigenschappen van de geoxideerde EMC in verschillende stadia van
thermische veroudering vast te leggen. Een materiaalmodel met zes parameters
(viz.,, ai¥, ag*, T, T, Eg¥, E7¥) is geconstrueerd om de veranderingen tussen de
bekende verouderde stadia weer te geven, en een continu bijgewerkte Digital Twin
Instance (DTI) van het Flipchip BGA-pakket wordt voorbereid. De voorbereide DTI
wordt gebruikt om de mechanische spanningen langs het bovenoppervlak van de
siliciumlaag (silicon die) te voorspellen, die tot 40% toename van o, vertoonde na
3000 h veroudering. Het effect van thermomechanische afbraak op de versnelling
van de EMC-die raakvlak-delaminering wordt ook besproken.

Het in-situ monitoren aspect binnen de datagestuurde tak van het DT-werkwijze
wordt gedemonstreerd met behulp van een opstelling voor het monitoren van
de degradatie van soldeerverbindingen (Chapter 5). Een Wafer-level Chip-scale
Package (WLCSP) met een piézoresistieve sensor met een hoge ruimtelijke reso-
lutie (70x30 cellen van grootte 10 umx10 um elk) is gemonteerd op het oppervlak
van een PCB. Een efficiént algoritme is ontwikkeld om een veel snellere volledige
uitlezing te bereiken binnen 5 min. Een ontwerp van experimenten met statische
mechanische belasting met een vierpunts buigopstelling (maximale verplaatsing tot
1.1 mm) gekoppeld aan temperatuurvariatie (van —40 °C tot 125 °C) wordt uitgevoerd
om piézoresistieve gegevens op te nemen als gevolg van de vervorming van de



SAMENVATTING xxi

verpakking-op-PCB assemblage. De gemeten verandering in weerstand is in staat
om de geconcentreerde spanningspatronen in het gebied rond de soldeerverbindin-
gen (i.e., de potentiéle storingslocatie) vast te leggen. Bovendien kan de sensor
een scheur (i.e., de storingsmodus) detecteren als gevolg van de zuivere statische
mechanische belasting.

Een ander belangrijk aspect van de DT-werkwijze is hybride modellering, die
de op fysica gebaseerde en datagestuurde benaderingen combineert. Dit wordt
aangetoond door het voorbereiden van thermomechanische Reduced-Order
Models (ROM) met behulp van de op fysica gebaseerde Full-order Models (FOM) die
worden gebruikt in een datagestuurde aanpak (Chapter 6). Een op superelement
(SE) gebaseerde ROM van een eenvoudiger testpakket (met 4 soldeerverbindingen)
wordt voorbereid en gebruikt om het effect van verschillende combinaties van de
definities en locaties van de ROM-FOM-interface te bestuderen. Een vergelijking
met de op Finite Element gebaseerde FOM toont meer dan één optimale combinatie
voor de nauwkeurigheid en computationele inspanningen, evenals de athankeli-
jkheid van de thermomechanische eigenschappen van de materialen die betrokken
zijn bij de ROM-FOM interface. De SE-gebaseerde aanpak wordt vervolgens
gebruikt op het thermomechanisch verouderde (3000 h) Flipchip BGA-pakket met
een veel complexere geometrie en een grotere 27x27 soldeerverbindingsreeks De
implicaties van een complexere geometrie voor de nauwkeurigheid en efficiéntie
van de ROM-geintegreerde FOM worden ook bestudeerd.

Uiteindelijk worden conclusies getrokken op basis van de verkregen resultaten van
de bovengenoemde demonstratoren (Chapter 7). Een vooruitblik op de haalbaarheid
en complexiteit van het implementeren van een volledige functionele Digital Twin-
werkwijze voor PHM van micro-elektronische componenten en systemen wordt
ook besproken. Ten slotte worden aanbevelingen voor toekomstig werk verstrekt.
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2 1. INTRODUCTION

1.1. ELECTRONIFICATION OF INDUSTRIES

Electronics play a vital role in most modern devices and systems. During the sec-
ond decade of the 21% century, the number of electronic devices used in various
applications has seen tremendous growth. Figure 1.1 shows the number of chips
made just based on the ARM architecture, which is a widely-used Instruction Set
Architecture (ISA) for consumer electronic products [5]. By the year 2021, about 200
billion ARM-based chips in total were shipped, from which the first 1 billion during
1991-2002, about 100 billion cumulative by 2017, and an additional 100 billion in just
the following five years [6-8].
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Figure 1.1: Number of semiconductor devices (cumulative) shipped over the last 20 years [6-8]. The
chart only includes ARM-based chips, which are primarily used in low-power consumer electronic
applications. The exponential growth in the last few years indicates the trend of rapid electronification.

At the core of this phenomenon is the ‘digitalisation’ or ‘electronification’ of in-
dustries over the last few decades. This has been accelerated by newly emerging
Information Technology (IT), the incorporation of more and more electronics (e.g.,
sensors) into conventional products/systems, and the integration of computer-aided,
software-based technologies into traditional industries. Internet of Things (IoT)-
enabled smart-home products such as Artificial Intelligence (AI)-powered smart
speakers, thermostats and home appliances, etc., are classic examples of the lat-
ter. Other well-known examples are the daily-use gadgets such as laptop/tablet
computers, smartphones, and smartwatches, which consist mostly of electronic
components. In addition to consumer electronics, such growth is also reflected in
several other industries, such as manufacturing, automotive, and healthcare [9, 10].
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USE CASE: AUTOMOTIVE ELECTRONICS

An automobile is no exception to the rapid adoption of electronics. According to
a 2019 report by Deloitte [10], electronic systems in a modern car constitute about
35% of its total cost, and it is expected to have close to 50 % share by the year
2030. Automotive electronics are responsible for primary functions such as engine
control, transmission control, and suspension control, as well as advanced functions
such as telematics (for location tracking and navigation) and cloud connectivity.
Figure 1.2 gives an overview of the cost of automotive electronics and the technology
deployment over time.

Year Cost of electronic systems per car (%) Semiconductor cost per car (USD) Technology
0,
2030 —50/0 $912*
2027 ORAD
2022 $600 V2X
$550"
2019 20% $400 ADAS
2017 Powertrain
2013 $312 Radar
2007 20% Infotainment
I
Airbags

18% _ . ABS

2000 E— Source: Deloitte & Yole

Figure 1.2: Overview of the cost of automotive electronics and the technology deployment over time.
The grey bars represent the cost of electronic systems as a percentage (%) of total car cost. The red bars
indicate the semiconductor cost per car in United States Dollars ($). Values beyond the year 2022 are
predictions. The recorded data and estimated values are sourced from [10] and [11]. The blue text lists the
technology deployed in the past and on the roadmap of Society of Automobile Engineers (SAE) [12]. The
abbreviations stand for On-Road Automated Driving (ORAD); Vehicle to X’ (V2X) connectivity including
Vehicle to Vehicle (V2V); Advanced Driver Assistance Systems (ADAS); Anti-lock Braking System (ABS).

The automotive industry is progressing towards developing a framework for Electric
Connected and Automated (ECA) vehicles, and the development of necessary auto-
motive Electronic Components and Systems (ECS) is driven by three major trends
- electrification, connectivity, and automation [13]. The SAE defines six levels of
autonomous driving vehicles (i.e., SAE L0-L5), starting with ‘level 0’ with no automa-
tion capabilities and going up to ‘level 5’ with full automation [14]. The development
of a homologation framework for levels 3 to 5 (i.e., SAE L3-L5) is in progress, with a
forecast for the number of SAE L3 and L4 vehicles to grow from 0.2 million newly-
registered units in the year 2020 to 24 million in the year 2030 [15].

Every step towards a higher level of automation requires additional electronics
(e.g., sensors and control units) and their integration into various functions of a
car. From the year 2016-2022, a sizeable growth is observed in the revenue of 2 sub-
categories of the automotive semiconductor revenue - Advanced Driver Assistance
Systems (ADAS) and In-Vehicle Infotainment (IVI) system - aimed primarily at
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providing safety and comforts. In terms of revenue, infotainment showed a jump
from ~$6 billion to ~$9 billion, while ADAS from ~$3 billion to ~$12 billion [10].
According to Yole Group [11], the semiconductor cost per car is predicted to go from
$550 today to about $912 by the year 2027. These trends are quite significant in terms
of user safety, technological development, and economics.

Thus, automotive electronic systems are, and will remain, a crucial component of
an automobile concerning its functionality, cost, and overall safety. To address this,
many projects are created under multinational joint undertakings such as European
Union (EU)-level funding programs for research and development. The project
‘ArchitectECA2030’ envisions providing “a harmonized pan European validation
framework enabling mission oriented validation of ECS for ECA vehicles from SAE
L3 to L5 to improve reliability, robustness, safety and traceability” [16].

Overall, the adoption of electronics is growing at a fast pace across industries. Ap-
plication fields like autonomous driving, intelligent manufacturing, smart city, and
smart services are built around sensing, connectivity, and Al-like software solutions,
which require Mission Critical Electronics (MCE) on a large scale. Therefore, the
reliable functioning of electronic products and subsystems becomes crucial. Multi-
ple factors can affect the reliability of electronics, such as the choice of materials,
sub-optimal design, insufficient quality control, and manufacturing defects, most
of which are associated with the beginning phase of a product’s life cycle. Another
key factor that influences reliability and performance over time is the degradation
of materials used in electronic components.

1.2. DEGRADATION OF ELECTRONIC COMPONENTS

Electronic components are complex systems made up of a combination of several
different materials. Under the influence of environmental and operating conditions
(loads), these materials undergo degenerative changes over time following the sec-
ond law of thermodynamics [17, ch.3]. It causes loss of their quality or functionality,
reflected in the degradation of electronic components, which can lead to failure
during their operational lifetime. Thus, the reliability of an electronic component
is closely linked with the ageing of its constituent materials.

There are several microelectronics-based technologies where material degradation
and reliability are actively associated with each other to different extents. Some
examples are electrical power systems, ferroelectric (a subset of piezoelectric)
technologies, polymer electronics, bioelectronics, Micro-Electro-Mechanical Sys-
tems (MEMS), wearable electronics, and electromechanical machines [17, ch.1].
Electronics in some applications (e.g., automotive electronics) need to withstand
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harsher environments than others (e.g., consumer electronics). Degradation of ma-
terials within electronic components can lead to many failure modes. This demands
deep knowledge of failure mechanisms (i.e., physics-of-failure), understanding their
connection with the ageing process, and their link to the operating conditions and
changes in material properties.

Different material degradation mechanisms can be categorised by the domains they
belong to. Figure 1.3 indicates the five domains, viz., mechanical, thermal, chemical,
electrical, and biological degradation. It also includes annotations of some select
degradation and failure mechanisms (relevant to this thesis) associated with one
or more of the aforementioned domains. The study of the ageing phenomenon
occurring because of a combination of natural processes in single or multiple
degradation domains is collectively referred to as physics-of-degradation.

Chemical

Oxidation
Expansion
Th |
erma Diffusion
Delamination
Biological
Warpage
Physics
of
Degradation
Fracture
Mechanical

Electrical

Figure 1.3: Five domains of physics-of-degradation and a few examples of degradation mechanisms
associated with one or more of these domains. For example, ‘warpage’ is the out-of-plane deformation
under thermal load (i.e., a thermo-mechanical effect) caused by the mismatch of thermal expansion of
different layers in an electronic package and, thus, falls under both mechanical and thermal domains.

The industries are expected to move from an ‘application-based’ to a ‘degradation-
based’ wave in reliability in the near future [18], which means the focus would
transition from a physics-of-failure to a physics-of-degradation approach to estimate a
product’s service lifetime, also referred to as the Remaining Useful Life (RUL). Thus,
the study of relevant degradation mechanisms is critically important for reliability
estimation of microelectronic components.
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1.3. MICROELECTRONICS RELIABILITY

The term ‘microelectronics’ broadly encompasses electronic devices and compo-
nents having a micrometre-scale (0.1-100 um) or smaller feature size. The technical
definition of ‘reliability’ is the probability that a given item will perform its intended
function within specified performance limits, without failures, for a given period of
time under a given set of conditions [19, 20]. Bringing both together, microelectron-
ics reliability, thus, refers to the aforementioned definition adapted for electronic
components and systems.

RELIABILITY CALCULATIONS

Product reliability refers to its future performance or behaviour, which inherently
has the uncertainty and randomness involved [21]. Thus, the mathematical formu-
lation of reliability is grounded in statistics and probability theory. Reliability R is a
function of the random variable (i.e., variate) ¢, which can be a suitable time-related
parameter indicating product age. The random variable chosen for reliability esti-
mation is Time to Failure (TTF) T, which has the Probability Density Function (PDF)
f () under the assumption of ¢ being continuous (practically achievable by choosing
a ‘large’ sample size). In this way, R(f) depends on the PDF f(¢) as indicated in
Equation (1.1).

oo

R() = ff(‘r) dr (1.1)

t

The ‘bathtub curves’ are also famously used to indicate the trend of failures as
a function of component age. It is essentially a(n idealised) plot of (component)
hazard rate h(t), which depends on reliability as indicated in Equation (1.2). For
systems with individually replaceable components, Rate of Occurrence of Fail-
ure (ROCOF) A is plotted against the system age to obtain the (system) bathtub curve
[21, 22]. Hazard rate curves are modelled using a wide range of PDFs to fit the data
collected in qualification tests. A PDF can be a discrete function (e.g., binomial
and Poisson distribution) or a continuous function (e.g., exponential, normal, log-
normal, gamma, and Weibull distribution). Weibull distribution is widely used in
the industry because of its versatility in modelling a variety of hazard rate curves.
Lastly, reliability calculations can also provide an estimate of the expected life of a
component. It is referred to as Mean Time to Failure (MTTF), also as Mean Time
Between Failures (MTBF) when the hazard rate h(r) is constant and is evaluated
using Equation (1.3).
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Note that the described calculations represent the traditional ways (from the 1960s)
of calculating the reliability of components. Methods of reliability estimation have
evolved quite a lot from the birth of fault-tree analysis in the 1970s, the use of
accelerated testing in the 1980s, the adoption of the physics-of-failure approach in
the 1990s, to the hybrid approach using physics and statistics together [23, 24]. Thus,
the above equations, although they define the technical terms correctly, hold little
significance in the current era of reliability engineering.

RELIABILITY ENGINEERING

Reliability engineering is a discipline of its own, established through dedicated
efforts from 1952-1957 [25, 26]. It includes applying mathematical and scientific
techniques in conjunction with organisational strategies and efforts, where the
former is related to the calculation aspect and the latter is related to the management
aspect of this interdisciplinary field. Considerable resources are invested by Original
Equipment Manufacturers (OEMs) in reliability engineering, as the (electronic)
product reliability is crucial and closely tied to their economic aspects (such as
production and maintenance costs) and reputation. This can directly influence
an OEM’s competitive position and market share. Due to the high stakes involved,
accurate estimation of a product’s reliability becomes of utmost importance.

The reliability assessment procedure is utilised in an iterative way to improve a
product/process. Current ways of reliability estimation are based on standard
tests documented in specification manuals, such as Reliability Handbooks ! and
International Standards . The tests are primarily done in a batch during the product
qualification phase. This approach provides only a collective overview and broader
insights into an entire batch using a statistical approach, which also implies that it
lacks the details of sample-specific insights.

Alternatively, an approach of reliability estimation by monitoring a select number
of product samples during their real-world usage is utilised. This can help to get
sample-specific insights, but it is also restricted to a small number of in-use products

IExamples of Reliability Handbooks - generic/purely mathematical [27, 28], topic-specific [29, 30]
2Examples of International Standards - electronics-related [31, 32] and application-specific [12, 33]
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from a much bigger batch. Thus, both of these traditional approaches are limiting
in terms of either the scale or the details of sample-specific insights.

Moreover, traditional reliability handbooks have also been heavily criticised in
the past for being inaccurate and invalid because of being based on insufficient
knowledge of component failures [34]. It has also been highly recommended to
replace them with newer approaches, e.g., Physics of Failure (PoF). Reliability
estimation methodology needs to go to the next generation to match the needs
created by the rapid electronification of industries and involvement of MCE. It
should provide per-product (sample-specific) health monitoring but at a much
larger scale, possibly for all the products (not just a smaller sample set) while they
are in use. In order to facilitate individual health monitoring on this scale, it is
crucial to develop and implement new ways of per-product health monitoring.

1.4. PROGNOSTICS AND HEALTH MANAGEMENT

Prognostics and Health Management (PHM) is a relatively advanced methodology
that allows reliability assessment of a system/component based on its individual
working conditions. It leverages condition monitoring, which allows for evaluating
a system’s current state of health based on its load history and keeping track of all its
historical health statuses [35, 36]. Prognostics refers to the prediction of the future
state, performance, and RUL of a system based on its current state of degradation.
Health management is the process of making decisions and planning actions on
the basis of the evaluated state of component health. The prognosis can be of a
particular failure mode in a critical component, estimating the progression of a
fault, or even evaluating the RUL of the whole system, whereas the actions could be
issuing a warning, stopping a system function, or even scheduling maintenance
(i.e., predictive maintenance) or a component replacement [37].

The current state of degradation depends on the deviation from the nominal operat-
ing conditions. Two identical components subjected to different sets of working and
environmental conditions after a certain period of time will have different states
of health. PHM facilitates capturing that deviation individually for each system.
Therefore, this technique gives a major advantage over traditional reliability qualifi-
cation tests [38]. PHM can be implemented based on a model-based, data-driven,
or even a hybrid (fusion) approach [39]. Various publications focused on review-
ing and summarising the PHM concept and its implementations present different
flowcharts [40-45], which are usually complex and/or application-specific.

Figure 1.4 indicates a rather simplified and generalised framework for the PHM
workflow. The workflow of PHM begins with condition monitoring, which requires
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the collection of relevant data using appropriate sensors for capturing environ-
mental loads, operating conditions, and additional measurements (e.g., current or
voltage). Thus, the first set of steps in the PHM workflow are data sensing, acquisi-
tion, and preprocessing. The second phase of the PHM framework is diagnostics.
The collected data is processed to provide a preliminary assessment of the compo-
nent’s condition, such as the detection of an anomaly. The state of component health
is then evaluated, which requires physics-based validated models for quantifying
degradation and fault progression. In the last phase, prognostics and decision-
making come into the picture. A prognosis of the component’s performance and an
estimation of its RUL is made. Based on the prediction, decisive action is chosen,
such as scheduling maintenance for repair or replacement.

Data Sensing & « Environmental sensors
Acquisition * On-board sensors
Data (Pre-) « Signal processing
Processing « Data cleaning

Y

. » Anomaly detection
Fault Detection « Failure classification

Diagnostics ¢

. « Fault progression
State Detection « Degradation state

Condition
Monitoring

<
<

( Failure Prediction > * Estimation of RUL

Prognostics

o . » Maintenance (repair)
Decision Making « Replacement

Figure 1.4: Framework of the PHM workflow and its three main phases - condition monitoring, diagnos-
tics, and prognostics. Actions involved in each phase are indicated in the flowchart, and their respective
functional descriptions are listed on the right side. This figure has been prepared by combining different
elements from several PHM flowcharts in [40-45] to present a more simplified and generalised workflow.

BUILDING BLOCKS OF (HYBRID) PHM

The physics-based models play a key role in the PHM workflow, as the later steps
in its framework depend on the health-state evaluation. PoF is a preferred, but not
the only, choice for physics-based models. It can be further enhanced when used
in conjunction with the Physics of Degradation (PoD)-based models. Some notable
examples of PoD-based models due to thermal ageing of different materials and sub-
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components of an electronic system are: solder joints [46], moulding compounds
[47], and Printed Circuit Boards (PCBs) [48]. A strong foundation of such validated
models is a necessity for component-level health monitoring of electronics.

The input to the degradation models is the operating conditions experienced by the
electronic system. Ambient conditions such as temperature, moisture, vibrations,
shock, pressure, and acoustic levels can affect the component’s lifetime. Thus,
relevant environmental parameters should be continuously measured. In addition,
some additional embedded sensing devices or external measurements, such as
electric current, changes in electrical resistance, displacement, and strain, can
give even more information about the state of component degradation. Thus, the
data-sensing needs should be considered in the hardware design of the compo-
nent; for example, specialised integrated sensors such as a piezoresistive sensor
[49-51] or measurement techniques such as the Direct Current (DC) resistance
measurement, Radio Frequency (RF) impedance measurement, Multivariate State
Estimation Technique (MSET), and Sequential Probability Ratio Test (SPRT) [52-54].

A robust data processing pipeline needs to be in place to utilise the collected data into
data-driven approaches, e.g., lifetime prediction, failure classification, and anomaly
detection. The PoF models should identify relevant failure modes associated with
the electronic system of interest. The PoD models should be able to translate the
loading conditions into an effective aged health state of the component, including
the changes in the behaviour of its constituent materials. In addition, PoD should
also reflect the effects of all manufacturing steps (semiconductor processing, die-
bonding, electronic packaging, moulding, solder reflow, component assembly, etc.)
until the electronic system is ready to be used in the field. Lastly, the decision-
making logic should consider the criticality of an electronic component’s function
in the entire system, such as an autonomous vehicle or a manufacturing line.

1.5. MONITORING DEVICE

The rapid adoption of electronics across industries has led to a high demand for
MCE. More electronics per product put forth the need for a fast ramp-up of new
electronic components, resulting in high-volume production in shorter periods of
time. Consequently, any issues that emerge from non-reliable electronics affect
the functionality of the product and can create serious business problems for the
OEMs in different domains. Thus, PHM must be an integral part of the lifecycle
management of electronic products.

The increasing importance of electronics and the disadvantage of traditional reliabil-
ity testing can be overcome by implementing PHM for product-specific monitoring.
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It can serve as a product-level Monitoring Device (MonDev), which presents itself
as a key enabler for providing performance- and lifetime-on-demand. New IoT op-
tions, combined with edge and/or cloud computing possibilities, can run real-time
analysis when reliability-specific parameters are measured and recorded at the
system level. Such system-level prognostics help avoid failures by detecting them
beforehand, thus reducing the residual risk [55].

It is important to note that the MonDev is not necessarily only a physical device but
is more of a conceptual term. It includes both physical (dedicated hardware and
sensors) and digital (data and software) components. It can take any form of shape
depending upon the application (e.g., automotive industry) and the subdomain (e.g.,
perception, propulsion, connectivity). The project ArchitectECA2030 [16] explains the
implementation of an in-vehicle MonDev for an ECA vehicle [56, 57], which is able
to indicate and measure the health status and possible degradation of the functional
electronics and electronic systems, enabling predictive diagnosis, maintenance,
and re-configuration of embedded software. The framework for risk assessment
and safety-level determination is discussed further in [4].

Digital Twin (DT) is one of the implementations of a MonDev. A component-level
MonDev can be achieved by integrating the described PHM framework into the
Digital Twin architecture. Thus, the work in this thesis aims to develop methods nec-
essary for Digital Twin-based health monitoring for microelectronic components.
It addresses the hardware design, sensor selection, step-by-step preparation of PoD
models, package-associated failure modes, in-situ monitoring, failure prediction,
and reduced-order models, which collectively form various aspects of the MonDev.

1.6. RESEARCH OBJECTIVES

This thesis aims to explore the Digital Twin-based approach for PHM of electronic
components. The emphasis is also on developing experimentally validated PoD-
based models that reflect a range of states of component degradation. A second
goal is to demonstrate in-situ monitoring for the data-driven approach for failure
prognosis and design for reliability. The third goal is to explore the effectiveness
and practicality of compact models in the Digital Twin workflow.

The following research objectives are defined:

1. To review the concept of a Digital Twin thoroughly by analysing its existing
descriptions, including the definitions and architectural models;

2. To formulate a Digital Twin-based framework for condition monitoring, failure
prognosis, and health management of microelectronic components;
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3. To demonstrate the physics-based aspect of the framework by studying degra-
dation mechanisms responsible for package-associated mechanical failures
and preparing an experimentally validated DT to analyse the effects of ageing;

4. To facilitate the data-driven aspect of the framework by developing in-situ
sensor-based monitoring techniques for a critical layer of an electronic com-
ponent and applying it to experimentally detect mechanical failures;

5. Todevelop and test physics-based reduced-order models aimed at IP protection
and interoperability, and analyse their accuracy and efficiency;

6. To draw conclusions on the feasibility of implementing a Digital Twin-based
framework for health monitoring of microelectronics in different applications.

1.7. OUTLINE OF THIS THESIS

The key topics of the research were formulated based on the defined research
objectives, and the work was disseminated as journal and conference papers. This
thesis has been prepared as a combination of multiple publications. This may have
resulted in minor overlap of the chapters and repetition of some text. This has
been minimised as much as possible, without the individual chapters losing their
independence from each other. The chapter-wise outline of this thesis is as follows:

Chapter 2 presents a thorough literature review of the concept of a Digital Twin.
It includes the analysis of its various descriptions, including the definitions and
architectural models, from the literature. A new decontextualised and yet compre-
hensive definition and a novel two-branched architectural model are proposed. The
extension of the latter for a hybrid PHM approach for electronic components and
systems is also discussed.

Chapter 3 delves into the evolution of electronics packaging and the physics-of-
degradation of plastic encapsulating materials. The dominating degradation-
causing stress-factors are reviewed, and the two most common package-associated
failure modes are identified. The hardware requirements, including specialised
sensors and measurement techniques, to capture the effects of material degradation
are also explored.

Chapter 4 showcases a study of thermo-oxidative degradation of epoxy moulding
compounds. A systematic procedure is developed to model the changes in the
thermomechanical properties of the encapsulation material due to thermal ageing
at 150 °C and reflect it in a continuously updated Finite Element model of a flip-chip
ball grid array package to represent any intermediate oxidation stages. The effects
of ageing on the package-warpage and die-level stresses are also studied.
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Chapter 5 focuses on monitoring the mechanical degradation of package-to-PCB
solder interconnects of a wafer-level chip-scale package using a high-resolution
piezoresistive sensor. A design of experiments is devised to study the effects of
several combinations of mechanical and thermal load using test specimens with
embedded piezoresistive sensors in a four-point bending setup. A correlation be-
tween the recorded stress pattern and the development of a crack under a purely
mechanical load was established.

Chapter 6 explores the role of reduced-order modelling in the Digital Twin frame-
work. A superelement-based Finite Element modelling technique is demonstrated
with a virtual (simulation-based) design of experiments. The effect on the accuracy
and computational resources is studied for several definitions of the connection
between the reduced model and the remaining Finite Element model, and material
properties-based dependencies are established. The developed workflow is then
utilised on a more complex assembly to achieve optimal accuracy and efficiency.

Chapter 7 concludes this thesis and provides recommendations for further research.
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DIGITAL TWINS FOR HEALTH
MONITORING OF ELECTRONICS

Digital Twins (DT) play a key role in Industry 4.0 applications, and the technology is
in the process of becoming mature. Since its conceptualisation, it has been embraced by
several industries, including manufacturing, automotive, and electronics. It has been
heavily contextualised and often misinterpreted as being merely a virtual model. There are
several contextualised definitions and application-specific interpretations of DT that don’t
necessarily clarify the reach of the concept. Thus, it is crucial to define it clearly and have
a deeper understanding of its architecture, workflow, and implementation scales. This
chapter reviews the notion of a Digital Twin represented in the literature, analyses different
kinds of descriptions, and proposes a new generalised definition. In addition, the existing
models of DT architecture are analysed, and a new simplified two-branched model of DT is
introduced. It is then extended for condition monitoring of electronic components and
systems, and a new approach to hybrid Prognostics and Health Management (PHM) is
further elaborated on. The proposed framework, enabled by the two-branched Digital Twin
model, combines the physics-of-degradation and data-driven approaches and empowers
the next generation of reliability assessment methods. Finally, the advantages, associated
challenges, and future scope of the proposed approach are also discussed.

Parts of this chapter have been published in MDPI Electronics (2024) [1], in Future Generation Computer
Systems (2024) [2], in a book chapter in Recent Advances in Microelectronics Reliability, Springer (2024) [3],
in IEEE EPS Newsletters (Jul-2022 and Nov-2023) [4, 5], and in the proceedings of ESREL Conference (2023)
[6] and of IEEE SWC Conference (2024) [7].
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2.1. INTRODUCTION

Digital Twinning is one of the key technologies in Industry 4.0, i.e., the fourth indus-
trial revolution. It plays a crucial role in transforming the industry, and many major
companies already use Digital Twins for solving problems and improving efficiency
[8, 9]. The idea of a Digital Twin (DT) is relatively new. It was conceptualised during
the very beginning of the 21 century and has gained traction mainly during the
last decade [10]. The primary reason behind it is the digitalisation of the industry,
which has been accelerated by the newly emerging Information Technology (IT) and
its infrastructure. Gartner had listed DT as one of the key emerging technologies
in 2017 [11], and it was also positioned at the peak of the hype-cycle curve in 2018
[12]. Figure 2.1 indicates a few well-known technologies and the evolution of their
position on the hype-curve, over the last few years [13-15].

Digital Twin e 2017 Innovation trigger
® 2018
56 ® 2019 Peak of inflated
A Generative Al o 0 © (t) tl
Autonomous Edge Al 2021 expectatons
Driving L5 / " . e 2023 Trough of
Deep Learning disillusionment

Edge Al
Deep Learning Slope of

@OOOO

(j\e”eArl'rmve enlightenment
» Edge Al
& | 5G ) ] Plateau of
.::‘5 Digital - Mixed Reality productivity
O .
< Twin \ Augmented
ai |EdgeAl [55 Reality

Autonomous
Driving L5

O 66 O 6

»
>

Time

Figure 2.1: The evolution of Digital Twin technology on Gartner’s hype-cycle curve, including some
additional emerging technologies. The data is sourced from Gartner’s reports and press releases [11-15].

The five stages of this evolution are (1) innovation trigger, (2) peak of inflated expec-
tations, (3) trough of disillusionment, (4) slope of enlightenment, and (5) plateau of
productivity. The hype cycle lasts for 2-5 or 5-10 years for most cases (and less than 2
or more than 10 years for some). Digital Twin technology has been marked with 5-10
years, and thus, is expected to be in between stage 4 and 5, where the technology
starts to mature and shapes up to be incorporated in different applications.
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Thus, the concept of Digital Twin is still not fully mature and keeps evolving and be-
coming more elaborate. It originally emerged in the aerospace industry, developed
in the manufacturing domain, and was further adopted by several other sectors such
as healthcare, telecommunication, construction, agriculture, energy, environment,
etc. Through its evolution, the concept of Digital Twins has varied depending on
the context, application field, and one’s expertise or experience. As a result, there
has been large fragmentation in its definitions and models. A Digital Twin can be
described as a continuously updated virtual representation of an object, system, or
process which replicates all phases in the lifecycle of its physical counterpart. Al-
though this underlying idea remains the same, many applications and publications
define it as too context-specific.

As a key technology in the ongoing Industry 4.0 (and the upcoming Industry 5.0),
there is a clear need for more clarity on the concept of a Digital Twin and to provide
generalised descriptions in the form of a definition, an architectural model, and its
working principle. A Digital Twin is also often misinterpreted as being the same as
any model in the virtual space. Whereas, DT is actually much more than that, and
its representation in the virtual space is just one facet of it [5]. Thus, it is critical to
define clear boundaries, features, and capabilities, as well as the criteria to classify
a digital model of a system as its Digital Twin.

This chapter aims to review the notion of Digital Twins in the context of Industry
4.0, to comment on existing definitions and architecture models of DT, and to
propose improved versions of those with a focus on microelectronics as a product
for the latter. The Sections 2.2 and 2.3 describe the development and adoption of DT
by different industries, including the evolution of the underlying IT technologies.
Various existing definitions of DT are examined, and then a more generalised but
detailed definition of a Digital Twin is formulated.

The Sections 2.4 and 2.5 describe the basic architecture of a Digital Twin-based
system and review a few existing and well-known workflow models. Furthermore,
a new simplified model is proposed, and an implementation of Digital Twins for the
Prognostics and Health Management (PHM) of microelectronics is outlined. In addi-
tion, a holistic approach for hybrid-PHM of electronic components and electronics-
enabled systems is also presented with the help of the new two-branched DT model.
Lastly, the key advantages, challenges, and future roadmap are highlighted.

2.2. DIGITAL TWIN — DEVELOPMENT

The idea of a Digital Twin was first introduced by Dr Michael Grieves in 2003 in
a university course on Product Lifecycle Management (PLM), while the term was
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used much later in his 2011 book [16] and more elaborated on in his 2014 white paper
[17]. The latter also attributes to Vickers, and thus, the mentions of the formation
of the concept by Grieves and Vickers together can also be found in the literature
[18]. The first mentions of Digital Twin can be found in the technology roadmap
of National Aeronautics and Space Administration (NASA) in 2012 (draft in 2010)
[19, 20]. The NASA roadmap was referred to by aerospace engineers as the seminal
work to define the Digital Twin. The 2012 publication by Glaessgen and Stargel
[21] lists Digital Twin as a key technology and, thus, is also cited by a plethora of
recent publications as the origin of the Digital Twin concept. It was later adopted by
different industries, and thus, several contextualised adaptations of a Digital Twin
can be found in the literature.

Thus, the first two decades of the 215 century were the two key periods, respec-
tively, for the formulation and early adoption of the Digital Twin technology. Its
roots, however, go much further back in time. Digital Twins are enabled by the
underlying foundational technologies developed during the 3 industrial revolu-
tion, also known as the Computer Revolution, during the last 30 years of the 20t
century. Therefore, in order to understand the concept more comprehensively, it is
important to have an overview of the technological development and milestones in
the context of digitalisation over the past 50 years.

2,2.1. HISTORY OF DIGITALISATION

The evolution of digitalisation has gone through four progressive stages: digital
enablement, digitalisation assistance, digital control and link, and cyber-physical
integration [10]. The first stage refers to the process of converting paper documents
into digital forms. In this phase, around the year 1950, only the most essential
information was digitised for storage, processing, and transfer.

In the late 1970s, computers became small and inexpensive enough to be purchased
by individuals, when a large-scale integration made it possible to construct a suffi-
ciently powerful microprocessor on a single semiconductor chip [22]. Computers
further evolved in the 1980s to have a Graphical User Interface (GUI) and with the
extensive applications of Computer-Aided ‘X’ (CAX) technologies, e.g., Computer-
Aided Drawing (CAD), Computer-Aided Engineering (CAE), and Computer-Aided
Machining (CAM), the paradigm of digitalisation shifted towards assisting engineers
to work with computers effectively.

The digitalisation of entire businesses was possible in the 1990s with the develop-
ment of the internet and advanced control technologies [23]. With the increasing
spread of workstations and personal computers, the number of simulation users
grew rapidly, and the simulation technology further evolved. Today, simulation is
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the basis for design decisions, validation and testing not only for components but
also for complete systems in nearly all application fields [24].

Electronic components became more and more compact during the first decade of
the 215t century, which resulted in the evolution of consumer electronics such as
compact, lightweight laptops, smartphones, and later smart devices along with the
services associated with them, e.g., cloud storage. As a result, a new generation of
information technologies such as the Internet of Things (IoT), cloud computing, big
data analytics, and Artificial Intelligence (AI) emerged. They enabled the conver-
gence of physical and virtual worlds, which is also referred to as the cyber-physical
integration [25], and therefore, digitalisation is now becoming one of the main
drivers of innovation in all sectors [26].

Table 2.1 summarises the highlights of the four key stages of digitalisation. The
progress in the latter half of the digitalisation era has dramatically improved the
capabilities of computers. As a result, simulation technology also evolved. Digital
Twins are the next wave in the simulation technology [24, 27] and are rooted in ex-
isting technologies, such as Three-Dimensional (3D) modelling, system simulation,
and digital prototyping (incl. geometric, functional, and behavioural prototyping).
Thus, the Digital Twin technology stands on the foundations of the technologies
developed during the Computer Revolution, also known as the Information Age.

2.2.2. REVIEW OF DIGITAL TWIN DEFINITIONS

Digital Twin has been defined in the literature in a variety of ways. They range
from a very high-level abstract and simplistic definition to a highly contextualised
and rooted formulation. Highly contextual and application-specific definitions
mostly contain technical jargon and, thus, don't necessarily translate well to other
applications. Some high-level definitions are too generic and lack the necessary
detail. It’s rare to find a fit-for-all definition, primarily due to the fact that the concept
of DT continues to evolve. Thus, it is crucial to analyse some of the existing key
definitions. The 2012 publication by Glaessgen and Stargel [21] is cited by a plethora
of publications as the origin of the Digital Twin definition [10, 24, 28-30], which is:

“an integrated multi-physics, multiscale, probabilistic simulation of an as-
built vehicle or system that uses the best available physical models, sensor
updates, fleet history, etc., to mirror the life of its corresponding flying twin”.

Since it originated in the aerospace application, it includes the term ‘flying twin’
and its ‘fleet history’ in the definition. It is also the most commonly used ‘base’
definition, which is then adopted and heavily contextualised for other applications.
Other examples of contextual adaptations of this definition can be found in the
literature [31-33], which are not generalised and, thus, non-transferable.
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Table 2.1: The stages and highlights of the digitalisation era leading to the Digital Twin technology.

Stage | Description Year | Highlights

1. Digital Enable- | 1950’

ment — Paper documents to digital

1970’s . .
— Sufficiently powerful microprocessor on

a single semiconductor chip
— Computers became small and inexpen-
sive, thus, purchased by individuals

2. Digitalisation As- | 1980’s

sistance — GUI, applications of CAX technologies

(CAD, CAE, CAM)

3. Digital Control | 1990’s
and Link

l

Digitalisation of entire businesses
Development of the Internet and ad-
vanced control technologies

— Simulation technology further evolved,
and users grew rapidly

l

4, Cyber-Physical | 2000’s

Integration — Electronic components became more

and more compact
— Consumer electronics: lightweight lap-
tops, smartphones

2010’s .
— New generation of IT emerged: IoT,
cloud computing, big data analytics, AI
— It enabled the convergence of physical
and virtual worlds
2020’s

— Digital Twinning is the next wave in the
simulation technology

— Rooted in existing technologies (3D mod-
elling, digital prototyping)
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Digital Twinning was later adopted by many different industries, predominantly by
the manufacturing industry. As more and more research was dedicated towards this
technology [10], the number of relevant publications began to grow exponentially
[30]. As a result, several different definitions of a Digital Twin appeared in the
literature. The multi-scale simulation capability facilitated by the structure of
a Digital Twin, which is discussed later in detail in Sections 2.4 and 2.5, allows
visualisation of a product or process at different levels of granularity. Hence, the
definitions vary based on the context and application.

For example, a Digital Twin is defined in the context of production machines and
related procedures (installation, commissioning, training, and optimisation) in [34],
while it is defined for a manufacturing process in [35], as well as with reference to a
service or business in [36]. Various definitions of a Digital Twin published during
the years 2012-2016, the period after Industry 4.0 was defined, were analysed in
[33] by Negri et al. to trace their evolution from the initial conceptualisation in
the aerospace field to the most recent interpretations in the smart manufacturing
domain. It is quite common to find definitions and models of DT in the context of
manufacturing, as it was the next predominant industry to adopt DT.

One such example of that and another one in the Structural Engineering field are
as follows: “a coupled model of the real machine that operates in the cloud platform
and simulates the health condition with an integrated knowledge from both data-driven
analytical algorithms as well as other available physical knowledge” [37]; and “a high-
fidelity structural model that incorporates fatigue damage and presents a fairly complete
digital counterpart of the actual structural system of interest” [38]. The former mentions
a ‘machine’ while the latter mentions a ‘structural system’ and its ‘fatigue damage’.
Both are good examples of a DT definition being too context-specific.

In order to explain the concept of a Digital Twin in a more comprehensive and
understandable manner, it is crucial to form a detailed and yet precise definition
of a Digital Twin. Table 2.2 lists some of the more generalised definitions found
in the literature. Important keywords within these selected definitions are also
highlighted in grey to underline the unique qualities of a Digital Twin.

The generalised definition by the Digital Twin consortium [39] is a concise descrip-
tion of the Digital Twin concept, but lacks technological details. On the other hand,
the definition by Heterogeneous Integration Roadmap (HIR) [40] is a detailed one;
however, it is often perceived as too lengthy. The definition in the 2022 newsletter
by IEEE Electronics Packaging Society (EPS) [4] strikes a reasonably good balance of
being concise and detailed. Yet, there is a clear need to define a concise, fit-for-all
definition of a Digital Twin that also includes its key features.
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Table 2.2: Generalised Digital Twin definitions from the literature with important keywords highlighted.

Src.

Definition

(18]

a comprehensive digital representation of a product that includes the properties,
condition, and behaviour of the real-life object through a set of realistic models
and data, which can simulate its actual behavior in the deployed environment.

[24]

a comprehensive physical and functional description of a component, product
or system, which includes more or less all information which could be useful in
all the (current and subsequent) lifecycle phases.

[26]

a collection of model-based simulations and data analytics, necessitated by
requirements of the modern competitive industrial environment at all stages of
design and production, to predict the outcome, optimize, correct and evaluate.

an integrated multiphysics, multiscale, probabilistic, and ultra-realistic simula-

tion of systems or products which can mirror the life of its corresponding twin
using available physical models, history data, and real-time data.

a multiphysics and multiscale simulation model that mirrors the corresponding
physical twin, allowing the simulation of all life cycle phases of the system.

an organic whole of a physical asset and its digitized representation, which
mutually communicate, promote, and co-evolve with bidirectional interactions.

an operational replica used for testing, commissioning, and training.

a replication of real physical production system, that enables bidirectional con-
trol with the physical process and is used for system optimization, monitoring,
diagnostics and prognostics using the integration of Al, machine learning, and
software analytics with a large volume of data from physical systems.

a virtual equivalent of an actual physical product or service.

a technology enabling the replication of the development and manufacturing
of a product or production system over the course of its entire lifecycle, and to
thereby predict behaviour, optimize operational utilization and apply knowledge
gained in the context of earlier design and production efforts.

a virtual representation of real-world entities and processes, synchronized at a
specified frequency and fidelity.

an instantiated model (numerical, analytical, hybrid) of an asset or device,
which is deployed (in the cloud or on an edge device) and connected to the physi-
cal device, where the connection may be established through sensors installed at
the device or other sources collecting information, delivering a continuous data
stream fed into the model or as a boundary condition or a reference value.
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2.2.3. FORMAL DEFINITION OF A DIGITAL TWIN

After carefully reviewing these definitions (and their sources), a common thread
can be drawn to understand the underlying concept on a deeper level. Thus, an
even more generalised description can be formulated and is proposed as follows:

Digital Twin is a continuously updated, multi-physics, multiscale, probabilis-
tic simulation model of a physical entity (an object, a system, or a process)
utilising big data, bilateral connectivity, and advanced software analytics to
provide monitoring, diagnostics, prognostics, and optimisation services.

This definition also summarises the function of a Digital Twin and highlights its nu-
ances and the involved technology. Therefore, it is an example of a concise definition
that is also suitable for all types of applications of the Digital Twin technology.

2.3. DIGITAL TWIN — ADOPTION

The term ‘Digital Twin’ has become a commonly used phrase in the context of
products, processes, businesses, and more. Originating in the aerospace industry,
the concept evolved in the manufacturing sector and was later embraced by many
other industries such as healthcare [42, 43], telecommunication [44-46], fashion
[47-49], consumer electronics [50, 51], construction [52], environment [53, 54],
agriculture [55], energy [56, 57], privacy and cyber-security services [58, 59], internet-
based services and advertisement [60, 61] and several other applications [62].

2.3.1. INDUSTRY 4.0 AND SMART MANUFACTURING

The adoption of Digital Twin technology by the manufacturing industry is linked
with Industry 4.0, which represents the digital transformation of manufactur-
ing/production and related industries and value creation processes [63]. This
ongoing transformation of the traditional manufacturing industry was first defined
as Industry 4.0 at Hannover Messe, Germany, in 2011 [64].

The introduction of next-generation information technologies, such as IoT, facili-
tated the evolution of traditional systems into cyber-physical systems. IoT enables
embedding electronics, software, sensors, and connectivity into devices, to allow
data collection and exchange through the internet [65]. Thus, cyber-physical sys-
tems get networked and can communicate with each other, enabling new ways of
production, value creation, and real-time optimisation, creating the capabilities
needed for smart factories [63]. Software and network connectivity extend the
functionality of mechatronic systems, allowing traditional mechatronic disciplines
- mechanics, electric, and electronics - to be realised in a more integrated way [24].
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The evolution of IoT and cyber-physical systems, along with the development of
simulation technology, has enabled the implementation of Digital Twins in the man-
ufacturing industry. A Digital Twin implementation contains a physical entity as
well as its digitised representation of the manufacturing entities (machines, equip-
ment, environment, and even products). Both components mutually communicate,
promote, and co-evolve with each other through bidirectional interactions [32],
which are facilitated by Industry 4.0. The Digital Twin was first applied to Industry
4.0 by Siemens in 2016 [10].

Additionally, the introduction of commercial software tools for the creation of a
Digital Twin, such as Predix (GE digital), Simcenter 3D (Siemens), Twin Builder (AN-
SYS), and Digital Twin Application Builder (COMSOL Multiphysics), demonstrates
its importance for the industry as a whole. Moreover, the integration of two or
more software tools, such as Creo 3D (PTC) with ANSYS Live Discovery and Max-
imo Manage (IBM) with Digital Twin Exchange (IBM), further facilitates building
exchangeable and interoperable Digital Twins.

The review by Negri et al. [33] suggests that the scientific literature that describes
the contextualisation of the Digital Twin concept in the manufacturing domain
is still in its infancy. There is a need for future research on relevant industrial
applications to investigate and demonstrate a wide range of applications and benefits
to realise the full potential of Digital Twinning. An article by Aheleroff et al. [66]
describes a holistic reference architecture model of DT for several other Industry
4.0 applications beyond the manufacturing domain.

2.3.2. HEALTH, TELECOM, AND OTHER INDUSTRIES

Health 4.0, analogous to Industry 4.0, is a commonly used term in the healthcare
industry. It refers to the progressive virtualisation for enabling personalised and
next-to-real-time health and care solutions for patients, professionals, and formal
and informal carers [67]. Digital Twin technology holds the promise to deliver Health
4.0 [68]. In personalised healthcare, Digital Twin can be defined as a life-long, rich
data record of a person combined with Al-powered models [69], which can provide
proactive and preventive care in real-time without being in close proximity [68].

For example, the ‘HeartModel’ - a clinical application launched by Philips in 2015 -
can assess several cardiac functions and provide insights into a possible heart failure
[70]. A health-focused Digital Twin can provide assistance in determining the right
therapy options for a specific patient, and can also be used to predict the outcome
of specific procedures. On a larger scale, if behavioural data and contextual social
factors are also integrated, Digital Twins can also help to better manage chronic
diseases and the overall population health [69].
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In telecommunication, the fifth generation standard for broadband cellular net-
works, i.e., 5G, has been rolling out worldwide since 2019. A simulation-based
approach is being extensively used to evaluate network coverage in cities by visual-
ising wave propagation from several transmitter-receiver pairs located at different
locations. An example presented in [71] illustrates a Digital Twin of an entire city,
which by its definition is continuously updated over time to monitor changes in
the city topology and, therefore, can provide suggestions for modification and
maintenance of networking equipment.

In the construction industry, Digital Twins can enable design and energy-
performance optimisation, real-time structural health monitoring, predictive and
proactive maintenance, and efficient supply chain management. This is enabled
by a combination of 3D modelling (such as a Building Information Model (BIM))
and data collection and analysis using an IoT sensor network [72, 73]. DTs are a
great tool in environmental sciences to enable a more data-driven investigation to
address challenges such as climate change, loss of biodiversity, flooding, and water
and subsurface management and facilitate risk-based decision-making [74, 75].

The agriculture industry (Agriculture 4.0) benefits from the adoption of the DT
technology, which can be applied to several subdomains of it, viz., farming, process-
ing, consumption, supply and value chain. It enables crop monitoring, resource
optimisation and cultivation, livestock management, soil quality management, and
identification of bottlenecks and waste [76, 77]. In the energy sector, DTs are ap-
plied to a variety of aspects such as energy management, conservation systems,
transmission (grids), storage, and consumption for both traditional and renewable
energy applications.

The fashion and retail industry has been adopting the Digital Twin technology in
two ways. First, for creating personalised products such as smart textiles, shoes,
and wearables. The Digital Twin of a customer can be used for analysing personal
style, fit, and other parameters such as the financial capability to design as well as
recommend products. Similar to the healthcare industry, this approach can also
be implemented for a larger demography. The second approach is by using Digital
Twin for products, such as footwear and shoes, for monitoring their degradation
over time and detecting different ways of failure, and later to use this information
for improving the design as well as the fabrication process [78].

Internet-based advertisement businesses run by companies such as Google, YouTube,
and Meta (formerly Facebook), as well as online retail services such as Amazon
have been using the Digital Twin approach, which is also referred to as surveillance
capitalism, to create and maintain updated models of their users’ interests to provide
relevant advertisements and buying recommendations [79].
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2.3.3. RELIABILITY OF ELECTRONIC SYSTEMS

The adoption of Digital Twin technology was enabled by the incorporation of more
and more electronics, such as sensors, into conventional products and systems,
as well as the integration of computer-aided and software-based technologies into
traditional industries. IoT-enabled smart-home products such as Al-powered smart
speakers, smart coffee machines, smart thermostats, etc., are classic examples of
this. Similarly, consumer electronics such as computers, laptops, and smartphones
consist mostly of electronic components. Even the growth in automotive electronics,
described in Chapter 1, indicates a big increase in electronics in terms of their cost
and the importance of the (mission-critical) tasks they handle. Therefore, the
reliability of these products as a whole, as well as of their electronic subsystems,
has become highly critical.

Digital Twinning enables the ability of system optimisation, monitoring, diagnostics,
and prognostics using the integration of Al, Machine Learning (ML), and big data
analytics. It can be used for predicting failures and estimating the lifetime of
electronic components, which then allows for scheduling preventive maintenance.
As an example, Apple Inc. announced a replacement program for display control
modules of certain iPhones manufactured between November 2019 and May 2020,
foreseeing a display issue, where the displays are expected to stop responding to
touch due to the faulty display module [80, 81]. Launching a preventive maintenance
program like this allows the company to save time and costs and avoid customer
dissatisfaction as well as unwanted lawsuits. This is facilitated by implementing
the Digital Twin technology, which allows continuous monitoring of electronic
components for their degradation over their entire lifespan. Thus, prognostics and
health management are facilitated by a Digital Twin-based implementation.

2.4. DIGITAL TWIN — ARCHITECTURE

The industry-wide adoption of the Digital Twin technology makes it ever so crucial
to study its architecture, alongside its definition, in order to understand its workflow
and functions. Similar to the definition of a Digital Twin, its architecture has also
seen some transformations and contextual adaptations, which are built on the same
conceptual base.

2.4.1. BASIC STRUCTURE

The basic structure of a Digital Twin system consists of a physical entity, its virtual
representation, and an active connection between the real and virtual space for
information flow. Figure 2.2 shows the baseline architecture of a Digital Twin system.
The physical entity can be any object, system, or process. It can also be implemented
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at different scales of an ecosystem. For instance, a manufacturing facility can
have DTs of the product, machines and tools, processes, a control volume, or even
the entire business. In the context of microelectronic systems, a product-specific
implementation is the most relevant one when reliability and lifetime prediction
are the main focus.

In-situ monitoring
and updating

Virtual
Space

Digital Twin

Real

Space Adaptive design,

plan, decision and
strategy feedback

Figure 2.2: The basic architecture of a Digital Twin system, consisting of a physical entity, its virtual
representation, and an active connection between the real and virtual space for information flow.

The connectivity between the physical entity and its virtual representation is what
sets a Digital Twin system apart from just a nominal model. The connections
facilitate data exchange, which enables a continuous update of the model rather
than it remaining static. Similarly, the results generated from the updated model can
be used as feedback for improving the physical product. Thus, bilateral connectivity
is the key to building an effective Digital Twin system.

2.4.2. TYPES OF CONNECTIONS

The continuous update of the digital model in a DT system is achieved by the infor-
mation exchange through its connection to the physical entity. These connections
can have different levels of complexity and can be roughly categorised into three
types: weak, cloud-based, and embedded. Figure 2.3 schematically illustrates the
key differences in these three kinds of connections to a Digital Twin. Each of these
approaches is suitable for different kinds of applications and use cases.

(a) Weak Connection: This configuration utilises a unidirectional flow of informa-
tion, i.e., from the product to its model. There is no closed loop, and thus, the
continuously updated model serves as a supporting tool and has limited function-
ality. This configuration is sometimes referred to as a ‘Digital Shadow’ [82]. It can
mainly be used for virtual prototyping and product/process design.
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Figure 2.3: Three types of connections in a Digital Twin system, viz., weak, cloud-based, and embedded,
each of which differs in the direction of the information flow and the complexity of the digital models.

(b) Cloud-based Connection: This setup explicitly utilises a powerful computing
infrastructure external to (and in most cases, distant from) the physical entity. This
connection allows for real-time monitoring of a product, data filtering, and trans-
mission. A cloud-based platform facilitates processing and producing large amounts
of collected data. This data can then be utilised for product or process improvement
with the closed-loop connectivity. Another advantage of this is the capability to run
bigger and more complex simulation models on an external computational node. A
caveat of this implementation is the higher latency and energy consumption due to
the involved data transmission.

(c) Embedded Connection: An embedded connection moves the computation to the
edge, which allows models to run locally. It also incorporates real-time monitoring
and data collection, but processes the data on an edge-computing infrastructure.
This saves the cost and energy of transmitting the data to an external server and, thus,
is more efficient. In this way, an integrated closed-loop control and decision-making
can be achieved. The shortcoming of this approach is the limited computational
power available at the edge, e.g., a Micro-controller Unit (MCU). Therefore, only
simpler and computationally lighter (compact) models, such as response surfaces
or meta-models, can be utilised in this approach.
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2.4.3. DIGITAL TWINNING APPROACH

Digital Twins can be built based primarily on two approaches - physics-based and
data-driven. A physics-based twin relies on the knowledge of physics-of-failure or
physics-of-degradation models to represent the accurate thermal, electrical, chemi-
cal, and mechanical behaviour of materials. This approach is good for accurately
representing (only) known physical phenomena using mathematical relations. At
the same time, they may not capture all aspects of the physical reality.

A data-driven approach generally relies on the sensor data from the physical prod-
uct, i.e., real in-situ measurements, and input-to-output correlation techniques
that generally have an inherent black-box structure and cannot necessarily always
describe the physical mapping between the input data and the prediction.

A hybrid approach combines the workflows of both the physics-based and data-
driven approaches. Physics-Informed Neural Networks (PINNs) with aided data
are a good example of a hybrid approach. Another example is when a physics-
based validated model (such as a Finite Element simulation) is used as a source
of data that serves as an input for the data-driven approach. The hybrid approach
has the potential to overcome the individual limitations of the physics-based and
data-driven approaches.

2.4.4. WHAT IS NOT A DIGITAL TWIN?

The term Digital Twin is often used freely and interchangeably with different digital
representations of a physical entity. This, however, misrepresents the actual concept.
Thus, to avoid confusion and maintain consistency, it is crucial to understand and
clearly define what a Digital Twin is not.

A multi-physics multiscale model is commonly referred to as a Digital Twin. Al-
though such a model accurately represents its physical counterpart (e.g., with a
high-fidelity Finite Element model), it cannot always be classified as a Digital Twin.
Only when it can be continuously updated through the information exchange with
its physical counterpart to represent its current (aged) state, can it qualify as a DT.
Bilateral communication is the key to differentiating a model (i.e., essentially just a
time-based instance of a DT) from a Digital Twin.

A physical entity can also be represented in the form of a control system flow
diagram. Such a representation also cannot be called a Digital Twin unless it can
be updated based on the current state of the physical entity. Even when it satisfies
the criterion of a continuous update, a control diagram by itself does not suffice
to entirely represent the physical entity. Thus, at most, it can be classified as one
aspect of the (data-driven) Digital Twin.




34 2. DIGITAL TWINS FOR HEALTH MONITORING OF ELECTRONICS

2.4.5. DIGITAL TWINS AND PRODUCT-LIFECYCLE

One of the crucial aspects of any product is its expected lifespan. For electronic
components that are involved in mission-critical tasks (e.g., steering functionality
in an autonomous vehicle), the estimation of RUL is critical. Implementation of
a Digital Twin system can significantly aid this task. However, this only covers
the phase of ‘product in use’. Digital Twins can be utilised at the different phases
of a product’s lifecycle, from an early design and prototyping phase to the later
manufacturing, qualification, and in-use phases. However, the implementation
varies as the product progresses through these phases.

Figure 2.4 indicates six different stages of a product lifecycle, viz., product design,
material selection and characterisation, production, usage and service, mainte-
nance and repair, and recycling. A Digital Twinning approach can be applied indi-
vidually to each one of these stages, which would have unique aspects associated
with the real and virtual space (as indicated in Figure 2.4). This makes the Digital
Twin multi-layered and multi-scale in nature, as it can be implemented individually
for all of the stages within a product lifecycle.

__________________________________________________________________________________
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Figure 2.4: Different phases within a product’s lifecycle and its corresponding aspects in the real and
virtual space of a Digital Twin system.

At different stages, several different ‘types’ of Digital Twins are possible. Grieves [83]
suggests three different kinds of implementations: a Digital Twin Prototype (DTP) in
early design stages, a Digital Twin Instance (DTI) of a designed product that is being
manufactured, and a Digital Twin Aggregate (DTA) for products manufactured
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and deployed. Note that the classifications DTP, DTI, and DTA would apply to
the cases where the physical entity is a ‘product’ and is not restricted to only the
manufacturing domain. Figure 2.5 indicates the gradual transformation of these
DT implementations through different stages of the product lifecycle.

Digital Twin
Prototype

Digital Twin
Instance

Digital Twin
Aggregate

Cloud-dominant Cloud + Edge Edge-dominant

Figure 2.5: Different types of Digital Twins (viz., DTP, DTI, DTA) for a product, as it progresses through
its lifecycle stages (arrow), and the suitable computational infrastructure for these DT implementations.

The DTP primarily utilises a physics-based approach and complex simulation mod-
els. It can rely on a ‘weak’ connection setup in the initial phases and move to a
closed-loop cloud infrastructure as the product moves from the concept to the
manufacturing stage. The DTI is utilised when the products are manufactured and
undergo qualification tests. It uses both physics-based and data-driven approaches,
yet heavily relies on the former. The DTA is relevant when the product is in use in
the field. A data-driven approach and an embedded connection with edge computa-
tion are most suitable for this phase. Thus, the three types of DT implementations
also gradually progress from being primarily physics-based to a predominantly
data-driven approach. Both cloud-based (computationally expensive) and edge-
based (local processing) implementations can be combined to varying capacities
depending on the needs of a specific application.

2.4.6. IMPLEMENTATION SCALES

Digital Twins are also not limited to just the product itself. As the presented defini-
tion (Section 2.2.3) states, the physical entity can also be a ‘process’ or even a ‘busi-
ness’. Thus, the manufacturing process of semiconductor devices and Integrated
Circuits (IC) packaging can be modelled, monitored, and optimised using a Digital
Twin. The fabrication and assembly process of electronic components is a multi-
step complex affair and can be split up into multiple sub-processes, and therefore,
individual Digital Twins can be prepared. Similarly, it applies to different scales of
businesses associated with the semiconductor industry, e.g., a wafer fab or foundry,
Outsourced Semiconductor Assembly and Test (OSAT), Electronics System Design
and Manufacturing (ESDM), Assembly, Testing, Marking, and Packaging (ATMP).

Therefore, there can be several Digital Twins at different phases, scales, and func-
tions of electronics-enabled products, processes and businesses. They can be fo-
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cused on different aspects such as PHM, PLM, supply chain, and manufacturing.
Individual DTs, like their physical counterparts, need to be interlinked, and thus,
integration of their databases also becomes important for developing DTs for a large
system, such as a packaging assembly line.

2.5. DIGITAL TWIN — MODELS

The contextual interpretations of a Digital Twin in various fields reveal several
interaction models of its architecture. All of them essentially emerge from the
basic architecture shown in Figure 2.2. Notably, two main ‘generalised’ models
(viz., a three- and a five-dimensional model) are utilised as the baseline for various
applications, and different adoptions of both can be seen widely in the literature.
Figure 2.6 (a) and (b) show the three- and five-dimensional models, respectively.

2.5.1. THREE AND FIVE-DIMENSIONAL MODELS

Initially, a three-dimensional ‘information mirroring’ model of a Digital Twin was
published by Grieves in 2014 [17], which consists of a physical object, its model in
the virtual space, and the connection enabling data exchange. Later in 2018, Tao et
al. [84] introduced an updated five-dimensional version of that model. This version
denotes four aspects of a DT by ‘nodes’. It creates a separate node for ‘data’ and
includes a new node called ‘services’. The ‘connections’ stay as an independent
dimension connecting each node to every other node.

The three-dimensional model is a bit too similar to the basic architecture (Figure 2.2).
Numerous adaptations of this model in the literature often seem to add and define
more components, especially the ‘data’, within the primary three dimensions. Thus,
the model itself comes across as too generic and needs some modifications for more
clarity. The five-dimensional model adds some value to the basic architecture (and
the three-dimensional model) by defining ‘data’ as a separate entity. In addition,
the outputs that the digital models and data processing can produce are collected
together in the ‘services’ node. Moreover, every node can receive input and provide
some feedback to every other node.

Figure 2.7 indicates the expanded version of the five-dimensional DT model that is
contextualised for the microelectronics domain. It considers an electronic ‘product’
as the physical entity and thus includes some details specific to Electronic Compo-
nents and Systems (ECS). Each of the five ‘dimensions’ serves a certain set of unique
functions, and they are interdependent on each other.

The ‘physical entity’ can be a product, process, or business. It should be equipped
with data collection capabilities and device control protocols. For example, an
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Figure 2.6: The comparison of three different generalised models of the Digital Twin architecture: (a)
Three-dimensional model by Grieves [17], (b) Five-dimensional model by Tao et al. [84], (c) the new
two-branched model. The newly proposed ‘generalised two-branched model’ has a simplified approach
to structuring a Digital Twin system for PHM with a clear separation between the real and virtual spaces.
The two main modelling approaches (viz., physics-based and data-driven) form the two branches of the
digital models, which can be combined to a different capacity for hybrid PHM.
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Figure 2.7: Five-dimensional Digital Twin architecture contextualised for the domain of microelectronics.
An electronic product is considered the physical entity, and accordingly, the rest of the four dimensions
are populated with the relevant details of their corresponding functions.

electronic product should be equipped with sensors to collect, process, and transmit

data for its condition monitoring. The ‘digital model’ is a comprehensive model of the
physical entity capable of multiscale multi-physics simulations. The digital model

is continuously updated to replicate the current (degraded) state of the physical

product based on the collected sensor data and inputs from the ‘data’ node. The

digital model can provide additional data using simulation-based virtual sensors,
especially where it’s not practical or possible to have a physical sensor placed and
record measurements.
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The ‘data’ node collects, stores, and processes the data coming from real and virtual
sensors. It handles the data-driven aspect of a Digital Twin and can run algorithms
(on the cloud, at the edge, or as a combination of both) for failure classification, RUL
estimation, and optimisation problems. Based on the results generated by the ‘data’
and ‘digital model’ nodes (data-driven and physics-based approach, respectively),
services such as anomaly detection and reliability prediction can be built. The pre-
diction ‘services’ serve as an input for making design modifications to the physical
product and for improving the other two nodes. Lastly, the ‘connection’ node ties
the other four nodes together. It serves the same role as in the three-dimensional
DT architecture, but a distinct definition underlines the importance of efficient
communication and interoperability of the exchanged information between the
rest of the nodes.

The shortcoming of this model is, however, the lack of a clear separation between
the physical and virtual spaces. The representation may indicate an equal weight to
all four nodes. In reality, that depends on the application. One of the nodes can be
significantly bigger (i.e., more important and/or resource-intensive) than the other.
Another challenge it poses is in expanding this representation for different phases
in a product’s lifecycle. Thus, we identified a need for a more simplified model that
can address these challenges and represent a DT architecture even more clearly.

2.5.2, TWO-BRANCHED MODEL AND PHM

The generalised two-branch model, indicated in Figure 2.6 (c), builds on the basic
architecture while adopting some of the elements from the aforementioned mod-
els. It has a simplified approach to structuring a Digital Twin system, especially
for product-specific PHM, with a clear separation between the real and virtual
spaces. The two branches of the digital models are based on the two main mod-
elling approaches: physics-based and data-driven modelling. Either one of these
two branches can be the digital model on its own, which can provide ‘services’, and
form a closed feedback loop with the physical product.

Furthermore, the two modelling approaches can be combined to a varied capacity to
get a hybrid Digital Twin. This becomes more relevant when the DT implementation
takes the forms DTT and DTA (described in Section 2.4). The digital models can draw
inputs from one or more phases in the product lifecycle. Thus, three key aspects of
building Digital Twins are (i) characterisation of material behaviour (with ageing
effects), (ii) modelling loading conditions from several steps of the manufacturing
process and qualification tests, and (iii) building infrastructure for in-situ data
monitoring and processing while the product is in use. Figure 2.8 elaborates on this
with an expanded version of the two-branched model. It is prepared considering
microelectronic components and systems (i.e., a product) as the physical entity.
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The digital space can utilise inputs from several lifecycle phases of the product.
The text in the ‘physical entity’ box indicates the features that the Digital Twin can
extract from its physical counterpart. A similar approach is utilised in the Reference
Architecture Model in Industry 4.0 (RAMI 4.0) for DT [66]. The key differentiation is
that RAMI 4.0 includes different terms for the digital replica based on their level of
integrity (i.e., the connection type), while the two-branched model keeps a consistent
naming scheme for ‘Digital Twin’ and classifies them based on the connection
type (Figure 2.3). In the two-branched model, the number of features and their
combinations included in a digital model can vary depending on their availability
and the type of Digital Twin implementation (i.e., DTP, DTI, DTA). For instance, a
physics-based Digital Twin can consider loading conditions from the manufacturing
stage or the in-use stage. Thus, the two-branched model provides a generalised
framework for preparing (product) Digital Twins of different complexities and
modelling approaches.

Product-specific health monitoring (Section 1.5) can be achieved using a Digital
Twin approach. The PHM workflow described in Figure 1.4 utilises a combination
of physics-based and data-driven approaches. Thus, it fits perfectly well with the
proposed two-branched DT architecture, as it also requires developing both Physics
of Degradation (PoD) and data-driven models. An example of a PoD-based Digital
Twin (a DTI) that models thermomechanical degradation of electronic packages
due to the thermo-oxidative ageing of moulding compounds has been presented
in Chapter 4 (and in the article [85]). Another example of in-situ monitoring has
been investigated in Chapter 5 (and in the paper [86]), which shows a specialised
degradation-monitoring sensor that can serve as an input to the data-driven models
as well as for validation for physics-based simulation models. Moreover, Reduced-
Order Models (ROMs) are key in edge-computing (for an ‘embedded connection’ of a
DT). Integration of thermomechanical ROMs with full-order physics-based models
has been explored in Chapter 6 (and in the publication [87]).

Such examples plug into the DT framework as various aspects of the virtual space
and form the building blocks for the two-branched architecture (Figure 2.8). The
developed models are then utilised for fault detection, diagnosis, prognosis, and
quantification of RUL based on the current state of component degradation. Digital
Twin-based hybrid PHM of electronics-enabled systems works as follows. A product
is monitored continuously when in use, i.e., in-situ monitoring, using a variety of
advanced sensors. The data collected by the sensors is used for anomaly detection
on the edge. Anomalies are reported, and otherwise, data is utilised for a data-driven
algorithm for the prediction of RUL. This can either be on the cloud (bigger and
complex models) or on the edge (ROMs or meta-models).
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Simultaneously, the sensor data is utilised to identify the total exposure to ‘harsh’
environmental conditions, and an equivalent degradation of the material is quanti-
fied based on the ageing models. The current state of degradation is then utilised to
update the physics-of-failure-based (such as a Finite Element) model of the product.
Possible failure modes and resulting RUL are estimated based on the multi-scale
multi-physics simulations, historic database, and standards. The simulations run
mostly on an external cloud-based computational unit. In this way, a combination
of edge and cloud connectivity, as well as computing, can be utilised for a Digital
Twin implementation for health monitoring and reliability assessment of an elec-
tronic product, on a per-product basis. Based on the estimation, condition-based
maintenance can be suggested, which forms a closed loop of connectivity between
the physical and virtual worlds.

2.5.3. ADVANTAGES, CHALLENGES, AND ROADMAP

A Digital Twin-based approach facilitates next-generation reliability assessment (i.e.,
the third and fourth ‘wave’ in reliability engineering [88]) and PHM of microelec-
tronics. At the same time, there are some important challenges to be addressed. To
enable DT implementation in different aspects of a complex ecosystem (e.g., a man-
ufacturing facility), industry-wide standards need to be established and adopted,;
for example, for the data exchange formats, interoperable IoT connectivity, and
cyber-security. Moreover, it is crucial to have more advanced, low-cost, and reli-
able sensors and different measurement techniques for in-situ monitoring and to
integrate them into products to make the system capable of self-monitoring.

Characterisation and modelling of different materials used in an electronic com-
ponent is a multi-scale challenge. For example, a Cu/SiO, interface is characterised
and modelled on different scales (from molecular-level to macro-scale) using first-
principle simulations, Molecular Dynamics (MD) simulations, and finite element
simulations. Different phenomena such as electromigration, sulphidation, and
oxidation, which are associated with the Copper Nanoparticle (NanoCu) material,
are modelled using MD simulations. Similarly, different kinds of simulations and
modelling approaches are utilised for deducing a model of the behaviour of different
materials and interfaces such as phosphors, phosphor-silicone interface (in Light-
Emitting Diode (LED) packaging), Carbon Nanotube (CNT) pillars, etc. Another
aspect of modelling, crucial for a Digital Twin implementation, is the characterisa-
tion of material degradation and the change in behaviour of aged materials.

Modelling of processes involved in manufacturing an electronic component is a
multi-physics challenge. For example, modelling of the sold reflow process involves
a moisture-thermal-mechanical coupling. This involves hygroscopic swelling due
to moisture diffusion, moisture-induced stresses due to vapour pressure, and me-
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chanical stresses due to a mismatch of thermal expansion properties of different
materials in an IC package. Similarly, different coupled approaches are involved in
other processes such as sintering, moulding, etc. Design of a process (e.g., flipchip
packaging, chip-package-system co-design, and optimisation of thermal stresses)
can be assisted by simulations utilising the material models.

The approach to model the standard tests used for reliability qualification and prod-
uct testing is similar to the aforementioned process modelling. These tests include
functional (electrical, optical, etc.) performance tests, thermal tests (thermal resis-
tance and junction temperature testing), and accelerated reliability qualification
testing (thermal cycling, thermal shocks, moisture cycling, etc.). Verification, vali-
dation, and correction of the material behaviour model can be achieved using the
experimental results of these tests. Thus, the cloud-based digital models need to be
multi-scale, multi-physics, and consider complex non-linear and ageing effects.

On the other hand, more efficient compact models (ROMs, meta-models, response
surfaces, etc.), and Al-based techniques (unsupervised learning, ML-based classifi-
cation, etc.) need to be developed for edge-deployment and local data processing.
A purely physics-based approach is challenging to model, whereas a purely data-
driven approach is confined to a black box. Thus, both of these approaches for RUL
estimation are limiting. Therefore, a hybrid Digital Twinning approach can utilise
the best of both approaches.

The key milestones in the context of failure criteria are the definition of accurate
failure-threshold levels and the know-how of multi-failure-mode interactions. A
push towards simulation-driven design and optimisation, and a transition from
a deterministic to a probabilistic/stochastic simulation methodology is crucial. A
more robust collection, storage, filtering, and processing of big data, a closed-loop
control algorithm, and increased edge-computing capabilities are also essential.

The overall roadmap for the next 5-10 years for addressing the challenges associated
with the Digital Twin technology can be summarised as the following six points: (1)
smart in-situ sensing and data transmission, (2) edge computing capable hardware,
(3) accurate compact/meta-models integrated into products, (4) robust multi-scale
multi-physics (nonlinear, dynamic, probabilistic) simulation models, (5) robust
data-driven models, and (6) lifetime prediction on demand. Working towards these
six goals would push forward the state-of-the-art of Digital Twins.

Finally, Digital Twins are also instrumental in realising the next phase of the in-
dustrial revolution (Industry 5.0), which would be an extension of Industry 4.0 and
focused on human-centric development, sustainability, and resilience [89, 90]. It
has been identified by the European Commission as one of the six key technology
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pillars of Industry 5.0 [91]. DTs enable health monitoring and preventive mainte-
nance of products and systems, which can help extend their lifetime, taking a step
towards a more sustainable and circular economy.

CONCLUSION

Digital Twinning is a key technology in Industry 4.0. It has evolved from its conceptu-
alisation in the aerospace application to its adoption in manufacturing, automotive,
healthcare, and several other industries. The literature shows a big fragmentation
in the definitions and architectural models of a Digital Twin. This is largely due to
the deep contextualisation of DT and application-specific publications. This chapter
addresses three main aspects of the Digital Twin technology - the definition, the
architecture, and the framework for (electronic) product-specific DTs.

Along with a detailed review of different kinds of DT definitions, a generalised,
information-rich, and yet concise definition is presented. Furthermore, the existing
three-dimensional and five-dimensional models of the DT architecture are analysed.
To overcome their identified disadvantages, a new two-branched model is proposed
along with its expanded version for a product-specific monitoring device. The
integration of the simplified PHM workflow into the proposed two-branched DT
model is described. Three different categories of classifying Digital Twins are
defined based on the (i) type of connection (viz., weak, cloud-based, embedded), (ii)
computational infrastructure (viz., cloud and edge), and (iii) modelling approaches
(viz., physics-based, data-driven, and hybrid). A combination of aspects within these
categories gives three main scales of DT implementation in a product lifecycle: DT
‘prototype’, ‘instance’, and ‘aggregate’ (DTP, DTI, and DTA).

Digital Twins can also be implemented on multiple scales of an ecosystem. Thus,
they are not only relevant for electronic ‘products’, but also for the ‘processes’ and
‘business models’ associated with the semiconductor industry. It is important to
consider certain criteria to classify a digital representation of a physical entity as a
DT. The term Digital Twin should not be used interchangeably with a virtual instance
or amodel. The bilateral connectivity and active information exchange between the
virtual and real spaces are what set a DT apart from them. Finally, the challenges
associated with the DT technology can be addressed by more powerful computing
infrastructure, energy-efficient edge-computing, advanced AI/ML-based models,
standardised IoT connectivity, and cross-industry collaboration.




46

REFERENCES

REFERENCES

[1]

(2]

(3]

(5]

(6]

(7]

(8]

[10]

[11]

(12]

[13]

A. Inamdar, W. D. van Driel, and G. Zhang, Digital Twin Technology - A Review
and Its Application Model for Prognostics and Health Management of Microelec-
tronics, Electronics, vol. 13, no. 16, p. 3255, Aug. 2024, 1ISSN: 2079-9292 (Cited
on p. 19).

V. Guerra, B. Hamon, B. Bataillou, A. Inamdar, and W. D. van Driel, Towards a
digital twin architecture for the lighting industry, Future Generation Computer
Systems, vol. 155, pp. 80-95, Jun. 2024, 1SSN: 0167-739X (Cited on p. 19).

H. Moeller et al., Digital Twin Technology in Electronics, in Recent Advances in
Microelectronics Reliability, Springer, Cham, 2024, pp. 283-321, ISBN: 978-3-031-
59361-1 (Cited on p. 19).

A. Inamdar, P. Gromala, W. D. van Driel, and G. Q. Zhang, Making the Digital
Twin Work for Mission Critical Electronics, IEEE EPS Newsletter July 2022, Jul.
2022 (Cited on pp. 19, 25).

P. Gromala et al., Digital Twins for Electronics Packaging and Systems, IEEE EPS
Newsletter November 2023, Nov. 2023 (Cited on pp. 19, 21).

A. Inamdar, W. D. van Driel, and G. Q. Zhang, Digital Twin-Based Hybrid PHM
Framework for Monitoring Package-Level Degradation, in European Safety and
Reliability Conference (ESREL) 2023, Southampton, UK, 2023 (Cited on p. 19).

A. Inamdar et al., Digital Twins for IC Packages and Electronics-enabled Systems,
in IEEE Smart World Congress (SWC) 2024, Denarau Island, Fiji: IEEE, Dec. 2024,
pp. 2125-2132, ISBN: 979-8-3315-2086-1 (Cited on p. 19).

F. Tao and Q. Qi, Make more digital twins, Nature 2021 573:7775, vol. 573, no. 7775,
Pp. 490-491, Sep. 2019, ISSN: 14764687 (Cited on p. 20).

F. Tao, M. Zhang, and A. Y. Nee, Digital Twin Driven Smart Manufacturing.
Elsevier, Jan. 2019, pp. 1-269, 1SBN: 9780128176306 (Cited on p. 20).

Q. Qi et al., Enabling technologies and tools for digital twin, Journal of Manufac-
turing Systems, vol. 58, pp. 3-21, Jan. 2021, 1SSN: 02786125 (Cited on pp. 20, 22,
23, 25, 28).

Gartner Inc., Gartner Identifies Three Megatrends That Will Drive Digital Business
Into the Next Decade, 2017 (Cited on p. 20).

Gartner Inc., Gartner identifies five emerging technology trends that will blur the
lines between human and machine, 2018 (Cited on p. 20).

Gartner Inc., Gartner Identifies Five Emerging Technology Trends With Transfor-
mational Impact, 2019 (Cited on p. 20).


http://dx.doi.org/10.3390/ELECTRONICS13163255
http://dx.doi.org/10.3390/ELECTRONICS13163255
http://dx.doi.org/10.3390/ELECTRONICS13163255
http://dx.doi.org/10.1016/J.FUTURE.2024.01.028
http://dx.doi.org/10.1016/J.FUTURE.2024.01.028
http://dx.doi.org/10.1007/978-3-031-59361-1_11
https://eps.ieee.org/publications/enews/92-publications/enews/july-2022/900
https://eps.ieee.org/publications/enews/92-publications/enews/july-2022/900
https://eps.ieee.org/publications/enews/november-2023/1070
https://rpsonline.com.sg/proceedings/esrel2023/html/P440.html
https://rpsonline.com.sg/proceedings/esrel2023/html/P440.html
http://dx.doi.org/10.1109/SWC62898.2024.00325
http://dx.doi.org/10.1038/d41586-019-02849-1
http://dx.doi.org/10.1016/C2018-0-02206-9
http://dx.doi.org/10.1016/j.jmsy.2019.10.001
https://www.gartner.com/en/newsroom/press-releases/2017-08-15-gartner-identifies-three-megatrends-that-will-drive-digital-business-into-the-next-decade
https://www.gartner.com/en/newsroom/press-releases/2017-08-15-gartner-identifies-three-megatrends-that-will-drive-digital-business-into-the-next-decade
https://www.gartner.com/en/newsroom/press-releases/2018-08-20-gartner-identifies-five-emerging-technology-trends-that-will-blur-the-lines-between-human-and-machine
https://www.gartner.com/en/newsroom/press-releases/2018-08-20-gartner-identifies-five-emerging-technology-trends-that-will-blur-the-lines-between-human-and-machine
https://www.gartner.com/en/newsroom/press-releases/2019-29-08-gartner-identifies-five-emerging-technology-trends-with-transformational-impact
https://www.gartner.com/en/newsroom/press-releases/2019-29-08-gartner-identifies-five-emerging-technology-trends-with-transformational-impact

REFERENCES 47

(14]

[15]

(16]

(17]

(18]

(19]

(21]

[24]

[25]

Gartner Inc., The 4 Trends That Prevail on the Gartner Hype Cycle for AI, 2021,
2021 (Cited on p. 20).

Gartner Inc., What’s New in Artificial Intelligence From the 2023 Gartner Hype
Cycle, 2023 (Cited on p. 20).

M. Grieves, Virtually Perfect : Driving innovative and lean products through
product lifecycle management. Space Coast Press, 2011, ISBN: 9780982138007
(Cited on p. 22).

M. Grieves, Digital Twin: Manufacturing Excellence through Virtual Factory
Replication, Florida Institute of Technology, Tech. Rep., 2014, pp. 1-7 (Cited
on pp. 22, 36, 37).

S. Haag and R. Anderl, Digital twin — Proof of concept, Manufacturing Letters,
vol. 15, pp. 64-66, Jan. 2018, ISSN: 22138463 (Cited on pp. 22, 26).

National Aeronautics and Space Administration (NASA), DRAFT Modeling,
Simulation, Information Technology and Processing Roadmap, NASA, Tech. Rep.,
2010, p. 32 (Cited on p. 22).

National Aeronautics and Space Administration (NASA), FINAL Modeling,
Simulation, Information Technology and Processing Roadmap, NASA, Tech. Rep.,
2012, p. 38 (Cited on p. 22).

E. H. Glaessgen and D. S. Stargel, The Digital Twin Paradigm for Future NASA
and U.S. Air Force Vehicles, in 53rd Structures, Structural Dynamics, and Materials
Conference, Apr. 2012 (Cited on pp. 22, 23).

E. Gregersen, Personal Computer, Britannica Online Encyclopedia - Technology,
May 2020 (Cited on p. 22).

C. Legner et al., Digitalization: Opportunity and Challenge for the Business and
Information Systems Engineering Community, Business and Information Systems
Engineering, vol. 59, no. 4, pp. 301-308, Aug. 2017, ISSN: 18670202 (Cited on
p- 22).

S. Boschert and R. Rosen, Digital Twin—The Simulation Aspect, in Mechatronic
Futures: Challenges and Solutions for Mechatronic Systems and Their Designers, P.
Hehenberger and D. Bradley, Eds., Springer, Cham, Jan. 2016, ch. 5, pp. 59-74
(Cited on pp. 23, 26, 27).

F. Tao, Q. Qi, L. Wang, and A. Y. Nee, Digital Twins and Cyber-Physical Sys-
tems toward Smart Manufacturing and Industry 4.0: Correlation and Comparison,

Engineering, vol. 5, no. 4, pp. 653-661, Aug. 2019, ISSN: 20958099 (Cited on
p- 23).



https://www.gartner.com/en/articles/the-4-trends-that-prevail-on-the-gartner-hype-cycle-for-ai-2021
https://www.gartner.com/en/articles/what-s-new-in-artificial-intelligence-from-the-2023-gartner-hype-cycle
https://www.gartner.com/en/articles/what-s-new-in-artificial-intelligence-from-the-2023-gartner-hype-cycle
https://www.researchgate.net/publication/274835788_Virtually_Perfect_Driving_Innovative_and_Lean_Products_through_Product_Lifecycle_Management
https://www.researchgate.net/publication/274835788_Virtually_Perfect_Driving_Innovative_and_Lean_Products_through_Product_Lifecycle_Management
https://www.3ds.com/fileadmin/PRODUCTS-SERVICES/DELMIA/PDF/Whitepaper/DELMIA-APRISO-Digital-Twin-Whitepaper.pdf
https://www.3ds.com/fileadmin/PRODUCTS-SERVICES/DELMIA/PDF/Whitepaper/DELMIA-APRISO-Digital-Twin-Whitepaper.pdf
http://dx.doi.org/10.1016/j.mfglet.2018.02.006
https://www.researchgate.net/publication/280310295_Modeling_Simulation_Information_Technology_and_Processing_Roadmap
https://www.researchgate.net/publication/280310295_Modeling_Simulation_Information_Technology_and_Processing_Roadmap
https://sbir.nasa.gov/printpdf/52009
https://sbir.nasa.gov/printpdf/52009
https://arc.aiaa.org/doi/epdf/10.2514/6.2012-1818
https://arc.aiaa.org/doi/epdf/10.2514/6.2012-1818
https://www.britannica.com/technology/personal-computer
http://dx.doi.org/10.1007/s12599-017-0484-2
http://dx.doi.org/10.1007/s12599-017-0484-2
http://dx.doi.org/10.1007/978-3-319-32156-1_5
http://dx.doi.org/10.1016/j.eng.2019.01.014
http://dx.doi.org/10.1016/j.eng.2019.01.014

48

REFERENCES

[26]

[27]

(28]

[29]

[30]

[31]

(32]

[33]

[34]

(35]

(36]

[37]

D. Botkina, M. Hedlind, B. Olsson, J. Henser, and T. Lundholm, Digital Twin of
a Cutting Tool, in Procedia CIRP, vol. 72, Elsevier B.V., 2018, pp. 215-218 (Cited
on pp. 23, 26).

R. Rosen, G. Von Wichert, G. Lo, and K. D. Bettenhausen, About The Impor-
tance of Autonomy and Digital Twins for the Future of Manufacturing, IFAC-
PapersOnlLine, vol. 48, no. 3, pp. 567-572, Jan. 2015, ISSN: 2405-8963 (Cited on
p- 23).

F. Tao et al., Digital twin-driven product design framework, International Journal
of Production Research, vol. 57, no. 12, pp. 3935-3953, Jun. 2019, 1SSN: 1366588X
(Cited on pp. 23, 26).

Y. Wang, X. Wang, and A. Liu, Digital twin-driven supply chain planning, in
Procedia CIRP, vol. 93, Elsevier B.V., 2020, pp. 198-203 (Cited on p. 23).

F. Tao, H. Zhang, A. Liu, and A. Y. Nee, Digital Twin in Industry: State-of-the-Art,
IEEE Transactions on Industrial Informatics, vol. 15, no. 4, pp. 2405-2415, Apr.
2019, 1SSN: 15513203 (Cited on pp. 23, 25).

M. Ayani, M. Ganebick, and A. H. Ng, Digital Twin: Applying emulation for
machine reconditioning, in Procedia CIRP, vol. 72, Elsevier B.V., 2018, pp. 243-
248 (Cited on pp. 23, 26).

F. Tao, J. Cheng, Q. Qi, M. Zhang, H. Zhang, and F. Sui, Digital twin-driven
product design, manufacturing and service with big data, International Journal of
Advanced Manufacturing Technology, vol. 94, no. 9-12, pp. 3563-3576, Feb. 2018,
ISSN: 14333015 (Cited on pp. 23, 26, 28).

E. Negri, L. Fumagalli, and M. Macchi, A Review of the Roles of Digital Twin
in CPS-based Production Systems, Procedia Manufacturing, vol. 11, pp. 939-948,
2017, 1SSN: 23519789 (Cited on pp. 23, 25, 28).

B. Vavra, Digital Twin Becoming a Singular Tool, Rockwell Automation Inc.,
Cleveland, Tech. Rep., 2019 (Cited on pp. 25, 26).

Y. Liau, H. Lee, and K. Ryu, Digital Twin concept for smart injection molding,
IOP Conference Series: Materials Science and Engineering, vol. 324, no. 1, Mar.
2018, ISSN: 1757-8981 (Cited on pp. 25, 26).

G. Kube, The Digital Twin for Business, SAP (Systems Applications and Products
in Data Processing) Community - Technology, Cleveland, Tech. Rep., 2016
(Cited on pp. 25, 26).

J. Lee, E. Lapira, B. Bagheri, and H. a. Kao, Recent advances and trends in
predictive manufacturing systems in big data environment, Manufacturing Letters,
vol. 1, no. 1, pp. 38-41, Oct. 2013, ISSN: 2213-8463 (Cited on p. 25).


http://dx.doi.org/10.1016/j.procir.2018.03.178
http://dx.doi.org/10.1016/j.procir.2018.03.178
http://dx.doi.org/10.1016/J.IFACOL.2015.06.141
http://dx.doi.org/10.1016/J.IFACOL.2015.06.141
http://dx.doi.org/10.1080/00207543.2018.1443229
http://dx.doi.org/10.1016/j.procir.2020.04.154
http://dx.doi.org/10.1109/TII.2018.2873186
http://dx.doi.org/10.1016/j.procir.2018.03.139
http://dx.doi.org/10.1016/j.procir.2018.03.139
http://dx.doi.org/10.1007/s00170-017-0233-1
http://dx.doi.org/10.1007/s00170-017-0233-1
http://dx.doi.org/10.1016/j.promfg.2017.07.198
http://dx.doi.org/10.1016/j.promfg.2017.07.198
https://search.proquest.com/docview/2318507977?accountid=27026
http://dx.doi.org/10.1088/1757-899X/324/1/012077
https://community.sap.com/t5/technology-blogs-by-sap/the-digital-twin-for-business/ba-p/13312002
http://dx.doi.org/10.1016/J.MFGLET.2013.09.005
http://dx.doi.org/10.1016/J.MFGLET.2013.09.005

REFERENCES 49

(38]

[42]

(43]

(44]

[45]

[46]

(47]

[49]

[50]

Y. Bazilevs, X. Deng, A. Korobenko, F. Lanza di Scalea, M. D. Todd, and S. G.
Taylor, Isogeometric Fatigue Damage Prediction in Large-Scale Composite Struic-
tures Driven by Dynamic Sensor Data, Journal of Applied Mechanics, vol. 82, no. 9,
Sep. 2015, 1SSN: 0021-8936 (Cited on p. 25).

Digital Twin Consortium, Definition of a Digital Twin, 2020 (Cited on pp. 25,
26).

IEEE EPS, Modeling and Simulation, in Heterogeneous Integration Roadmap,
IEEE Electronics Packaging Society, 2021, ch. 14 (Cited on pp. 25, 26).

U. August, Digital Twin Technology for More Efficiency, ATZproduction worldwide,
Mar. 2019 (Cited on p. 26).

E. Katsoulakis et al., Digital twins for health - a scoping review, Nature npj Digital
Medicine, vol. 7, no. 1, pp. 1-11, Mar. 2024, 1SSN: 2398-6352 (Cited on p. 27).

A. Vallée, Digital twin for healthcare systems, Frontiers in Digital Health, vol. 5,
p- 1253050, Sep. 2023, 1SSN: 2673253X (Cited on p. 27).

A. Harper, Top Examples of Digital Twins that Can Impress Telecom Providers,
Aug. 2022 (Cited on p. 27).

Digital Twin Consortium, Leveraging Digital Twins for Virtual-First Planning
That Will Connect the Entire Planet, 2024 (Cited on p. 27).

Nokia, How digital twins are driving the future of engineering, 2024 (Cited on
p- 27).

A. Macit, How Digital Twins Transforming Fashion Industry, Dec. 2023 (Cited on
p. 27).

Geniemode, Revolutionizing the Fashion Industry - The Rise of Digital Twins, Jul.
2023 (Cited on p. 27).

S. Gibbons, How digital twins are shaping the fashion industry, Just Style magazine,
Mar. 2023 (Cited on p. 27).

S. Sai, A. Rastogi, and V. Chamola, Digital Twins for Consumer Electronics, IEEE
Consumer Electronics Magazine, pp. 1-6, Oct. 2023, ISSN: 21622256 (Cited on
p- 27).

P. Oliveira, Unlocking the Potential of Digital Twin in Electronics Manufacturing,
May 2023 (Cited on p. 27).

H. Omrany, K. M. Al-Obaidi, A. Husain, and A. Ghaffarianhoseini, Digital
Twins in the Construction Industry: A Comprehensive Review of Current Implemen-
tations, Enabling Technologies, and Future Directions, Sustainability 2023, Vol. 15,
Page 10908, vol. 15, no. 14, p. 10908, Jul. 2023, 1SSN: 2071-1050 (Cited on p. 27).



http://dx.doi.org/10.1115/1.4030795
http://dx.doi.org/10.1115/1.4030795
https://www.digitaltwinconsortium.org/initiatives/the-definition-of-a-digital-twin/
http://eps.ieee.org/hir
https://link.springer.com/article/10.1007/s38312-019-0012-0
http://dx.doi.org/10.1038/s41746-024-01073-0
http://dx.doi.org/10.3389/FDGTH.2023.1253050
https://www.jevera.software/post/top-examples-of-digital-twins-that-can-impress-telecom-providers
https://www.digitaltwinconsortium.org/working-groups/telecommunications/
https://www.digitaltwinconsortium.org/working-groups/telecommunications/
https://www.nokia.com/thought-leadership/articles/how-digital-twins-driving-future-of-engineering/
https://www.seamm.io/blog/how-digital-twins-transforming-fashion-industry
https://medium.com/@Geniemode/revolutionizing-the-fashion-industry-the-rise-of-digital-twins-8e7e6c1eeeda
https://juststyle.nridigital.com/just-style_magazine_mar23/how_digital_twins_are_shaping_the_fashion_industry
http://dx.doi.org/10.1109/MCE.2023.3322013
https://www.criticalmanufacturing.com/blog/unlocking-the-potential-of-digital-twin-in-electronics-manufacturing/
http://dx.doi.org/10.3390/SU151410908
http://dx.doi.org/10.3390/SU151410908
http://dx.doi.org/10.3390/SU151410908

50

REFERENCES

(53]

[54]

[55]

[56]

[57]
(58]

[59]

(60]

[61]
[62]

[63]

[64]

[65]

[66]

G. S. Blair, Digital twins of the natural environment, Patterns, vol. 2, no. 10,
p. 100359, Oct. 2021, ISSN: 2666-3899 (Cited on p. 27).

X. Li et al., Big Data in Earth system science and progress towards a digital twin,
Nature Reviews Earth & Environment 2023 4:5, vol. 4, no. 5, pp. 319-332, May
2023, 1SSN: 2662-138X (Cited on p. 27).

W. Purcell and T. Neubauer, Digital Twins in Agriculture: A State-of-the-art
review, Smart Agricultural Technology, vol. 3, p. 100 094, Feb. 2023, I1SSN: 2772-
3755 (Cited on p. 27).

J. V. do Amaral, C. H. dos Santos, J. A. Montevechi, and A. R. de Queiroz,

Energy Digital Twin applications: A review, Renewable and Sustainable Energy
Reviews, vol. 188, p. 113 891, Dec. 2023, 1SSN: 1364-0321 (Cited on p. 27).

V. Solovyova, Digital Twins for Renewable Energy, 2023 (Cited on p. 27).

E. C. Balta, M. Pease, J. Moyne, K. Barton, and D. M. Tilbury, Digital Twin-Based
Cyber-Attack Detection Framework for Cyber-Physical Manufacturing Systems,
IEEE Transactions on Automation Science and Engineering, vol. 21, no. 2, pp. 1695-
1712, Apr. 2024, 1SSN: 15583783 (Cited on p. 27).

E. Canorea, Digital Twins and Cybersecurity - Making the most of their power,
Nov. 2023 (Cited on p. 27).

C. Stocker, M. Riither, N. Reinhold, and M. Goebel, Object Marketing using
Digital Twins, 2017 (Cited on p. 27).

K. McCoy, WTF is Digital Twinning? 2023 (Cited on p. 27).

Forbes Technology Council, 15 Workplace And Consumer Functions Transformed
By Digital Twin Technology, Oct. 2022 (Cited on p. 27).

i-SCOOP, Industry 4.0 and the fourth industrial revolution explained, 2021 (Cited
on p. 27).

J. Jasperneite, Was hinter Begriffen wie Industrie 4.0 steckt - Steuern und Regeln,
2012 (Cited on p. 27).

S. Sarma, D. L. Brock, and K. Ashton, The Networked Physical World - Propos-
als for Engineering the Next Generation of Computing, Commerce & Automatic-
Identification, Massachusetts Institute of Technology (MIT), Cambridge, Tech.
Rep., 2000 (Cited on p. 27).

S. Aheleroff, X. Xu, R. Y. Zhong, and Y. Lu, Digital Twin as a Service (DTaaS) in
Industry 4.0: An Architecture Reference Model, Advanced Engineering Informatics,
vol. 47, p. 101 225, Jan. 2021, ISSN: 1474-0346 (Cited on pp. 28, 42).


http://dx.doi.org/10.1016/J.PATTER.2021.100359
http://dx.doi.org/10.1038/s43017-023-00409-w
http://dx.doi.org/10.1016/J.ATECH.2022.100094
http://dx.doi.org/10.1016/J.ATECH.2022.100094
http://dx.doi.org/10.1016/J.RSER.2023.113891
https://www.softeq.com/blog/digital-twins-for-renewable-energy-businesses-3-promising-use-cases
http://dx.doi.org/10.1109/TASE.2023.3243147
http://dx.doi.org/10.1109/TASE.2023.3243147
https://www.plainconcepts.com/digital-twins-cybersecurity/
https://medium.com/@mariusgoebel/object-marketing-using-digital-twins-13a4da3dc042
https://medium.com/@mariusgoebel/object-marketing-using-digital-twins-13a4da3dc042
https://digiday.com/marketing/wtf-is-digital-twinning/
https://www.forbes.com/sites/forbestechcouncil/2022/10/11/15-workplace-and-consumer-functions-transformed-by-digital-twin-technology/
https://www.forbes.com/sites/forbestechcouncil/2022/10/11/15-workplace-and-consumer-functions-transformed-by-digital-twin-technology/
https://www.i-scoop.eu/industry-4-0/
https://www.computer-automation.de/steuerungsebene/steuern-regeln/was-hinter-begriffen-wie-industrie-4-0-steckt.93559.html
http://dx.doi.org/10.1016/J.AEI.2020.101225
http://dx.doi.org/10.1016/J.AEI.2020.101225

REFERENCES 51

[67]

[68]

[70]

(71]
[72]

[73]

[77]

[79]
(80]

C. Thuemmler and C. Bai, Health 4.0: How Virtualization and Big Data are
Revolutionizing Healthcare, C. Thuemmler and C. Bai, Eds. Cham: Springer
International, Jan. 2017, pp. 1-254, ISBN: 978-3-319-47616-2 (Cited on p. 28).

A. El Saddik, M. Shamim Hossain, and B. Kantarci, Connected Health in Smart
Cities, A. El Saddik, M. S. Hossain, and B. Kantarci, Eds. Cham: Springer
International Publishing, Jan. 2020, pp. 1-254, ISBN: 978-3-030-27843-4 (Cited
on p. 28).

G. Trotabas, The Digital Twin in healthcare: What it is and why it matters, 2019
(Cited on p. 28).

H. van Houten, How a virtual heart could save your real one, 2018 (Cited on
p- 28).

ANSYS, 5G Design Innovation Through Simulation, 2021 (Cited on p. 29).

D. Nazarevich, Digital Twin in Construction: Benefits, Challenges and Real-World
Examples, 2024 (Cited on p. 29).

V. V. Tuhaise, J. H. M. Tah, and F. H. Abanda, Technologies for digital twin
applications in construction, Automation in Construction, vol. 152, p. 104931,
Aug. 2023, 1SSN: 0926-5805 (Cited on p. 29).

K. I. Dale, E. C. D. Pope, A. R. Hopkinson, T. McCaie, and J. A. Lowe,
Environment-Aware Digital Twins: Incorporating Weather and Climate Informa-
tion to Support Risk-Based Decision-Making, Artificial Intelligence for the Earth
Systems, vol. 2, no. 4, Oct. 2023, ISSN: 2769-7525 (Cited on p. 29).

F. Baart, B. Backerberg, and C. Bremmer, Digital Twins - Promising tools for
water and subsurface management, Deltares, 2024 (Cited on p. 29).

C. Verdouw, B. Tekinerdogan, A. Beulens, and S. Wolfert, Digital twins in smart
farming, Agricultural Systems, vol. 189, p. 103 046, Apr. 2021, ISSN: 0308-521X
(Cited on p. 29).

M. Escriba-Gelonch, S. Liang, P. van Schalkwyk, I. Fisk, N. V. D. Long, and
V. Hessel, Digital Twins in Agriculture: Orchestration and Applications, Journal

of Agricultural and Food Chemistry, vol. 72, no. 19, pp. 10 737-10 752, May 2024,
ISSN: 0021-8561 (Cited on p. 29).

T. R. Nachtigall, Materializing data: craftsmanship and technology for ultra-
personalization, Ph.D. dissertation, Eindhoven University of Technology (TU
Delft), Dec. 2019 (Cited on p. 29).

M. Jongeling, Digital Twin - Privacy and Security, Nov. 2020 (Cited on p. 29).

J. Clover, Apple Launches iPhone 11 Display Module Replacement Program, Dec.
2020 (Cited on p. 30).



http://dx.doi.org/10.1007/978-3-319-47617-9
http://dx.doi.org/10.1007/978-3-319-47617-9
http://dx.doi.org/10.1007/978-3-030-27844-1
http://dx.doi.org/10.1007/978-3-030-27844-1
https://www.linkedin.com/pulse/digital-twin-healthcare-what-why-matters-ghada-trotabas/
https://www.philips.com/a-w/about/news/archive/blogs/innovation-matters/20181112-how-a-virtual-heart-could-save-your-real-one.html
https://www.ansys.com/resource-center/webinar/design-innovation-through-simulation
https://innowise.com/blog/digital-twin-in-construction/
https://innowise.com/blog/digital-twin-in-construction/
http://dx.doi.org/10.1016/J.AUTCON.2023.104931
http://dx.doi.org/10.1016/J.AUTCON.2023.104931
http://dx.doi.org/10.1175/AIES-D-23-0023.1
http://dx.doi.org/10.1175/AIES-D-23-0023.1
https://cms.deltares.nl/assets/common/downloads/Deltares-Digital-Twin-Position-Paper.pdf
https://cms.deltares.nl/assets/common/downloads/Deltares-Digital-Twin-Position-Paper.pdf
http://dx.doi.org/10.1016/J.AGSY.2020.103046
http://dx.doi.org/10.1016/J.AGSY.2020.103046
http://dx.doi.org/10.1021/acs.jafc.4c01934
https://research.tue.nl/en/publications/materializing-data-craftsmanship-and-technology-for-ultra-persona
https://research.tue.nl/en/publications/materializing-data-craftsmanship-and-technology-for-ultra-persona
https://www.youtube.com/watch?v=U3htr9ZwTPE
https://www.macrumors.com/2020/12/04/apple-iphone-11-display-replacement-program/

52

REFERENCES

(81]

(82]

(83]

[84]

(85]

(86]

[87]

(88]

(89]

[90]

[91]

L. Tung, Apple offers free iPhone 11 repair for touch display module problem, Dec.
2020 (Cited on p. 30).

W. Kritzinger, M. Karner, G. Traar, J. Henjes, and W. Sihn, Digital Twin in
manufacturing: A categorical literature review and classification, pp. 1016-1022,
2018 (Cited on p. 31).

M. Grieves, Digital Twins: Past, Present, and Future, in The Digital Twin, N.
Crespi, A. T. Drobot, and R. Minerva, Eds., vol. 1, Springer International
Publishing, 2023, pp. 97-121, ISBN: 9783031213434 (Cited on p. 34).

F. Tao, M. Zhang, Y. Liu, and A. Y. Nee, Digital twin driven prognostics and health
management for complex equipment, CIRP Annals, vol. 67, no. 1, pp. 169-172,
Jan. 2018, 1SSN: 17260604 (Cited on pp. 36, 37).

A. Inamdar, M. van Soestbergen, A. Mavinkurve, W. D. van Driel, and G. Q.
Zhang, Modelling thermomechanical degradation of moulded electronic packages
using physics-based digital twin, Microelectronics Reliability, vol. 157, p. 115 416,
Jun. 2024, 1SSN: 00262714 (Cited on p. 42).

A. Inamdar et al., Characterization of a Piezoresistive Sensor for In-Situ Health
Monitoring of Solder Bumps, in IEEE 74th Electronic Components and Technology
Conference (ECTC) 2024, 2024 (Cited on p. 42).

A. Inamdar, T. Hauck, M. van Soestbergen, W. D. Driel, and G. Zhang, ROM-
FOM Interface Optimization for Efficient Thermomechanical Simulations of Elec-
tronic Components, in 2024 25th International Conference on Thermal, Mechanical
and Multi-Physics Simulation and Experiments in Microelectronics and Microsys-
tems, EuroSimE 2024, Institute of Electrical and Electronics Engineers Inc.,
Apr. 2024, 1SBN: 9798350393637 (Cited on p. 42).

W. D. van Driel, M. Y. Mehr, X. J. Fan, and G. Q. Zhang, Outlook - From Physics
of Failure to Physics of Degradation, in Reliability of Organic Compounds in Mi-
croelectronics and Optoelectronics, W. D. Van Driel and M. Y. Mehr, Eds., Cham:
Springer International Publishing, Jan. 2022, pp. 535-538 (Cited on p. 43).

X. Xu, Y. Lu, B. Vogel-Heuser, and L. Wang, Industry 4.0 and Industry 5.0 -
Inception, conception and perception, Journal of Manufacturing Systems, vol. 61,
pp. 530-535, Oct. 2021, ISSN: 0278-6125 (Cited on p. 44).

S. Aheleroff, H. Huang, X. Xu, and R. Y. Zhong, Toward sustainability and re-
silience with Industry 4.0 and Industry 5.0, Frontiers in Manufacturing Technology,
vol. 2, p. 951643, Oct. 2022, 1SSN: 2813-0359 (Cited on p. 44).

J. Miiller, Enabling Technologies for Industry 5.0, European Commission, Tech.
Rep., Nov. 2020 (Cited on p. 45).


https://www.zdnet.com/article/apple-offers-free-iphone-11-repair-for-touch-display-module-problem/
http://dx.doi.org/10.1016/j.ifacol.2018.08.474
http://dx.doi.org/10.1016/j.ifacol.2018.08.474
http://dx.doi.org/10.1007/978-3-031-21343-4_4
http://dx.doi.org/10.1016/j.cirp.2018.04.055
http://dx.doi.org/10.1016/j.cirp.2018.04.055
http://dx.doi.org/10.1016/j.microrel.2024.115416
http://dx.doi.org/10.1016/j.microrel.2024.115416
http://dx.doi.org/10.1109/ECTC51529.2024.00035
http://dx.doi.org/10.1109/ECTC51529.2024.00035
http://dx.doi.org/10.1109/EUROSIME60745.2024.10491495
http://dx.doi.org/10.1109/EUROSIME60745.2024.10491495
http://dx.doi.org/10.1109/EUROSIME60745.2024.10491495
http://dx.doi.org/10.1007/978-3-030-81576-9_17
http://dx.doi.org/10.1007/978-3-030-81576-9_17
http://dx.doi.org/10.1016/J.JMSY.2021.10.006
http://dx.doi.org/10.1016/J.JMSY.2021.10.006
http://dx.doi.org/10.3389/FMTEC.2022.951643
http://dx.doi.org/10.3389/FMTEC.2022.951643
http://dx.doi.org/10.2777/082634

ELECTRONICS PACKAGING AND
PHYSICS-OF-DEGRADATION

Electronic components are complex systems consisting of a combination of different mate-
rials, which undergo degenerative changes over time following the second law of thermo-
dynamics. The loss of their quality or functionality is reflected in degraded performance
or behaviour of electronic components, which can lead to failures during their opera-
tional lifetime. Thus, it is crucial to understand the physics of material degradation
and the factors causing it to ensure component reliability. This chapter focuses on the
physics-of-degradation of packaging materials, which are typically exposed the most to
the environmental and operating loads. The content of this chapter is organised into three
parts. First, an overview of the packaging technology and encapsulating materials is
presented. Then, the most common degradation-causing factors and package-associated
failure modes are reviewed. Lastly, the hardware requirements are discussed, including
specialised sensors and measurement techniques, in the context of data-driven, compact
Digital Twins, for capturing the degradation effects and facilitating component-level
health monitoring for microelectronics.

Parts of this chapter have been published in Frontiers in Electronics (2025) [1].
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3.1. PACKAGING TECHNOLOGY

Electronic packages have evolved dramatically over the last 50 years, starting from
the Dual In-line Package (DIP), Quad Flat Package (QFP), and Small Outline Package
(SOP) in the early 1970s; then, the more efficient Lead-less Chip Carrier (LCC), Pin
Grid Array (PGA), and Ball Grid Array (BGA) packages in the 1980s to early 1990s;
next, the smaller scale packages such as Quad Flat No-leads (QFN) and Chip-Scale
Package (CSP) in the late 1990s; later, the multi-die packaging with System in Package
(SiP) and Package on Package (PoP) in the 2000s; Wafer-Level Package (WLP) in the
late 2000s; and finally, 2.XD (i.e., 2.1D, 2.3D, and 2.5D) and 3D integration in the
2010s and later [2, 3]. In these different electronic components, electronic circuits
and sub-components are encapsulated with different materials, such as ceramics,
metals, and plastics, to form electronic packages.

The primary function of an electronic package is to protect the internal circuitry
from external environmental and operating conditions that can potentially damage
it or obstruct its proper functioning. Advanced packaging techniques provide high
interconnect density and facilitate multi-layered, multi-functional heterogeneous
integration. Thus, modern electronic packages are designed to also support addi-
tional functions such as signal transmission via interconnects, shielding electromag-
netic interference (e.g., radio frequency applications), electric power distribution,
thermal management, and heat dissipation [4, 5].

Several factors govern the performance and characteristics of an electronic package.
For instance, the electrical performance is affected by the packaging delay, which
depends on the type, complexity, and arrangement of interconnects [6, 7]. Moreover,
the thermomechanical behaviour of an electronic package is also highly influenced
by the thermal and mechanical properties of the encapsulating material, as it
contributes to a large volume-share in a package [8, 9]. Electronics packaging plays
an important role in the functionality and lifetime of an electronic assembly. Thus,
the selection of an appropriate packaging material is crucial.

3.1.1. ENCAPSULATING MATERIALS

An encapsulating material is required to have chemical stability, hydrophobic nature,
thermomechanical properties in a certain suitable range, electrical insulation,
thermal stability, and specific dielectric properties [10]. Historically, hermetic
packaging with glass, ceramic, or metals (primarily the latter two) was commonly
used for housing electronic circuits, making it up to 80% of worldwide microcircuit
production in the 1960s. Emerging as an inexpensive alternative in the 1970s, plastic
packaging took over virtually all high-volume packaging products, acquiring 97%
of the total market share in 1993 and more than 99% by the year 2000. Due to this
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large-scale adoption, polymer-based compounds have dominated the packaging
market in the last 2 decades [11, ch.1]. Figure 3.1 summarises the timeline of the two
competing packaging technologies, with all hermetic packaging materials classified
as a single category.

1993/

1 197 2

960s 970s 1995 000
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A% \ Y% \ % A%

Plastlf: - emerging 97% > 99%

Packaging technology

Hermetllc 80% <1%

Packaging

Figure 3.1: The evolution of the per cent (%) market share of packaging materials in the commercial
microelectronic devices. Plastic-based packaging became the default for most applications (>99% share)
due to its superior electrical performance, achievable thermomechanical behaviour, and lower costs.

Thermosetting polymers such as epoxy, polyimide, bismaleimide-triazine, etc. are
widely used in packaging materials because of their low dielectric permittivity
[12]. Owing to their ability to be moulded, they are also referred to as ‘moulding
compounds’. Their relatively low cost compared to traditional ceramic packages and
also comparable reliability make them a more practical choice for packaging. There
is a wide variety of resins suitable for Plastic-Encapsulated Microelectronicss (PEMs)
[11, ch.2] [13]. Considering the superior electrical performance, achievable thermal
and mechanical behaviour, and economical aspects, the use of epoxy-based plastics
is widespread for commercial electronic devices [14].

3.1.2. EPOXY MOULDING COMPOUNDS

A typical Epoxy Moulding Compound (EMC) is a composite material, utilising epoxy
resin as a matrix along with a silica-based filler material and other additives. A wide
range of thermomechanical properties can be achieved by varying the quantities of
the fillers and additives [15, 16]. For example, the glass transition temperature T,
of moulding compounds can be varied from less than 20 °C to greater than 200 °C,
whereas the modulus of elasticity E can be changed from 2 GPa for the neat resin
to over 100 GPa with continuous fibre reinforcement [17]. Moulding compounds
are generally required to have the glass transition temperature greater than the
product’s service temperature (T, > Ts) for them to remain in the ‘glassy’ region in
order to maintain stable dimensions while the product is in-use [18].

The constitutive materials of an EMC help it attain the desired thermomechanical
properties. The epoxy resin contributes to excellent chemical resistance, weight
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reduction due to its lower density, as well as high adhesion strength due to the
formation of hydroxyl groups during the curing [10, 17]. Typically, an EMC has a
very high filler content (up to 90%), which helps reduce the Coefficient of Thermal
Expansion (CTE) and increase the thermal conductivity of the moulding compound
[11, ch.2]. It also improves dimensional stability with the resulting low shrinkage
and high T values. Figure 3.2 shows a cross-section of an EMC specimen observed
under a Scanning Electron Microscope (SEM), where a very high content of silica
filler can be clearly observed.

The silica-based filler (primarily SiO;) also ensures the reduction of moisture ab-
sorption [19] and of the large CTE-mismatch between silicon die (2-3 ppm/°C) and
epoxy resin (above 80 ppm/°C), ensuring less warpage [20]. The SiO, content and
the particle size of the silica-based filler material control the viscosity, and therefore,
the flowability of the moulding compound can be adjusted. Hardeners improve
the heat resistance and storage stability; cure-promoter increases the cross-linking
reaction time; and flame-retardants lower the risk of flammability [21].

Figure 3.2: A cross section of an EMC specimen observed under a SEM. The light grey region indicates
the SiO; filler (up to 90% of the total volume) and the surrounding black region is the polymer matrix.

3.2. PACKAGE-ASSOCIATED DEGRADATION

The encapsulating material occupies a large volume within a package (as high as 75%
[22]) and, thus, is the most dominant in governing the overall thermomechanical
behaviour of a package. It is not only true for simple single-chip packages but also
for complex multi-chip packages such as PoP, SiP, and 3D integration. Figure 3.3
illustrates several options for modern electronics packaging. In all of the examples,
a high volume-share of the encapsulating material is observed.
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Single Chip Packaging

TQFP

Fan-out
WLCSP

Flip Chip
BGA

Multichip 2D Integration

SiP

Multichip BGA

Multichip 2.X and 3D Integration

Stacked Die
Package

H

PoP

Figure 3.3: A schematic representation of different options for electronic packages, classified into three
categories - single-chip packages, multi-chip 2D integration, and advanced 2.X and 3D integration. All
options indicate the encapsulating material in black colour, which also has a dominant volume-share.
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This trend is seen throughout the history of electronics packaging (1970s-2000s)
and also the advancements in the recent past, reviewed in numerous publications
[2, 3, 5, 11, 22-25]. Although most Wafer-Level Chip-Scale Packages (WLCSPs) do
not have a plastic encapsulation [26, 27], such WLCSPs get encapsulated after being
integrated into a larger system (e.g., a SiP). This is illustrated in Figure 3.3 with a Fan-
in WLCSP on the left-hand side portion of the indicated SiP. Thus, the encapsulation
material is a dominant part of an electronic package. It is exposed the most to the
surrounding environment and, thus, is prone to degradation and ageing.

3.2.1. DEGRADATION FACTORS

The factors responsible for component degradation can either be ‘environmental’ or
‘functional’ loads. The former depends on aspects such as the geographic location,
season, and time of the day, while the latter on the application field and operat-
ing conditions such as the power requirement, runtime, etc. These factors can be
categorised into eight types - thermal, electrical, mechanical, chemical, electro-
magnetic, radiation, humidity, and dust [28]. Among these, harsh conditions such
as high temperature, moisture, and mechanical vibrations have the most relevance
for electronic components in a broad variety of applications. Exposure to these
‘stress-factors’ alters the thermal, mechanical, electrical, and chemical behaviour
of the constituting materials, which influences the performance, behaviour, and
lifetime of an electronic component. Figure 3.4 indicates the distribution of the
share of four major ‘stress-factors’ in causing failures in electronic components !.

6%

I Temperature
I Humidity
[ vibration

55%
0 [CDust

Figure 3.4: Four key ‘stress-factors’ responsible for causing failures in electronic components - tempera-
ture, humidity, vibration, and dust. The pie chart indicates the percentage share of each factor [29-32].

IThe data originates from a 1990 study by the US Air Force Avionics Integrity Program, which has later
been reported on in handbooks such as [29] and a variety of publications on the studies of different
failure modes in electronics packages [30-32].
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Temperature is the most significant stress-factor (accounting for more than 50%)
to facilitate failure mechanisms in electronic components, while humidity and
mechanical vibrations are the next two dominant ones. Failure mechanisms are
also often accelerated by these factors, and thus, the knowledge of the exposure of
an electronic component to the dominant stress-factors is crucial in determining
its current state of degradation and predicting a potential failure mode.

3.2.2. FAILURE MODES

Package-level degradation mechanisms can lead to both package-level failures as
well as board-level failures. Figure 3.5 shows the distribution of different types
of package-level and board-level failure modes associated with power electronic
systems . The package-associated failure modes — semiconductors (die), connec-
tors (interconnects), and solder joints — together account for a significant share
of 37%. In general, there can be a large number of failure modes for an electronic
component or system [11, ch.5]. Thus, a selection is necessary to focus the efforts
on modelling the physics-of-degradation and building a Digital Twin. The following
three criteria were considered to determine the failure modes and degradation
mechanisms of interest: (1) the three dominating stress-factors (viz., temperature,
humidity, and vibration); (2) the large volume-share of the encapsulation material
with a dominant role in the thermomechanical behaviour of a package; and (3) the
trend of commonly observed categories of package-associated failures.

I semiconductor
[ solder

[ IConnector
[ Jother

[ Capacitors
[ rcB

13%

Figure 3.5: The distribution of failure modes associated with different sub-components of power elec-
tronic systems based on the data presented in [33-35]. The failures related to the semiconductor (die),
connector (interconnects), and solder joints together account for over a third of total failure modes.

Delamination (i.e., the separation of two heterogeneous surfaces) and fracture (i.e.,
cracking) of materials are two of the most common mechanical failure mechanisms.

2The original source [33] is not accessible, but the data were later reproduced in [34, 35])
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Delamination is often observed at the interfaces between the moulding compound
and other materials, such as EMC-leadframe, EMC-die, etc. Delamination can also
lead to crack propagation in the bulk of EMC. Figure 3.6(a) shows the schematics of
these failure modes, which are mainly caused by the difference between the ther-
momechanical properties (e.g., CTE-mismatch) and temperature gradient between
different layers. A cyclic thermal load during the component’s operation causes
stress cycling, which leads to crack initiation and propagation. Delamination can
affect not only the electrical performance but also the thermal performance by
altering the heat distribution and flow within the package [36].

Packae-side ad

Die

Die-pad

7

Delamination

Solder Joint

PCB-side pad

(a) EMC-Die-pad delamination and (b) Bulk-solder crack propogation (Mode-Il)

bulk-EMC crack propogation

Figure 3.6: Examples of package-associated failure modes - (a) delamination of EMC-leadframe interface
and cracking of bulk-EMC and (b) crack propagation in the bulk of a solder joint. Both failure modes are
initiated by fatigue load and accelerated by thermomechanical degradation of EMC.

A cyclic thermal or mechanical load is also a primary cause of crack initiation
and propagation within solder joints. Figure 3.6(b) depicts a crack in the bulk of
solder material, which is also referred to as a Mode-II failure. Solder cracks can
also develop within the intermetallic layer formed up to a certain depth from its
contact with the metallisation (commonly copper) layer. This is called a Mode-I
failure. The former is a predominantly ductile failure due to plastic deformation (i.e.,
the accumulated plastic strain), while the latter is a brittle failure. A mixed-mode
failure can also be observed in solder joints. Both of the described failure modes
(illustrated in Figure 3.6 3) have one common factor, which is that they occur during
product operation, i.e., the in-use phase of an electronic component. Moreover, they
can be accelerated by the changed thermomechanical behaviour of a package due
to the ageing of the encapsulating EMC. Thus, the changes in material properties
of the encapsulating material are of great significance when considering the effects
of package-level degradation on the component-level failure modes.

3The schematics are recreated based on figures presented in [37] and [38].
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3.3. HARDWARE FOR DEGRADATION MONITORING

Product-specific health monitoring and reliability prediction can be achieved when
its exposure to the dominant stress-factors is known, which can be used to determine
the current state of degradation. This requires incorporating embedded sensors and
component-level measurement techniques in an electronic system. Thus, certain
hardware considerations are necessary to realise the data-driven branch of the
Digital Twin architecture (Figure 2.8), especially the edge-processing aspect, and to
establish the data flow between the physical product and its digital models in the
virtual space. This is important for the ‘instance’ (DTI) and crucial for the ‘aggregate’
(DTA) phase of the Digital Twin. The hardware requirements are categorised into
sensing and processing units.

3.3.1. SENSORS AND MEASUREMENTS

A set of sensors to measure temperature at various locations of a component, mois-
ture content in the surroundings, and certain aspects of mechanical vibrations is the
basic necessity. Multiple locations to measure the temperature are recommended.
A measurement outside a package records the environmental (i.e., external temper-
ature), while the ones within a component can measure the effects of joule heating
due to the active power cycling. Moreover, a failure mode such as delamination
could also be monitored as it affects the heat distribution. An example of temper-
ature sensor-based prediction of the EMC-die delamination has been presented
in the COMPAS project [39]. A temperature sensor also helps in estimating the
stresses when it is linked with a physics-based model, such as a Finite Element
model. Additional analogue sensors and external thermocouples can also serve to
monitor the temperature at a specific location.

Moisture diffusion into EMC affects the mechanical behaviour of the encapsulation
layer and, in turn, of the whole package [40]. Relative humidity (%RH) measure-
ments aided by an atmospheric pressure sensor can help quantify these effects.
Humidity and temperature both affect the thermomechanical properties of EMC.
Thermal ageing produces permanent oxidative changes, whereas the effects of mois-
ture diffusion are reversible to a certain extent [41]. Thus, real-time and accurate
humidity measurements are crucial to accumulate the effects of moisture-induced
changes in the mechanical behaviour of an electronic package.

Mechanical vibrations impose a dynamic operating load on electronics in the au-
tomotive and manufacturing fields. It causes stress cycling, leading to fatigue
failures such as delamination and cracking due to cumulative damage of the EMC-
die interface (package-level) and solder fatigue due to accumulated plastic strains
(board-level). Linear motion is sensed by a 3-axis accelerometer, while the angular
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motion is captured by a 3-axis gyroscope. A standard 6-axis Inertial Measurement
Unit (IMU) (or 9-axis IMU, which includes a 3-axis magnetometer for the orienta-
tion in space) should be integrated at one or more strategic locations to record the
vibrational load at the component- or board-level.

Apart from the individual effects of the stress-factors, it is also crucial to see the
effect of coupled loading because such loads represent a more realistic scenario
and generally have a greater influence on the acceleration of failure modes. Several
publications indicate this by studying the effect of coupling temperature-humidity
[42-44] and temperature-vibrations [38, 45]. Some ageing and degradation processes
can have much longer characteristic times than the operation times of the device
[46, ch.3]. Thus, the frequency of measurements should be tweaked according to
the target failure mechanisms and the involved physics-of-degradation.

In addition to capturing the effects of the dominant stress-factors, specialised sen-
sors and measurement methods can be implemented to get additional information
about the state of degradation. For instance, electrical resistance measurements
can identify a failed solder joint and also a few degraded stages before failure [47,
ch.4], as well as the effects such as electromigration. Measurements from a piezore-
sistive sensor can represent the changes in stresses and indicate the progress of
degradation or damage [48-50].

3.3.2. PROCESSING AND COMMUNICATION

Data collection through sensors requires an on-board control unit, which a Micro-
controller Unit (MCU) along with a multiplexer (or ‘mux’) can fulfil. The MCU needs
to be selected so that some data processing can be done on the edge. The advantages
of this are twofold - (1) high-quality data can be directly processed without it leaving
the device, and only the inference can be stored or transmitted. This is also a more
secure option with respect to data privacy; and (2) it simplifies the workflow while
saving a lot of energy by avoiding at least a part of the data stream transmissions,
which inherently has high energy consumption [51, 52].

ARM-based architecture for processors is known for its energy efficiency, and it
also provides a wide variety of high and low-power compute cores. Their ‘M’ series
of designs has limited compute power compared to the ‘A’ series, but are energy
efficient, making them suitable for the DTA application. ARM recommends several
tiers of processing units (xPUs) for data processing across different use cases [53].
A DTA implementation requires making sense of the data coming from different
sensors or multiple of the same kind (i.e., sensor fusion) and having embedded-ML
capabilities such as feature extraction, failure classification, and anomaly detection.
Thus, at the least, Cortex M7 or equivalent compute architecture should be selected.
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Since the computational power available at the edge MCU has its limitations, some
sorts of data analysis (e.g., federated learning) can only be done on an external
system, i.e., on the cloud. This can be achieved by wireless communication in-
terfaces such as WiFi and Bluetooth Low Energy (BLE). Wireless connectivity is
also paramount for maintaining a continuous feed of sensor data to continuously
update the physics-based model in the cloud. For transmitting data to a locally
available but external computation infrastructure (e.g., within a car), connections
for wired communication channels such as the Serial Peripheral Interface (SPI) and
Inter-Integrated Circuit (I2C) should be available on the board-level. A Universal
Serial Bus (USB) interface or a dedicated port might also be necessary for standard-
ised data transfer as well as software or firmware updates. Finally, flash memory
solutions can be considered for the local storage of processed data and inferences.

Predicting failures directly from the collected sensor data is not possible without a
robust (purely) data-driven model, which typically requires huge amounts of training
data gathered from experiments or in-field use of the product. The hybrid Digital
Twin approach can address this challenge, and thus, linking the sensor data to the
physics-based models is necessary. Experimentally validated models can then also
serve as a source for training data that is convenient and not as resource-intensive
as a purely experimental approach. Moreover, these models can extract results
from intricate places of an electronic component, serving as ‘virtual sensors’, where
placing a physical sensor or performing actual measurements is either not possible
or isn’t practical. Therefore, in conjunction with the hardware requirements, Digital
Twins with compact degradation models should be utilised.

3.3.3. TEST-BOARD REFERENCE DESIGN

A reference design for a test-board was created considering the requirements stated
in the previous subsections. Sensors and other peripheral electronic components
were selected according to the recommendations in automotive electronics stan-
dards, such as AEC Q100 (by Automotive Electronics Council) and ISO 16750-4 (by
International Organisation for Standardisation) [54, 55], to ensure compatibility
with experiments representing harsh environments. The preferred rated operat-
ing temperature range for all sensors was kept at —40 °C to 125 °C. However, some
of the components (such as the USB connector and MCU) are rated for a slightly
shorter range, i.e., —40 °C to 105 °C and thus cannot be used for high-temperature
accelerated tests. Therefore, for these conditions, the board includes additional
capability for power supply and data transfer using compatible wired connectors.

Figure 3.7 indicates the reference design of the test-board for DTA application. A
footprint in the centre of the test-board is reserved for test-packages, as indicated in
the layout. Some of the test-packages are active, which means each of them would
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include a piezoresistive sensor. The board is designed to accommodate both QFN
and WLCSP packages. To utilise the board for mechanical vibrations and shock
(drop) testing, its size is set to 132 mm x 77 mm following the JEDEC standard by
Joint Electron Device Engineering Council [56].

o) [ @ mm—
5 - .73
CIT P J][VI 1]

\‘.| | IR R RN RN DR RRR AR R RRRR R AR RRRAR RN HHII.I Z

Figure 3.7: A reference design of a Digital Twin test-board, which includes sensors to capture the exposure
of dominant stress-factors (viz., temperature, humidity, mechanical vibrations) as well as additional
measurement techniques such as resistance measurement and embedded piezoresistive sensors.

The reference design was prepared with the help of circuit-design standards and
norms. Itis based on an existing commercially available sensor-board, which comes
with components on both sides. The new design was simplified to accommodate all
sensors and test-packages on one side of the board. All unnecessary components
were removed, and some of the existing sensors were replaced with the ones quali-
fying the temperature range of —40°C to 125 °C mentioned in the aforementioned
automotive standards. Replacement sensors were carefully chosen to meet this
criterion and, simultaneously, to have the required accuracy and range. The list of
sensors and components, along with their specifications, is included in Appendix A.

CONCLUSION

This chapter reviews the state of the art of electronics packaging and materials
used for encapsulation. It shows that electronic packages have become more and
more complex, and over 99% of commercial electronics utilise plastic encapsulation
with epoxy-based moulding compounds being a popular choice. The encapsulation
layer retains a dominant volume-share in several types of conventional or advanced
packages and, thus, is a critical layer when package-level degradation and associated
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mechanical failure modes are concerned. Exposure to temperature, moisture, and
mechanical vibrations influences the package-associated failure mechanisms. Thus,
delamination and solder fatigue are identified as the two failure modes of interest.

Dominant stress-factors have their individual effects on material degradation that
lead to the acceleration of failure modes. However, it is also crucial to study the
coupled effects, as they represent more realistic loading conditions. Thus, multi-
physics superposition is necessary when preparing a physics-based Digital Twin
model (i.e., a DTI). In addition, a set of sensors and measurement techniques should
be in place to achieve component-level continuous and in-situ condition monitoring.
The advantages are twofold - (1) it can be utilised to update the physics-based model
in the cloud to represent the current state of degradation, and (2) the data can be
processed in-situ using sensor fusion and ML for quantification of degradation
parameters, failure detection, and classification of failure modes.

The additional hardware required to realise a DTA for in-situ component-level health
monitoring can be categorised into sensing and processing units. The selection of
suitable computing hardware, such as an MCU, depends on the required computa-
tional power and the necessary energy efficiency at the edge. Apart from the sensors
for measuring the basic environmental loads, the inclusion of additional specialised
sensors, such as a piezoresistive sensor, provides more insights into the progressive
degradation of electronic components. In addition to the hardware sensors, Digital
Twin-based ‘virtual sensors’ serve as a more practical solution for gathering data.
Thus, experimentally validated physics-based degradation models are a crucial
aspect in realising a hybrid approach to component-level PHM of electronics.
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DIGITAL TWIN INSTANCE FOR
THERMOMECHANICAL AGEING

Semiconductor devices are commonly encapsulated with Epoxy Moulding Compounds
(EMC) to form an electronic package. EMC typically occupies a large volume-share within
a package and, thus, governs its overall thermomechanical behaviour. When exposed to
high temperatures (150 °C and above), electronic packages predominantly show oxidation
of the outer layer of EMC. Oxidised EMC exhibits notably different material properties,
resulting in a modified pattern of mechanical deformation for a thermally aged package
under varying thermal loads. As the oxidation layer grows in thickness, its mechanical
properties also evolve, indicating distinct phases of the oxidised material at different stages
of thermal ageing. Reflecting these changes (i.e., the current state of degradation) into a
Finite Element (FE) model-based analysis can provide better insights into failure prediction
and component reliability. It requires updating the geometry and material behaviour as a
function of ageing. This chapter presents a systematic procedure to build a continuously
updated physics-based Digital Twin Instance (DTI) of a thermally aged flip-chip package
that can represent intermediate oxidation stages. The developed Digital Twin is utilised
for an FE analysis to study the change in the trend of out-of-plane package deformations
and die-level stresses as a function of several stages of EMC oxidation.

Parts of this chapter have been published in Microelectronics Reliability (2024) [1], in Frontiers in Electronics
(2025) [2], and in the proceedings of IEEE EuroSimE Conference (2023) [3].
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4.1. INTRODUCTION

Electronic devices and components are being utilised in an increasing number of
application fields such as manufacturing, automotive, and healthcare [4-6]. In some
applications, electronic components are exposed to harsh environments such as
elevated temperatures. To cover these application environments, the Automotive
Electronic Council (AEC) defines standard qualification tests involving temperature
variation between —40 °C and 125 °C, mechanical vibrations with a peak acceleration
of 50 g, and humid environments up to 85% RH [7]. Under the operating loads, the
constituent materials of an electronic component undergo degenerative changes
over time, which are typically accelerated under harsh environmental conditions.
The term physics-of-degradation encompasses the study of degradation mechanisms.
It is closely linked with physics-of-failure since degradation can eventually lead to
component failure. Thus, the reliability of an electronic device is directly linked to
the degenerative changes in its constituent materials.

Material degradation can be associated with one or more of the following five key
domains: mechanical, thermal, chemical, electrical, and biological degradation.
Among the dominant environmental loads (viz., temperature, vibrations, humidity,
and dust), exposure to high temperatures is one of the biggest contributing fac-
tors for failures in electronic components [8]. To protect the electronic circuits
from their environment, they are commonly encapsulated with thermosetting ma-
terials using a moulding process. Epoxy-based Moulding Compounds (EMC) are
widely chosen for this purpose due to their desirable mechanical and chemical
properties while being cost-effective [9-11]. Serving as a protective layer for the
internal circuitry, the encapsulation material is, thus, most exposed to the environ-
ment. Therefore, the ageing of EMC is one of the most important aspects of the
ageing of electronic packages. Figure 1.3 indicates the aforementioned five domains
of physics-of-degradation along with a select number of degradation and failure
mechanisms that are relevant for the scope of this chapter.

Thermal ageing of EMC results in the oxidation of its outer layer through its contact
with atmospheric oxygen. It has been established with Fourier Transform Infrared
(FT-IR) spectroscopy measurements that the ageing process changes the material
chemically [12, 13]. Moreover, the changes in thermomechanical properties of
thermally aged EMC specimens have also been reported in [14, ch.7], [15, ch.5],
and [16]. Owing to its volume-share as high as 75% [17] within a typical electronic
package, encapsulation tends to govern the overall thermomechanical behaviour
of the electronic component [18]. Thus, the degenerative changes in moulding
compounds can significantly affect a component’s operational lifetime.
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Figure 4.1 shows the cross sections of three thermally aged EMC specimens, oxidised
at three different temperatures of 175 °C, 200 °C, and 225 °C for over 165 h, observed
under a fluorescence microscope. Within a single specimen, the two different
colours indicate two distinct ‘phases’ of EMC - pristine and oxidised. The colour
gradient in Stage 1 shows a gradual transformation from an oxidised to a pristine
phase, whereas Stage 3 indicates a clear distinction between these two phases. The
difference in the colour composition of the oxidised layers across three different
specimens highlights different ‘stages’ of EMC oxidation. It is crucial to identify
the distinction in these stages while modelling the degradation phenomenon. As
thermal ageing progresses, the oxidation layer grows in thickness, and the outer
layer of EMC becomes more and more oxidised [19, pp.68-74].

In general, the growth of the oxidation layer thickness is both time- and temperature-
dependent [20]. At higher temperatures, the oxidation layer grows faster, resulting
in a darker layer that is easier to distinguish. At lower temperatures, the oxidation
layer grows more slowly, and a prominent gradient from pristine to oxidised state
is observed. The temperature dependency of the ageing process is presented in
references [15, pp.73-76], [21, 22], where the cross sections of thermally aged EMC
specimens indicate that the same storage time at different ageing temperatures
results in different stages of EMC oxidation.

In the current work, we focus on the time dependency of the ageing process carried
out at a constant temperature of 150 °C. Therefore, different ageing stages correlate
to different storage times. Figure 4.2 illustrates three different stages of EMC oxida-
tion obtained by isothermal ageing of bar-shaped EMC specimens with rectangular
cross sections. Note the increased thickness and changed colour of the oxidised
layer from left to right. The latter also indicates changes in material properties. In
the case of ageing of an encapsulated electronic package, the outer layer of EMC is
oxidised to form an outer shell. It exhibits modified thermomechanical properties
and modifies the mechanical behaviour of the entire package. This can accelerate
certain failure modes, such as delamination along the EMC-die interface, cracks




74 4. DIGITAL TWIN INSTANCE FOR THERMOMECHANICAL AGEING

Figure 4.2: A schematic representation of

the rectangular cross sections of (partially

oxidised) bar-shaped EMC specimens which

are isothermally aged at 150 °C. The oxida-

tion layer not only grows in thickness as a 500 hours 1000 hours 2000 hours
function of ageing time but also changes its

colour from pale green to dark brown.

in the bulk of EMC [12], and fatigue failure of solder joints [23]. Thus, a virtual
model of a microelectronic package that can capture these failure modes needs to
incorporate and to be able to reflect the effect of ageing.

A Digital Twin-based modelling approach can be utilised to address this. This
approach requires an active connection between the physical entity and its virtual
representation for data and information exchange. This facilitates a continuous
update of the digital model to reflect the current state of the physical entity. In a
physics-based approach, degenerative changes in a material are modelled using the
physics-of-degradation. A physics-based Digital Twin can provide more insights on
the effects of material degradation on different failure mechanisms, can facilitate
the prediction of component failure, and therefore, plays a key role in the PHM
of electronics. Thus, a dedicated physics-based DTI of an electronic component
should reflect the changes in material composition (the extent of degradation) and
material behaviour (the changes in the aged part of the component).

Here, the focus is on quantifying gradual degenerative changes within EMC, which
can be achieved by representing the two aspects at any stage of thermal ageing - (a)
the thickness of the oxidised layer and (b) its thermomechanical properties at the
current stage. The first aspect has been addressed in some previous studies, which
present the models for the growth of oxidation thickness using either physics-based
laws or empirical relations based on activation energies [14, p.133], [15, p.74], [19,
p.72], [23]. The second aspect, however, is not well addressed in the literature.

Thermomechanical properties of the oxidised EMC are, in most cases, determined
at only one particular stage of EMC oxidation (e.g., 150 °C for 2000 h) [21]. This ap-
proach is insufficient as it does not provide any information about the intermediate
stages of ageing. Moreover, the FT-IR study [13] reports gradual chemical changes
as a function of storage time for ageing up to 5000 h at 200 °C and 250°C. Thus,
the thermomechanical properties of just one configuration of the oxidised EMC
cannot simply be assumed to be the same and utilised throughout to represent any
intermediate stage of thermal ageing. The current work aims to address this gap.

This chapter is organised into two main parts. The initial part focuses on preparing
an experimentally validated physics-based Digital Twin Instance (DTI), and the
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latter on using that for a simulation-based study. First, a systematic methodology
is presented to prepare an experimentally validated physics-based Digital Twin,
which can reflect the progress of EMC oxidation in an electronic package due to
High-Temperature Storage (HTS). It consists of three steps - (i) quantifying the
extent of degradation, (ii) preparing a parametric geometry of the Device Under
Test (DUT), and (iii) obtaining an ageing-stage-dependent material behavioural
model. These steps are described in Section 4.2, Section 4.3, and Section 4.4.

Next, the prepared continuously updated package-degradation model is utilised to
study the effect of EMC oxidation (using Finite Element (FE) simulations) on the
warpage of the DUT, i.e., an electronic package. It focuses on two aspects - (1) the
change in the maximum warpage of a thermally aged package (several ageing stages)
at room temperature and (2) the change in the shape of the warpage curve under a
thermal cycle in Section 4.5 and Section 4.6, respectively. Finally, the simulation
results are analysed in the context of failure prediction (solder fatigue and EMC-die
delamination), underlining the contribution of a continuously updated Digital Twin
in the PHM of electronics packaging and electronics-enabled systems.

4.2, QUANTIFICATION OF OXIDATION LAYER THICKNESS

EMC oxidation is a combination of two simultaneous processes - (1) the diffusion of
oxygen (from the surrounding air) into the free volume of the polymer network and
(2) the chemical reaction of oxygen with the resin. Thus, it depends on the oxygen
permeability of the material and the intrinsic rate of oxidation [20]. It resultsin a
heterogeneous oxidised layer only up to a certain depth from the exposed surface
because epoxies are fairly reactive but have low oxygen permeability [24]. Elevated
temperatures facilitate a higher oxidation rate because of the higher activation
energies [25]. The rate also slows down as the oxide thickness grows, because it acts
as a barrier for further diffusion due to its increased density [15, pp.73-76]. Thermo-
oxidation of EMC is dominated by the diffusion of oxygen through the polymer [26]
and is referred to as Diffusion-Limited Oxidation (DLO).

Inthe case of thermal ageing at a constant temperature, the thickness of the resulting
oxidation layer defines a particular ‘ageing stage’. To prepare a degradation model,
the Thickness of Oxidation Layer (TOL) was experimentally measured as a function
of storage time (). Bar-shaped EMC specimens (80 mm x 10 mm x 4 mm) were
thermally aged for up to 3000 hours at 150 °C, which is above the glass transition
temperature (Ty) of the selected EMC. The aged (partially-oxidised) specimens
were cross-sectioned and observed under a fluorescence microscope equipped with
Ultraviolet (UV) illumination that reveals more details due to a smaller wavelength.
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Figure 4.3: Experimentally measured TOL 160
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The minimum and maximum values of the TOL were measured at multiple locations
within each specimen by defining two boundaries - the first between the dark-brown
and the yellow region and the second between the yellow and the green region
(refer to ‘Stage 1’ in Figure 4.1). The mean value was utilised as the recorded TOL at
different ageing times. Figure 4.3 shows the measured data in red.

The oxidation process, being diffusion-limited (i.e., DLO), is often modelled as a
diffusion-dominant process with a direct proportionality to the square root of time
[19, pp.68-74], i.e., d x v/'t, where d is the TOL. The above relation was considered
as the basis for the oxidation growth model. The proposed degradation model takes
the form of Equation (4.1), where dy, d1, and n are fitting parameters. Instead of
directly using the square root of time, a slightly more flexible version with n € (0,1)
was used as a starting point.

d=dy+d t" (4.1)

A standard curve fitting procedure was followed to determine the parameter values
(dy = 8.7um, dy = 2.1ym/h", and n = 0.5). A non-zero value of the parameter dy
reflects the oxidation thickness (=~ 9 um) at ¢ = 0 due to the processes such as the
Post Mould Cure (PMC) prior to the ageing experiment. Interestingly, the value
deduced for the parameter n is exactly equal to 0.5. The oxidation growth model
fitted to the experimental data is indicated in Figure 4.3, along with some additional
TOL values (marked blue) calculated using the finalised model. These values and
associated material behaviour are utilised later in Section 4.5 and Section 4.6.
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4.3. PARAMETRIC GEOMETRY OF TEST PACKAGE

The second step is to create a geometric model of a test device such that it can
be updated to reflect the current degradation state. A Ball Grid Array (BGA) pack-
age with a flip-chip construction (i.e., the die-to-substrate interconnects consist of
copper pillars with solder caps) was chosen as the DUT. Initially, a CAD geometry
of the non-aged package was constructed, and then, some simplifications were
incorporated to optimise for the required computational efforts.

The substrate has a total of five layers (three copper-dominant metallisation layers
and two intermediate layers containing only copper vias surrounded by a polymer
resin), each of which was modelled individually as a homogenised layer. Layer-wise
equivalent material properties were calculated by volume-based weighted averaging
of the (linear elastic temperature-dependent) mechanical properties of copper and
the utilised polymer. Moreover, the copper pillars and solder caps in the flip-chip
construction were modelled in detail as cylindrical structures. For the chosen DUT,
the EMC encapsulates only the die and die-to-substrate interconnects (including
the underfill) and rests on the substrate (i.e., does not encapsulate the substrate).

To reflect the growth of the oxidation layer within EMC, a single parameter ‘d’
was defined to represent the current value of the TOL. It was assumed that the
oxidation layer grows uniformly in directions perpendicular to all exposed surfaces
of the EMC, which is also a good representation of reality. This results in a core-
shell structure representing two distinct layers of the EMC - oxidised and pristine.
Figure 4.4 indicates the core-shell style geometry of the thermally aged package.
Considering symmetry, the required computational effort was reduced by using a
quarter-geometry of the DUT.

Figure 4.4: The prepared quarter geometry
of the thermally aged DUT (a flip-chip BGA
package) with annotations for its sub-layers,
including a parameterised outer layer for
representing the oxidised EMC.

Flipchip
Interconnects
(Cu Pillars)

Solder
Bump
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Figure 4.5: The meshed package geometry
of the two near-extreme cases within the
range of EMC oxidation - (a) very thin (250 h,
42 ym) and (b) very thick (19145h, 300 pm)
oxidised EMC layer. 3D Finite Elements with
quadratic shape functions are used to ensure
good quality results for all considered cases.

A parametric setting was utilised along with an automation routine to update the
prepared geometric model using a variable TOL value representing any stages of
EMC oxidation (isothermal ageing at 150 °C) for up to 28640 h (= 3 years). The TOL
growth beyond 3000 h is extrapolated using the fitted model. Appropriate settings
were applied to maintain the mesh quality for all intermediate stages of ageing.
This setting assumes there would be no cracking in the EMC, which could affect
0, diffusion into the bulk. Figure 4.5 indicates the meshed geometry of two near-
extreme cases within the range of oxidation - (a) with a very thin (250 h, 42 pum) and
(b) with a very thick (19145 h, 300 um) layer of oxidised EMC.

Higher-order finite elements (quadratic shape functions) with a mix of tetrahedral
and hexahedral shapes and about 400000 in number were utilised to ensure good
quality results for all the considered cases. At any given ageing stage, the ‘core’
EMC would be assigned the ‘pristine’ material properties while the ‘shell’ (oxidised
layer) gets the corresponding material properties of the oxidised EMC at the current
degradation stage. A detailed procedure to derive these material properties at any
intermediate stage is discussed in the following section.

4.4. MATERIAL BEHAVIOUR OF OXIDISED EMC

The third and most crucial aspect of a physics-based Digital Twin model is reflecting
the changes in material behaviour at different ageing stages. To determine the
change in thermomechanical properties as a function of the EMC oxidation state,
partially-oxidised EMC specimens were utilised in experimental characterisation.
Then, an analytical approach was pursued to calculate the effective properties of
only the oxidised layer of EMC.
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4.4.1. EXPERIMENTAL CHARACTERISATION

Two different sets of bar-shaped EMC specimens with rectangular cross sections
were thermally aged at 150 °C for 0 h, 500 h, 1000 h, 1500 h, 2000 h, 2500 h, and 3000 h.
For each ageing stage, the modulus of elasticity (E) was characterised using a single-
frequency Dynamic Mechanical Analysis (DMA) at 1 Hz on the first set of aged
specimens (80 mm x 10 mm x 4 mm); whereas the Coefficient of Thermal Expansion
(CTE) and the shift in the glass transition temperature (7,) were characterised using
Thermal-Mechanical Analysis (TMA) on the second set of thermally aged specimens
(15mm x 4mm x 3mm). In this way, the data of the linear elastic temperature-
dependent material properties for the pristine (0 h aged specimens) and different
partially-oxidised EMC specimens were gathered experimentally.

Note that this data is derived from partially oxidised specimens and does not indicate
the behaviour of only the oxidised EMC but that of an effective beam (E.g), which
is a composite beam-like structure consisting of pristine EMC (core) and oxidised
EMC (shell). Therefore, the gathered data cannot directly be used for preparing the
material model of the oxidised layer. Thus, additional analytical calculations were
utilised for extracting experimentally evaluated values for the oxidised EMC (Eqx).

4.4.2, EVALUATION OF ELASTIC MODULUS

The elastic properties of the oxidised layer at each ageing configuration were derived
from the experimental data using the flexural equation extended for multi-material
composite beams [12]. In this case, the cross-section of a partially-oxidised beam
specimen consists of a ‘core’ pristine layer (thickness k) sandwiched between
two ‘shell’ oxidised layers (thickness hox each). Figure 4.6 illustrates the three-layer
composite beam. Considering a wide beam, the analytical calculation considers
the oxidation layer only on the top and bottom of the pristine layer. Thus, the total
beam thickness i can be expressed as h = hp; +2 hoy.

1
—>

Figure 4.6: The illustration of a partially oxidised bar-shaped EMC specimen with a rectangular cross-
section as a three-layered composite beam with a total thickness ‘i, hypy is the thickness of the pristine
EMC (core) while hoy is that of the oxidised EMC layer (shell); and thus, follow the relation & = hpy +2 hox.

Following the bending equation, the bending moment M at a cross-section of an
equivalent homogeneous beam can be equated with that of a composite beam. More-
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over, strain-continuity (and discontinuous stress) can be applied across different
layers within a cross-section. This is indicated in Equation (4.2); where o is the axial
stress (horizontal) on a differential cross-sectional area dA at a (vertical) distance y
from the neutral axis of the beam, E is the elastic modulus, and p is the density.

E
M:[UydA:f—ysz (4.2)
A AP

Due to the different elastic properties of the pristine and oxidised layers, the stress o
is discontinuous, which splits the integral into two parts as shown in Equation (4.3).
The density is cancelled out from the integral because it remains practically un-
changed, based on the internal tests for measuring the oxidation-induced shrinkage
(<0.2%). Thus, the relation between the effective elastic properties and that of the
individual layers boils down to Equation (4.4), where Ee, Epr, Eox are the moduli
of elasticity, and Iest, Ipr, Iox are the corresponding area moment of inertia, for the
effective beam (partially-oxidised specimen), ‘core’ of the composite beam (pristine
EMC), and ‘shell’ of the composite beam (oxidised EMC), respectively.

E, E E,
f Lffyszzf ﬂyzdmf =% 2 dA (4.3)
eff 0 pr P ox P
= Eetf left = Epr Ipr + Eox lox (4.4)
= Eegt n = Epr hpr3 + Eox (h* - hprs) (4.5)

The principle of summing and subtracting the area moments of inertia to calculate
values for composite cross-sections gives the expression Ies = Ip; + Iox. Utilizing the
expressions I = bh®/12, Iy = bhy,° /12 and the common width b, the equation gets
further simplified to Equation (4.5). Based on this, the values for E. at different
ageing stages were evaluated using the linear elasticity data of Ep; and Eeg. Figure 4.7
indicates the experimentally evaluated (ExpEval) values of E, from 20-300 °C at
three different stages of oxidation (blue, grey, and red dots).

4.4.3. MATHEMATICAL MODEL FOR ELASTICITY

A mathematical model was fitted to the calculated elasticity data to obtain a smooth
curve with an inverted S-shape. A few kernel functions were carefully considered to
represent the temperature (T)-based relaxation of the modulus [27, ch.1]. Based on
the comparison of their features, such as being bounded and the point of ‘symmetry’
on a logarithmic scale (abscissa), the Kohlrausch-Williams-Watts (KWW) function
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Figure 4.7: Linear elastic temperature-
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was determined to be the most suitable empirical relation to represent the collected
data. It is also referred to as the stretched exponential function and has a basic form
given in Equation (4.6), where a and b are scaling parameters. The KWW function
is also widely used for representing relaxation phenomena of various kinds, in
particular, for amorphous materials such as polymers [28]. When resolved onto a
linear scale (substituting T =log(x)), it takes the form of Equation (4.7). Note that
the common logarithm (base 10) is chosen here instead of the natural logarithm for
a better fit to the experimentally obtained data.

f(x) = aexp(-x?) (4.6)

= f(T)=aexp(-10"T) (4.7)

The function was formulated such that it includes the material parameters (viz., Eg¥,
EPX, Ty) and incorporates temperature dependency. The final form of the adopted
mathematical relation is given in Equation (4.8). It essentially defines Ex as a
function of the temperature (T); where f € (0,1), r, and s are fitting parameters; Tg*
is the glass transition temperature; Eg* is the glassy modulus; Ef* is the rubbery
modulus of the oxidised EMC at a particular ageing-stage.

EOX(T) - E[(?X+E(g)Xf exp —IO(T_TEX_S)/r (4‘.8)

Standard curve fitting techniques were utilised to obtain the values of the fitting
parameters f, r, and s at different ageing stages. For the pristine EMC, their values
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are f =0.938, r = 41.847, and s = 16.044; whereas for all oxidised stages, they are
f=0.725, r =63.354, and s = 11.803. Figure 4.7 shows the fit of the finalised material
model (blue, grey, and red curves) to the experimentally evaluated Ex data.

The proposed model allows obtaining elasticity curves for the oxidised EMC at any
intermediate oxidation stage by determining just the values of three material-model
parameters - Ty, Eg¥, and Ef*. Thus, the parameterisation of the material model
is an important step in establishing continuity among different oxidation stages,
more of which is described later in Section 4.4.6.

4.4.4. EVALUATION OF CTE AND Tg

A similar procedure was followed to evaluate the CTE and glass transition of the
oxidised EMC. First, the experimental data of partially oxidised specimens were
used to determine the as and Tgeff. For each ageing stage, two straight lines were
fit to the strain versus temperature data (TMA) using the standard curve fitting
procedure. The slopes of these two lines were calculated for the a¢ff and oSt values;
whereas the point of intersection of the two lines was used to obtain Tgeff. Figure 4.8

indicates an example of the described procedure for the 1000 h aged specimen.

Figure 4.8: Evaluation of the CTEs values 6
(viz., aﬁ’ff and agff) and the glass transition ExpOxi1000

temperature (Tgff) of the partially-oxidised
EMC specimen (aged at 150 °C for 1000 h) us-
ing the thermal strain vs. temperature data
sourced from the TMA experiments.

5 + | ===Exp a1 Oxi1000 /
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Evaluating the CTE values of the oxidised EMC (aox) from a.g is not straightforward.
The TMA test generally focuses on measuring only the change in the (dimension
along the) length, whereas a bonded bi-material strip also shows a bending de-
formation due to a CTE mismatch between layers. Thus, the CTE calculation for
a multi-material composite system requires more complex equations, including
the moduli of elasticity of the involved layers. The relation between the thermal
expansion-induced curvature of a bi-material strip and the properties (E and «) of
its constituting materials is derived in the reference [29].



4.4. MATERIAL BEHAVIOUR OF OXIDISED EMC 83

However, the partially oxidised EMC specimens used here are symmetric due to
being oxidised from both the upper and lower surfaces of the composite beam.
They are, therefore, expected to show negligible bending deformation due to the
CTE mismatch. Thus, available values of ap; and aef from the TMA test results were
utilised to calculate ax at different ageing stages using volume-based weighted
averaging, as indicated in Equation (4.9). A similar approach has also been utilised
in a previous publication [12]; however, this section provides much more context by
elaborating on the reasoning behind implementing this method.

haett = hpr Qpr + (h— hpr) Aox (49)

The Ty is typically determined from the thermal strain versus temperature curves
obtained from a TMA test. However, in this case, the T; obtained from the TMA
test would correspond to the partially-oxidised EMC specimen (Tgeff) and not to the
oxidised layer (7g¥). Thus, an additional ballpark value for Tg* of each oxidised
stage was derived from the evaluated elastic modulus values (Eqx vs T) based on the
DMA results (Figure 4.7). Both values were treated as tentative Tg* values, which
need further fine-tuning and verification steps.

In this way, the linear elastic thermomechanical behavioural model was obtained
for the oxidised EMC at different stages of thermal ageing. The elasticity model
relies on three parameters: Ty, Eg¥, and Ep; whereas the tentative values of aox
and Tg* were also evaluated. Note that the above procedure provides only the initial
estimates of the latter two. Thus, an experimental validation was carried out using
the DUT to finalise the material model parameters.

4.4.5. EXPERIMENTAL VALIDATION OF MATERIAL MODEL

Experiments were designed around thermally aged DUT specimens to validate the
material behavioural model. A few package specimens were stored at 150 °C for
several ageing intervals of up to 3000 h. Then, the warpage of aged DUTs was mea-
sured at various temperatures between 25 °C (room temperature) and 260 °C. The
specimens were exposed to high temperature at a rate of 60 °C/min in a controlled
environment. In this context, the warpage indicates the out-of-plane deformation
(along the Z-direction) measured on the top surface (XY plane) of the package.

A finite element simulation was set up on the parametric geometry of the DUT
(Section 4.3) to reflect the experimental load conditions. A diagonal path was de-
fined along the top surface of the package, and the warpage along that path was
extracted from the FE results. Figure 4.9 shows the warpage evaluation path in the
simulation and the experimental setting. The largest value (in magnitude) of the
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out-of-plane deformation along the diagonal path was recorded as the maximum
warpage (Deformation Z) at several temperature values for comparison against the
experimental data. Figure 4.10 shows this comparison for the final validated model
at three different ageing stages corresponding to 0 h, 1000 h, and 2000 h.

The warpage during a temperature variation primarily originates from the CTE-
mismatch (a) among different layers of the package, which is further affected by
the glass transition of EMC. Since the first utilised values of ax and Té’x were just
initial estimates (as described in Section 4.4.4), the initial simulation-based results
showed a noticeable mismatch with the experimental trends. This Reason #I was
addressed by revising the values of the two parameters aox and Tg* in an iterative
fashion (within an acceptable range) while using them in FE simulations.

The Reason #2 behind this mismatch is the existence of an initial warpage and
residual stresses due to the manufacturing process of a package, especially due to the
moulding process. Residual stresses depend on several moulding conditions such as
the packing/holding pressure, mould temperature, melt temperature, and injection
velocity. A systematic experimental study of the effect of these parameters on the
warpage of the moulded product has been presented in [30]. Several publications
present characterisation of warpage of the final product utilising an analytical
approach [31, 32] or a Finite Element-based numerical approach [33-37] along with
the experimental validation.

Some studies describe the calculation of residual stresses after the moulding process
(i.e., the state of ‘initial warpage’) using a viscoelastic temperature-dependent model.
This initial warpage occurs due to two things - (i) the ‘cold shrinkage’ of all materials
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with a CTE mismatch among them, and (ii) the curing shrinkage of EMC during
the moulding process. Both of these effects need to be coupled together for the FE
simulation-based results to be closer to reality. Later, this ‘initial’ curing shrinkage
is applied in finite element models using an initial-strain approach, in which the
geometry is predefined with some initial strain values.

Moreover, the viscoelastic properties of EMC are not only time and temperature-
dependent but also vary based on the Degree of Cure (DOC) [34]. For composites
such as moulding compounds, it has also been observed that lower filler content
gives higher values of cure shrinkage [38, p.40]. The shrinkage may or may not be
linear with the DOC. A trend of the non-linear change of thickness of epoxy resin
specimens with respect to the DOC has been observed and modelled in an earlier
publication [39]. The current study, however, assumes linear elastic (temperature-
dependent) models for all materials, including the EMC. Thus, consideration of
viscoelastic effects is out of the scope of this chapter.

The Reason #3 for the mismatch of experimental and simulation-based warpage
results is the further curing shrinkage of EMC occurring after the moulding pro-
cess (during PMC and later), which contributes to some additional warpage of the
package. In general, during the curing process, the dimensional change occurs
due to a combination of two processes - thermal expansion/contraction due to
associated CTE (‘thermal shrinkage’) and chemical reaction (‘chemical shrinkage’).
Thus, a coupling of thermo-chemical-mechanical modelling would be necessary to
represent this, which is also out of the scope of the current study.

However, there exists another simpler way to address the aforementioned points in
Reason #2 and Reason #3 and keep using the linear elastic temperature-dependent
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material models. Both the initial warpage and the curing shrinkage of EMC during
moulding can be accounted for by adjusting its stress-free reference temperature
(Te). Setting the Te of a layer higher than the T of the entire geometry, when
using linear elastic models, allows having the effect of initial strain and resulting
additional deformation. Therefore, this technique was followed in this study to
reflect the shrinkage in the FE simulation. The stress-free reference temperature of
just the EMC material (T,) was assigned a value higher than the rest of the package.
As a starting point, the stress-free reference temperature (Tief) of 180 °C was assigned
to all components of the geometry, including the EMC. This was then updated by
setting the T for pristine EMC to 190 °C.

It has also been reported that during thermo-oxidative changes, EMC undergoes
additional shrinkage [40]. This was taken into account by setting the T. of the
oxidised EMC layer to an even higher value (> 190°C) than that of the pristine EMC.
This was independently done for each ‘known’ oxidised stage of EMC. In this way,
the material model parameters 7%, Tg%, and ay* (CTE after the glass transition)
were updated over multiple iterations of FE simulations until a good match was
found with the experimental results (Figure 4.10).

Figure 4.11 highlights the difference between the initial estimates (denoted by the
legend ‘ExpEval’) based on the procedure in Section 4.4.4 and the updated final values
(denoted by ‘Warpage Verified’) of both CTE, before and after the glass transition.
The final values of a{* remain nearly the same for all ageing stages, while the a*
values are significantly changed from their initial estimates.
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Figure 4.11: The comparison of initial estimates (‘ExpEval’) of a{*, where i € 1,2}, with its values from the
finalised material model (‘Warpage Verified’). Additional trend-based data points (blue) for interpolating
the material-model parameter a{* are also indicated along with a trend line only indicative of continuity.
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4.4.6. A CONTINUOUS MATERIAL MODEL

With the prepared material model, the thermomechanical behaviour of the aged
package can be simulated only at a select number of ageing stages. For obtaining the
material behaviour of any other intermediate stage, the entire exercise of experimen-
tal data collection, analytical calculations, and simulation-driven validation-based
parameter tuning must be carried out. However, there are practical limitations
to the number of such ageing stages for which the entire cycle can be repeated.
Therefore, it makes sense to interpolate the material behaviour for the intermediate
‘unknown’ stages based on the (validated material models at the) ‘known’ stages
of ageing. This would essentially formulate a continuous material model that can
represent the thermomechanical behaviour of all stages of the oxidised EMC.

For this study, the continuity within EMC-oxidation stages was established by defin-
ing values for the material-model parameters (viz., a?*, a5*, Tg~, Tg", Eg~, E¥) at
additional intermediate ageing stages (here, ageing time t). However, they cannot
simply be linearly interpolated between two known stages. Each parameter shows
a unique trend, especially in the early stages (0h to 1000 h) of ageing. This was
carefully considered for each of the material model parameters.

Overall, thermomechanical changes in the oxidised EMC tend to saturate beyond
2500-3000 h of ageing. Most material model parameters show a trend in three phases:
(a) a rapid initial growth, (b) a slow increase, and (c) saturation. However, these
three phases do not necessarily appear at the same ageing time (¢) for each mate-
rial parameter. Thus, additional information on the trends in the glass transition,
shrinkage, and other aspects was sourced from the literature, and the intermediate
values of the model parameters were defined accordingly at a select number of
additional ageing stages (viz., 100 h, 250 h, 505 h, and >3000 h).

For example, the experimental trends of EMC shrinkage during oxidation in ref-
erences [22, 41] indicate a very sharp initial growth within about 100 h of ageing,
followed by a near-constant saturation value. To reflect this shrinkage trend, ad-
ditional data points for T9* were created with a steep jump between 0h and 100 h,
and a more or less a linear trend following the slope between the 1000 h and 2000 h
stages. Figure 4.12a shows the development of T¢* as a function of ageing time. Red
markers indicate values from the validated material models, while the trend-based
intermediate values are marked in blue. A slightly modified trend was observed
for the glass transition temperature 7™ [42] with the linear relation extending up
to 3000 h. Figure 4.12b shows the known (red) and additional (blue) intermediate
Tg* values. In addition, it also highlights the disparity between the initial estimates
(denoted by ‘ExpEval’) and the warpage verified values from the finalised model.
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Figure 4.12: Values of the material-model parameters Tg* and Tg* at different ageing stages. Experimen-
tally verified values are marked in red, while the additional trend-based interpolated values are marked
in blue, joined by a trend line to indicate continuity. Subfigure (a): T* is the reference temperature
(FE-simulations) of the oxidised EMC to account for the oxidation-induced shrinkage. Subfigure (b): The
initial estimates (ExpEval) of the glass transition temperature of the oxidised EMC Tg* show a nominal
scatter around the experimentally verified values.

The CTE before glass transition (a$*) stays nearly constant throughout the ageing
time-domain (also observed in reference [15, pp.86-90]), and thus, is represented
with a constant function. It also remained unchanged from the initial estimates.
The aforementioned generic trend was implemented for the additional data points
of the CTE after glass transition (a5) by introducing an initial jump within the first
100 hours of ageing and then a linear trend (Figure 4.11b).

Elasticity-related material parameters (Eg* and E;*) showed distinct trends. The
glassy modulus stays nearly the same up to 1000 h of ageing but later shows a linear
growth up to 3000 h. On the other hand, the rubbery modulus shows a more or less
linear trend until 3000 h. A linear growth of E; is also recorded in studies [42, 43].
Figure 4.13a shows E%* as a function of ageing time, including the results evaluated
from the experimental characterisation at different ageing stages.

The vertical shift in the elasticity curves for partially-oxidised EMC specimens
(experimental data) tends to slow down and eventually saturate after a particular
ageing time (also seen in the literature [44]). Since this change is essentially due
to the changes in the oxidised layer, the elasticity curves of the oxidised EMC were
assumed to be constant above 3000 h of ageing. This is also the reason behind
keeping the rest of the parameters constant beyond the 3000 h stage. Figure 4.13b
shows the linear elastic temperature-dependent elasticity model (storage modulus)
for the oxidised EMC, including several intermediate stages between 0 h and 1000 h.
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Figure 4.13: The rubbery modulus of the oxidised EMC (EP¥) and the temperature-dependent elasticity
curves (Eox) as a function of ageing time. Subfigure (a): The experimentally evaluated values (‘ExpEval’) of
EP* and the values from the elasticity model (Equation (4.8)) show a close agreement, and a linear growth
trend up to 3000 h of ageing is observed. Subfigure(b): The elastic (storage) modulus Eox curves include
a few ‘known’ ageing stages, viz., 0h, 1000 h, 2000 h, and 3000 h. Elasticity curves for some additional
ageing stages between 0 h and 1000 h and beyond 3000 h are also indicated based on the continuity of the
material-model parameters - Eg*, Ep%, and Tg*.

In this way, the additional values of material-model parameters at intermediate
stages of EMC oxidation were introduced to form the basis of a continuous material
model. All the graphs of these parameters (Figures 4.11b, 4.12a, 4.12b, 4.13a and 4.13b)
show the data points joined with a trend line, which is only indicative of continuity.
Each trend line is intentionally kept piecewise linear. A mathematical model is
ideally required for each parameter - a®*, ad*, Tg%, T, Eg¥, Ef* - to define a smooth
curve indicating their dependency on ageing time (¢). However, this was deliberately
not carried out owing to the fact that some of these points, although backed by the
trends in the literature, are artificially interpolated. To create an even more robust
continuous model, additional experimentally validated data points (i.e., more of
the red triangles in the graphs) are required, especially in the first 1000 h of ageing.

The continuous material model (Section 4.4) reflects gradual changes in the thermo-
mechanical behaviour of the oxidised EMC. Combining this with the degradation
model (described in Section 4.2) and the package geometry (described in Section 4.3),
a complete, continuously updated, physics-based Digital Twin is formed. This model
also qualifies as a cloud-based component of a Digital Twin Instance (DTI), which
is applicable for the intermediate stages in a product lifecycle (refer Section 2.4.5),
i.e., when the product is already manufactured. The prepared physics-based DTI is
capable of reflecting package-level thermomechanical degradation.
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4.5. PACKAGE-WARPAGE AT ROOM TEMPERATURE

Electronic packages, when exposed to a varying thermal load, exhibit warpage, i.e.,
a nonuniform out-of-plane deformation. Such a mechanical deformation results in
additional stresses within several layers of a package and their interfaces. When
applied in a cyclic fashion, it can lead to fatigue-based failure modes such as cracks
in solder joints and EMC and the separation (delamination) at the interfaces of
die-EMC, die-adhesive, adhesive-substrate, etc. Thus, warpage can serve as a good
baseline indication to define the severity of failure modes.

Warpage due to a thermal load originates from the difference in thermal expansion
properties (CTE-mismatch) among the constitutive materials of a package. The glass
transition of EMC is particularly crucial as it exhibits two different CTE values (a}",
aj') leading to a sudden change in the deformation pattern in a short temperature
range. A thermally aged package needs even more attention due to the presence of
an additional layer of the oxidised EMC, which also exhibits a glass transition and two
different CTE values (a{%, a9). In addition, the relative difference in the elasticity
of multiple layers also contributes to the resulting deformation pattern. Thus, the
continuous material model of the prepared Digital Twin comes in particularly handy

in determining the package warpage at any intermediate stage of thermal ageing.

This section analyses the effect of oxidation layer thickness on room temperature
warpage. As described in Section 4.4.5, there exists inherent warpage at room
temperature due to the manufacturing process (including moulding and solder
reflow), which introduces a different ‘stress-free temperature’ (much higher than
room temperature) for different materials. A finite element simulation was set
up using the test-package geometry and prepared material model to evaluate the
package warpage at room temperature under a uniform thermal load from 180 °C
to 25°C. In addition to the warpage-validated ‘known’ ageing stages — 0h, 1000 h,
2000 h, 3000 h, three intermediate stages of 100 h, 250 h, and 505 h were utilised. The
TOL and material-model parameters for these intermediate stages are indicated
in Figure 4.3 and Figures 4.11b, 4.12a, 4.12b, 4.13a and 4.13b, respectively. The TOL
values beyond 3000 h were extrapolated using the same growth model, assuming
it continues to follow the same trend. For the material properties at ageing stages
beyond 3000 h, appropriate assumptions described in Section 4.4.6 were followed.

It is important to note that the automated geometry update could be implemented
up to 365 um of TOL (corresponding to 28640 h) since that is also the thickness of
the EMC layer above the die. Beyond that, the geometry was manually updated by
further expanding the EMC oxidation layer (from the top) only in the region around
the die and also uniformly from the sides of the package. Finally, a theoretically
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plausible stage with a fully oxidised EMC layer corresponding to 62500 h (about 7
years) of isothermal ageing was also considered for the sake of comparison. The
maximum value (by magnitude) of the out-of-plane deformation along the diagonal
path (Figure 4.9) was recorded at each considered aged state. Figure 4.14 shows the
simulation-based values as a function of TOL. For additional context, previously
recorded experimental values are also indicated with error bars corresponding to
+30, where o is the standard deviation. The experimental values of TOL correspond
to the 0h, 1000 h, and 2000 h stages of ageing. Negative values of warpage only
indicate the direction of the deformation along the —z axis.

A rapid increase in the magnitude of the maximum warpage is observed within
the first 2000 h of ageing (TOL ~100 um). Then, the rate slows down drastically with
respect to the ageing time (#) until the TOL reaches 250 um (13135h = 1.5 years).
Later, a saturation is seen near the TOL of 350 pm, and the curve reverses its trend
after the TOL of 365 um, showing lower values (magnitude) of maximum warpage
for all stages until the fully-oxidised stage is reached.

This interesting change can be explained by a combination of factors. The TOL value
and intermaterial interactions are the key contributing factors here because the
material-model parameters are kept unchanged after the 3000 h stage (TOL 365 pum).
Note that the ‘point of reversal’ is the instance where the EMC right above the die
is completely oxidised (refer Figure 4.5 for more context), which means, from this
point onwards, the fully oxidised EMC (stiff) interacts directly with the silicon die
(even stiffer) without any pristine EMC (softer) sandwiched between them. This
pivotal point also marks about 75% of the total EMC volume being oxidised (i.e.,
around ~7 mm? of pristine and ~18 mm?3 of oxidised EMC).
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The CTE does not seem to play a significant role in this phenomenon for three
reasons - (1) a?* remains unchanged from a}", (2) a9* does not play any role for the
considered temperature range, i.., for the defined thermal load, and (3) @5 remains
nearly constant within a small range of 2.5-3.5 ppm/°C for the given thermal load.
Therefore, it is concluded that the observed ‘reversal’ phenomenon is initiated and
dominated by the direct interaction of two stiff materials (oxidised EMC and silicon
die) in combination with a significantly high volume percentage (= 75%) of the
oxidised layer within the encapsulating EMC.

4.6. WARPAGE CURVATURE UNDER THERMAL CYCLING

This section focuses on studying the changes in the package warpage induced by
a thermal cyclic load as a function of EMC oxidation. A finite element simulation
was set up with a thermal load including a single cycle from 25 °C to 260 °C with
a 1°C/sec heating and cooling ramp and an intermediate dwell time of 30 min at
the highest temperature. The exercise was repeated for the same 17 distinct ageing
stages mentioned in Section 4.5 (from pristine to fully oxidised), and the prepared
and validated continuous material model was also utilised.

The warpage was evaluated along the half of the path shown in Figure 4.9, i.e., from
one corner to the centre of the package. For the comparison at various temperature
steps, the plots for relative deformation were created by setting the displacement at
the ‘package corner’ end of the warpage path to zero. Figure 4.15 and Figure 4.17
show a few results. The numbers on the x-axis only indicate the relative position of
the points along the warpage evaluation path, where the position ‘0’ is the corner of
the test package and the position ‘10’ is its centre.

Figure 4.15: Warpage curves of a pristine 100
package (0h of ageing) under a thermal
cyclic load from 25 °C to 260 °C. The values 75 1
on the x-axis indicate the relative position
of the points along the warpage evaluation 50 T 50°C
path, ‘0’ being the package corner and 10’ ¢ N
the centre. The shape of the curve begins 2 251 100°C
to change the trend at around 150°C, and N ——150°C
it completely reverses from ‘smiling’ (—) to -% 0 —180°C
‘frowning’ (—) above 200 °C. £ ——200°C
g 25 ——225°C
s] °
50 £ —250°C
-75 +
-100 t t t t

0 2 4 6 8 10
Path Length (Normalized)
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The results at all ageing stages (refer Figure 4.17) indicate one common trend: the
reversal of the shape of the warpage curve from ‘smiling’ (—) to ‘frowning’ (—).
There are two key aspects of this change - (i) the point (temperature step) at which
the curvature reversal begins, and (ii) the actual point where the shape changes.
Both of these aspects are primarily governed by the increasing volume share and
evolving material properties of the oxidised EMC layer.

Figure 4.15 shows the warpage graphs for the package without ageing. The beginning
of the curvature change is observed at around 150 °C. This ‘pivot temperature’ shifts
to higher temperature values as the oxidation stages progress. This can be seen in
Figure 4.17, where the plots in subfigures (a), (b), and (c) show the warpage curve at
180 °C higher than that of 150 °C (indicating the beginning of reversal), while the
plot in subfigure (d) indicates the opposite. This means the pivot temperature moves
from around 150 °C for the non-aged stage to above 180 °C for 3000 h of ageing.

This can be explained by the relative differences in the thermomechanical properties
of various materials at a particular temperature. Figure 4.16a and Figure 4.16b show
the elastic modulus and CTE of a few materials constituting various layers of the
test package. The glass transition of EMC (pristine and oxidised) and the softening
of solder material (due to the approaching melting point) occurs around the 150 °C
mark. The softened layers allow the relaxation of inter-layer stresses and thus
produce a less severely deformed shape of the warpage curve.
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Figure 4.16: The comparison of the modulus of elasticity (E) and the coefficient of thermal expansion (a)
of several materials constituting the test package, including a few stages of oxidised EMC. Subfigure (a):
The softening of the solder material beyond 150 °C and the glass transition of EMC in the 150-200 °C
range contribute to the shape-change of warpage curves. Subfigure (b): In addition to the gradual shift
of Tg¥, the a* attains much higher values as a function of ageing, increasing the CTE mismatch with
other materials even further in the rubbery phase of the oxidised EMC.
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Figure 4.17: The comparison of the warpage curves of the test package (under a thermal cycle from 25°C
to 260 °C) at its four different stages of thermal ageing. The ‘pivot temperature’, where the shape of the
warpage curve reverses the trend of change, shifts from around 150 °C (0 h) to around 180 °C (3000 h).
Similarly, the ‘shape reversal temperature’ also attains higher values from between 200-217 °C (0 h) to

between 225-250 °C (2000 h and 3000 h) as a function of thermal ageing.

This is further facilitated by a small CTE difference between the EMC and most other
materials (only a select few are shown in Figure 4.16b) in the glass transition region.
The gradual shift of the pivot temperature can be explained by the gradual increase
in the 7™ values for the higher stages of oxidation and the increasing volume share
of the oxidised EMC. A polymer-dominant layer of the package substrate (named
‘CoreVia23’) was also considered for the comparison. The transition of that layer
into the softer ‘rubbery’ phase is relatively subtle and does not seem to affect the
warpage change as much as the pristine and oxidised EMC does.

Figure 4.17 shows the gradual shift of the actual ‘shape reversal temperature’ as a
function of ageing. This value is between 200-217 °C for the non-aged stage (sub-
figure (a)), between 217-225°C for the 1000 h stage (subfigure (b)), and between
225-250°C for the 2000 h and 3000 h stages (subfigures (c) and (d)). Such a shift to
higher values (temperature-delay) is expected to be caused by a combination of
three things - (i) the increase in the volume percentage of the oxidised EMC, (ii)
the increase in the value of T* (the stress-free temperature of the oxidised layer
accounting for shrinkage), and (iii) the gradual shift of the glass transition region.

4.7. EFFECT ON DIE-LEVEL STRESSES

The last two sections show that EMC oxidation affects the package warpage at room
temperature as well as its deformation behaviour under a varying thermal load.
Larger deformations induce higher local stresses, potentially increasing the risk of
the occurrence of a failure mode or even accelerating it. For instance, the EMC-die
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Figure 4.18: The comparlson of von Mises equivalent stress (0eq) at the EMC-die interface (DieTop10 pm)
as a function of thermal ageing of EMC. The subfigures indicate the results evaluated at room temperature
(25 °C) for four different stages of EMC oxidation - (a) 0h, (b) 1000 h, (c) 2000 h, and (d) 3000 h.

interface is prone to delamination. Thus, the effects on local stress levels were
investigated utilising the prepared, validated model.

A 10 um thin layer of the silicon die was selected as the domain of interest. This layer
was meshed with a single element along its depth and a 30x30 grid of rectangles
(91.03 pmx 80 um) along the top surface of the die. Several relevant stress fields,
viz., von Mises equivalent stress (0eq), maximum principal stress (o), out-of-plane
normal stress (0,,), maximum shear stress (Tmay), and in-plane shear stress (7yy),
were defined as results and evaluated at multiple temperatures between 25-260 °C.

For all selected stress fields, the ‘elemental mean’ values were selected as the desired
value to display. This means all stress components are represented as single values
across an element. The elemental mean values are computed by first calculating the
stress components at a select number of integration points (or Gauss points) and
then averaging these values. The integration points are used for solving an integral
numerically. In this context, it translates to solving the integral equation for the
vector containing all components of the stress tensor.

Figure 4.18 shows the von Mises equivalent stress (oq) at the EMC-die interface
as a function of thermal ageing of EMC. All subfigures indicate the results evalu-
ated at room temperature (25 °C), which showed the most severe stress pattern in
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Figure 4.19: The comparison of shear stress at the EMC-die interface at room temperature (25°C),
evaluated at different stages of EMC oxidation. The subfigures (a) and (b) indicate the substantial
increase in the maximum shear stress (Tmax) from 0h to 3000 h of ageing. The subfigure (c) shows the
in-plane shear stress (rxy) at 3000 h of ageing, which stays more or less consistent for all ageing stages.

the considered temperature range. Due to the selected ‘elemental mean’ option,
a checkerboard-like pattern is obtained, which serves as a virtual stress sensor
with a 30x30 grid at the EMC-die interface. The lower left corner of the rectangle
lies on both axes of symmetry of the whole package, while the upper and right
edges represent the outer boundary of the EMC-die interface. The results show
significantly increased stresses as the oxidation of EMC progresses.

There is also a clear trend of increase in both maximum and minimum values of
0Oeq, Which goes from 286.02 MPa to 338.73 MPa (i.e., an 18.42% increase) and from
223.76 MPa to 266.13 MPa (i.e., an 18.93% increase), respectively, when comparing
the 0h and 3000 h oxidation stages. Figure 4.21(a) shows the values of g.q of the
finite elements along the diagonal from the lower-left corner (i.e., the die centre) to
the upper-right corner (i.e., the die corners) of the 10 um top layer of the die. Along
the diagonal path, the maximum and minimum o¢q values showed an increase
of 16.96% and 17.85%, respectively, for the 3000 h ageing stage compared to the
non-aged stage. EMC oxidation shifts o¢q to higher values with a nearly consistent
difference (median ~ 56 MPa), keeping the shape of the graph in Figure 4.21(a) nearly
unchanged. High stress-concentration in the central region and the corners of the
EMC-die interface makes them the potential sites for the initiation of delamination,
and thermal oxidation of EMC clearly makes these locations more susceptible to
failure due to the increased stress values.

Another relevant stress field for delamination is the in-plane shear stress (7y), which
also showed the most severe stress pattern at room temperature. Figure 4.19(c)
indicates the 74y pattern for 3000 h of ageing. A monotonic increase in values is
observed along the diagonal sketched on the top surface of the die from its lower-left
corner to the upper-right corner. At room temperature, there is a sudden increase
in 7,y towards the end of this path. This also aligns with the 7,y trend presented
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Figure 4.20: The comparison of normal stress at the EMC-die interface evaluated at different stages
of EMC oxidation. The subfigures (a) and (b) indicate a substantial increase (~40%) in the maximum
principal stress (01) at 260 °C from 0h to 3000 h of ageing. The subfigure (c) shows the out-of-plane
normal stress (0zz) at room temperature (25 °C) at 3000 h of ageing, which shows a marginal increase as
a function of thermal ageing but a pattern consistent with the von Mises stress (geq) in Figure 4.18.

in the reference [45]. The current results show that this point of sudden increase
retains its position, but the slope increases ever so slightly as a function of EMC
oxidation. This brings more die area under higher in-plane shear stresses while
increasing the maximum value of 74y by ~8.5% (from 100.40 MPa to 108.97 MPa) for
the finite elements along the aforementioned diagonal path.

The maximum shear stress (Tmax) also showed an increasing trend for its maximum
and minimum values at room temperature. Respectively, they show a 14.37% in-
crease (from 162.00 MPa to 185.29 MPa) and a 18.60% increase (from 128.89 MPa to
152.87 MPa) when going from 0h to 3000 h of EMC ageing. Figure 4.19(a) and (b)
indicate the comparison of the stress pattern of 7,5 for 0 h and 3000 h of ageing.
For the finite elements along the diagonal path, a trend similar to the oeq values was
observed, as indicated in Figure 4.21(b), where the element number ‘0’ indicates the
lower-left and ‘30’ the upper-right corner of the die top layer. The graph shifts to
higher values with a median difference of 28.35 MPa from 0 h to 3000 h of ageing.

Thermal ageing showed a marginal variation in the values of o, at room tempera-
ture. However, o, showed a pattern consistent with oq, with high stresses at the
package centre. Figure 4.20(c) shows the room temperature o,, pattern for 3000 h of
ageing. Although the rest of the elements stay more or less consistent as a function
of EMC oxidation, the corner elements showed a very high jump in (compressive)
stress, especially going from the 2000 h to 3000 h ageing stage.

The maximum principal stress (o) showed the most variation in the values not at
room temperature but at 260 °C. Figure 4.20(a) and (b) show the great difference
between o, values for 0 h and 3000 h of ageing. A staggering 39.21% increase in the
maximum values (from 87.04 MPa to 121.17 MPa) was observed, while the minimum
values showed a marginal (< 5%) increase. Figure 4.21(c) shows the o, values along




98 4. DIGITAL TWIN INSTANCE FOR THERMOMECHANICAL AGEING

the diagonal finite elements. EMC oxidation for 3000 h results in over 85% increase
in the maximum o, value, which is close to the die centre (i.e., Element ‘0’). Overall,
the room temperature (25 °C) results of the stress fields 0eq, 072, Txy, and Tmay show
one common trend, which is the high stress-concentration at the corner element of
the EMC-die interface, induced by thermal ageing. Thus, the corner of the EMC-die
interface becomes a potential site for failure, which is accelerated by EMC oxidation.
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Figure 4.21: The comparison of stress values - (a) geq, (b) Tmax, and (c) o1 - of the finite elements along
the diagonal from lower-left corner to the upper-right corner of the 10 pm thick die top layer. The element
number ‘0’ indicates the centre, while ‘30’, the corners of the entire EMC-die interface. The oeq and Tmax
values show a uniform increase with a median of ~56 MPa and 28.35 MPa, respectively. On the other hand,
o values show a steep increase (~ 40%) at the die centre and marginal change (< 5%) at the corners.

The results in Sections 4.5 to 4.7 describe the changes in the thermomechanical
behaviour of an electronic package due to EMC oxidation. These changes are dom-
inated by both the increase in the EMC oxidation thickness and the evolution of
its material properties. The ‘current’ stage of the oxidised layer influences the
warpage variation of a package under a thermal cyclic load. This, in turn, changes
the accumulated damage in solder joints and affects the time to failure. Similarly, a
differently warped package induces different stresses on the relatively stiff silicon
die, facilitating delamination of the die-EMC interface. In this way, an experimen-
tally validated physics-based Digital Twin was utilised to reflect the package-level
degradation and to visualise and predict the package behaviour and its impact on
the associated failure modes, therefore gaining deeper insights into its reliability.

CONCLUSION

Thermo-oxidative changes in epoxy moulding compounds modify the mechanical
behaviour of an encapsulated electronic package. Reliability prediction can be
significantly enhanced by reflecting these changes into the finite element models.
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A physics-based Digital Twin, which is a continuously updated model, can reflect
any state of component degradation by updating the component geometry to reflect
the extent of degradation (i.e., the quantified TOL) and also the material behaviour
of the aged part of the component (i.e., the oxidised EMC layer).

In particular, characterising the material behaviour of only the oxidised part of
the EMC at different ageing stages is tricky. Thus, a hybrid approach was designed
and implemented using experimental data, analytical calculations, and numerical
validation to obtain six material model parameters, viz., a{*, a3, Tg~, Tg%, Eg¥,
EP*. This exercise also helps in highlighting the scope for further improvement by
identifying where the need for additional data collection is. Including more stages
in the first 1000 h of ageing to establish continuity in the material-model parameters
can make the existing model even more robust.

The finite element simulations (Sections 4.5 and 4.6) show the changes in the package
warpage as a function of ageing stages and indicate a heavy influence of the oxidised
layer on the mechanical behaviour of the package. Thermal ageing increases the
magnitude of the maximum warpage at room temperature up to the point when the
EMC on top of the silicon die is completely oxidised, and later decreases until the
point of full oxidation. In addition, thermally aged stages exhibit a change in shape
of the package warpage from ‘smiling’ (—) to ‘frowning’ (—) with a ‘temperature-
delay’, i.e., at a higher temperature compared to that of the pristine stage.

The equivalent (von Mises) stresses along the EMC-die interface are also heavily
influenced by the state of oxidation (Section 4.7) with a slightly above 18% increase in
the maximum and minimum values at room temperature. Similarly, the maximum
principal stress (o) showed a substantial increase (~40%) in its maximum values at
260 °C with 3000 h of ageing compared to the non-aged configuration. This clearly
indicates that failure predictions based on the FE models would vary depending on
the ‘current’ state of oxidation. It also underlines the key role of incorporating a
Digital Twin for the PHM of electronic components and systems.

The workflow established in this chapter (Sections 4.2 to 4.4) can form the basis
for the next step in modelling the thermomechanical degradation of EMC. A more
complex viscoelastic material model could be prepared, which would require addi-
tional model parameters, a much larger design of experiments, and more intricate
numerical simulations that can reflect viscoelastic effects. The current study repre-
sents the oxidation layer by a single value, i.e., TOL. The oxidised EMC layer can
be represented with multiple sub-layers, each with a varying degree of oxidation
from 100% oxidised to 0% (pristine) and the intermediate layers accounting for the
‘diffused but unreacted O,’. This approach would require a more complex design of
experiments and extensive FT-IR spectroscopy measurements.
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Finally, the prepared physics-based Digital Twin Instance (DTI) can be used to

study additional aspects and extract even more data, such as solder fatigue, to study

the effect on different package- and board-level mechanical failure modes and to
develop a data-driven approach for failure prediction.
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IN-SITU MONITORING FOR
DATA-DRIVEN DIGITAL TWINS

Mechanical failure of solder joints is one of the most common board-level failure modes in
electronic components. It is crucial for a next-generation reliability assessment method to
have an in-situ health monitoring system in place to evaluate the current state of component
degradation. This is achieved by specialised embedded sensors and data processing on
the edge. This chapter focuses on monitoring the mechanical degradation of the package-
to-PCB board-level solder interconnects of a Wafer-Level Chip-Scale Package (WLCSP)
using a high-resolution piezoresistive sensor. First, a measurement workflow was set up
to optimise and significantly improve the readout time of the sensor containing a 70x 30
matrix of piezoresistive cells. Then, utilising a design of experiments, the test specimens
were subjected to certain combinations of mechanical and thermal loads in a four-point
bending setup. Temperature-coupled mechanical loading showed a greater impact on the
resulting stress pattern compared to that of a superposition of the corresponding individual
purely thermal and mechanical load configurations. Finally, the specimens were tested
under a purely mechanical load until failure, and a correlation between the recorded stress
pattern and the initiation and propagation of a crack was established.

Parts of this chapter have been published in the proceedings of IEEE ECTC Conference (2024) [1], and in
the MSc thesis of Letian Zhang, under the supervision of Adwait Inamdar, Varun Thukral, prof.dr.ir.
Willem D. van Driel, and prof.dr. GuoQi Zhang [2].
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5.1. INTRODUCTION

Electronic components undergo degradation under the environmental and operat-
ingloads, which leads to package-level and board-level failures. These failures occur
either due to an event of a sudden change in loads (such as excess temperature, ex-
cess current or voltage, mechanical shock, stress or impact) or a prolonged exposure
to nominal operating conditions. About 70% of the failures in electronic compo-
nents occur during the packaging process, and the predominant failure mode is
associated with the solder joints [3]. Temperature, humidity, mechanical vibrations,
and dust are the four key environmental factors that are responsible for component
degradation, in which the temperature factor is the most dominant one [4] and is
responsible for about 55% of the failures; whereas mechanical vibrations contribute
to about 20% of the failures [5]. Failures related to semiconductors, connectors, and
solder joints together account for over one-third of the share for power electronics
[6]. A solder joint failure is primarily governed by the variation of temperature and
mechanical loads [7, 8]. Thus, it is one of the key aspects of reliability engineering
for IC packages and electronics-enabled systems.

For mission-critical electronics, it is crucial to predict a failure before it occurs.
Therefore, it has become increasingly important to have a continuous health mon-
itoring system in place to evaluate the current state of component degradation
during its operational lifetime. The two-branched Digital Twin-based approach to
PHM (as indicated in Figure 2.8) can realise this. Its second, data-driven, aspect is
more prominent in the ‘aggregate’ phase (i.e., DTA) and relies primarily on the data
input from the operating phase of electronic components. This can be achieved by
in-situ measurements using embedded sensors and processing the data on the edge.
Thus, there is a need to develop and utilise specialised sensors and data processing
workflows for in-situ data-driven condition monitoring.

There are a few established ways for condition-monitoring of solder joints, such
as DC resistance measurement, Radio Frequency (RF) impedance measurement,
Multivariate State Estimation Technique (MSET), and Sequential Probability Ratio
Test (SPRT) [9-11]. Electrical resistance measurement along a path formed by a
daisy chain of solder joints is one of the most common ones. This method can detect
a mechanical failure (and also monitor several stages of degradation [12]). However,
it fails to get precise, localised information of the failed solder joint. Another
drawback is that the fractured interconnect may remain undetected for a longer
time due to maintained spring contact [13]. On the other hand, active devices based
on the piezoresistive effect can provide more localised details [14-16]. Yet, such an
implementation generally has to make a tradeoff between more piezoresistive cells
and faster data collection, since a single measurement can typically be a lot slower.
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This chapter addresses this challenge by utilising a piezoresistive sensor with a much
higher spatial resolution (2100 piezoresistive cells, arranged in a 70x30 matrix) than
others reported in the literature [17-23] for monitoring the mechanical degradation
of package-to-PCB solder interconnects. First, an efficient software workflow was
specifically designed to optimise the sensor readout time and achieve recording a set
of data from all the cells under five minutes. Then, a Design of Experiments (DoE)
with a four-point bending setup was utilised to study the effect of a combination
of mechanical and thermal loads on the sensitivity of the sensor readouts. Finally,
the test specimens were subjected to a purely mechanical loading condition until
a failure was observed. Based on the experimental data, a correlation between
the stress pattern at the die, which sits right above the two solder bumps, and the
corresponding state of solder crack initiation and propagation was established.

5.2. STRESS SENSING

The selected piezoresistive sensor consists of an N-type mono-doping resistance
piezoresistive module with 2100 cells that are arranged in a 70x30 matrix. Each cell
has a size of 10 umx10 um, and thus, the whole sensor collectively provides a high
spatial resolution. This sensor module (i.e., the semiconductor die) is packaged in a
test component and then assembled on a PCB using the Surface Mount Technology
(SMT) process. For this study, the sensor was packaged in a Wafer-Level Chip-Scale
Package (WLCSP), where the die and the solder bumps are very close to each other,
with only a few Back-End of Line (BEOL) layers between them. This assembly allows
the sensor to record mechanical deformations adjacent to the top surface of the
solder joints. Figure 5.1 shows the schematics of the piezoresistive sensor module.
Its 2100 cells are indicated by the rectangular grid, and the footprint of solder bumps
(circular and dashed lines) and the BEOL layers (light grey lines) are also indicated.

Solder ball 1 v Solder ball 2 v
2 Ref_\ awans

70 Cells

Figure 5.1: The distribution of 2100 piezoresistive cells above the two solder bumps of the WLCSP test
specimen. The two light-blue regions, located not too close to either of the solder joints, the metal pad,
and the package edge, are considered as ‘reference’ cells to calculate the relative change in resistance.
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When the test specimen is subjected to thermal loads, it deforms due to a mismatch
in the Coefficient of Thermal Expansion (CTE) of different sub-layers. Similarly,
a mechanical load, static or dynamic, leads to (plastic) deformation and damage
accumulation. The deformation causes a change in the length of the piezoresistive
path, and hence, changes its resistance. This change can be measured by corre-
lating it to the change in current or voltage. Moreover, the relative change in the
resistivity (Ap/p), or for crystalline semiconductors, the resistance (AR/R), and the
normal stress components (0xy, Oyy, 07,) can be expressed as a linear combination
of each other, scaled using a set of piezoresistive coefficients [16, 24-26]. One such
possible form is indicated in Equation (5.1), where 71, denotes the longitudinal, wt
the transverse, and 7., the out-of-plane piezoresistive coefficient, respectively.

AR
= L, Oxx + 7T Oyy + Mout 07z (5.1)

In this way, the data recorded by the piezoresistive cells arranged in a matrix can
provide a correlation to the map of stress distribution across the surface of the
die. The two blocks of 30 cells marked as ‘reference cells’ in Figure 5.1 are used
later to process the recorded data and visualise the changes in stress distribution
corresponding to only the post-SMT loading conditions. A previous version of this
sensor was utilised in [15], which reports that a single measurement (from all 2100
cells) takes up to 50 minutes. This duration is extremely lengthy for degradation
monitoring during Board-Level Reliability (BLR) tests and needs to be optimised.

5.2.1. SENSOR READOUT OPTIMISATION

To obtain the stress distribution across the entire surface of the die, all 2100 piezore-
sistive cells need to be accessed one by one by address selection, followed by data
processing. Due to the large number of cells, the individual cell-readout becomes
the bottleneck in the measurement workflow. To address this, an intermediate
‘adapter PCB’ was designed and utilised to connect the piezoresistive sensor with a
microprocessor unit, which sends data to a computer that controls, collects, pro-
cesses, and stores the data. The setup also utilises a Source Measurement Unit (SMU)
to control the input current and voltage. Figure 5.2 indicates the measurement setup
and workflow, including the annotations for different ports on the adapter PCB.

A unique addressing technique was engineered to use a 100-bit address signal to
access all 2100 cells. Only when both the row and the column switches are active
(setto ‘1), the ‘force’ and ‘sense’ ports are connected to the desired piezoresistive
cell. A Python program was utilised to handle the address allocation. A stable power
supply of 3.3V was managed and maintained by enabling one DC voltage value with
the Python program, which communicates with SMU using PyVISA library [27].
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Figure 5.2: The flowchart for recording measurements from the piezoresistive sensor. The adapter PCB
has several ports for governing certain signals that are an essential part of the measurement workflow.

Sending the Standard Commands for Programmable Instruments (SCPI) commands
initialises the SMU, setting it to source current while measuring voltage [28]. The
finalised measurement algorithm first selects a cell to measure and acquire its
column number m and row number n. Next, it gives the DC voltage supply between
VDD and GND and feeds the CLK port (corresponding to the clock) with a 100-cycle
square signal. Then, it feeds the address signal simultaneously with the clock signal
from ADDR port, with only the numbers m and (70 + n) of the address signal set
to ‘1’ and the rest to ‘0’. It then sends a current of 50 uA and measures the voltage
between the two sense ports. Finally, it calculates the current value of resistance
based on the measured voltage and known input current and stores the result. This
entire process is repeated until all 2100 cells are accessed.

The measurement workflow was further improved by implementing a waveform
correction to optimise the clock signal frequency. To ensure the accuracy and
reliability of the measurements, a repeatability test was also included in the Python
code. With these optimisation steps, a single measurement from all 2100 cells takes
less than five minutes, achieving a significant reduction in the measurement time.

5.2.2. SENSOR DATA PROCESSING

The optimised measurement workflow generates data when the test specimens
with piezoresistive sensors are subjected to thermal or mechanical load. However,
the sensor still shows non-zero default values under no load, due to the pre-stress
resulting from packaging and SMT processes. To record the changes corresponding
to the applied load (i.e., a relative change), a data processing step must be in place.
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To achieve this, two blocks of 30 cells (indicated in Figure 5.1) are selected as ref-
erence cells. The conductance values are calculated using the reciprocal values of
the measured resistance. Then, the reference conductance value is obtained from
the reference cells. The choice of these cell-blocks is made such that they are not
too close to either of the solder joints. The average value of the selected 60 cells is
used as the reference value for calculating the relative change under the applied
load. Thus, at any loaded stage, the algorithm first calculates and plots all 2100
values relative to the average reference value. Each cell is then assigned a colour
based on the relative conductance value to form a gradient, in which red signifies a
positive value, yellow the zero, and green a negative value. This results in a spatial
plot with a clear gradient and the noise eliminated. Figure 5.3 shows an example of
the difference between a spatial plot of absolute values and that of relative values.
The plots correspond to a state after 50 thermal cycles relative to the first cycle.

Figure 5.3: The qualitative comparison of the conductance data recorded at the 50! cycle of a thermal
cyclic load. The plot above represents absolute values, while the one below represents relative values.
The plot with relative values provides a much better insight into the changes in the stress distribution.

The plots with relative values provide a much better insight into the changes due to
the applied load. Using the AR/R values from each cell and the literature-reported
values of the piezoresistive coefficients [18, 26, 29, 30], a correlation between the
linear combination of normal stress components and the measurement data can be
established (Equation (5.1)). To evaluate individual stress components, a simulation-
assisted verification approach can be employed [31]. Thus, the spatial plots obtained
using relative values can also give a much clearer idea of the stress distribution.
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5.3. TEMPERATURE-COUPLED BEND TEST

The piezoresistive sensor with the optimised measurement algorithm was first
tested in a temperature-coupled mechanical bend test environment. This is an
important intermediate step to characterise and test the component against a static
thermal and mechanical load before utilising it in BLR tests, which typically consider
dynamic loads such as thermal cycling and mechanical vibrations. In this test, the
state of solder joint degradation was monitored under a combination of isothermal
conditions and static mechanical loads.

5.3.1. EXPERIMENTAL SETUP

A four-point bending setup equipped with a temperature chamber was utilised to
characterise the piezoresistive sensor under a combination of thermal and me-
chanical loads. Figure 5.4 shows the schematics of the four-point bending setup
annotated with the dimensions (viz., d1, dy, b, h) and point force F, relevant for
designing the experiments. A load span of 30 mm (i.e., d; = 15 mm) and a support
span of 66 mm (i.e., d» = 33 mm) were utilised. A PCB with a WLCSP equipped with
piezoresistive sensors was utilised as the test specimen, such that the package is
facing downwards. Due to this orientation, the recorded piezoresistive data matrix
needs to be flipped horizontally, i.e., along the shorter edge, before further analysis.

Loading Arms

WLSCP-—BUMP STRESS
BOARD

. Piezoresistive Sensor ,

Figure 5.4: The schematics of the experimental setup for four-point bending with temperature variation.
The test specimen PCB has a WLCSP placed centrally and equipped with the piezoresistive sensor.

According to the bending equations and beam theory, the bending moment remains
constant between the two loading arms at a constant applied static force F. The
Euler-Bernoulli beam equations (suitable for thin beams) lead to the expression in
Equation (5.2) for the maximum bending stress, which occurs at the top-most and
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bottom-most layer of the beam. The shear force is non-zero (and constant) only in
the two regions between a support and a loading arm, and the maximum shear stress
(at the neutral axis of the beam) is given by Equation (5.3). The maximum bending
displacement (vmay) at the centre of the beam-span is given by Equation (5.4), where
Ey is the modulus of elasticity along the x-direction. The displacement vmax Was
considered as a control parameter for applying different mechanical load-steps.

6
(Oxx)max = W F (dy— dy) (5-2)
3F
(Txy)max = bh (5.3)
v :—F(d —dy) 2dy? +2dyd> — di?) (5.4)
max = P (2 2 1a2 —ax .

5.3.2. TEST SPECIMEN

A PCB of the size 84 mmx29 mm was utilised as the test specimen for the four-point
bending experiment. For this study, a single wafer-level chip-scale package contain-
ing multiple piezoresistive sensor modules was utilised and assembled on the test
specimen PCB. Figure 5.5 shows the layout of the die in the WLCSP test package
that contains 8 piezoresistive sensor modules arranged in a 4x2 grid fashion. Each
unit consists of a total of 9 solder joints. The piezoresistive sensor sits above 2 of
those solder joints, while the rest are dedicated to circuit connections.

Figure 5.5: The layout of the die in the WLCSP test package that contains 8 piezoresistive sensor modules
(with different doping) arranged in a 4x2 grid. The module utilised for recording the measurements in
this study is indicated with a red square along with the position of the stress sensor within.
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Seven of the 8 units on the die feature different piezoresistive modules, providing
diverse types of methods for evaluating stress distribution (such as resistance, cur-
rent factor for Metal Oxide Semiconductor (MOS), and saturation collector current
for bipolar transistors). Figure 5.5 highlights the location of the single unit that was
utilised for the data collection and characterisation experiments in this study.

5.3.3. LOADING CONDITIONS

A design of experiments was prepared to expose the test specimen to various com-
binations of thermal and mechanical loads. The DoE considers 11 different tem-
perature steps and 4 distinct mechanical displacements (including the zero dis-
placement). The specimen was exposed to a static mechanical load equivalent of a
0mm, 0.5 mm, 0.75 mm, and 1.1 mm of bending displacement (vmax), along with an
isothermal load of different ambient temperature values between —40°C to 125°C
(viz., -40, -20, 0, 10, 25, 30, 45, 65, 85, 105, and 125°C). The change in resistance
was recorded by the piezoresistive sensor embedded in the WLCSP at various load
conditions, and the previously described data processing workflow was followed.

-40  -20 0 10 25 30 45 65 85 1056 125

0.5

0.75

1.1

Figure 5.6: The design space considered for the temperature-coupled bend test. The rows indicate
maximum displacement vmax (mm), while the columns indicate the temperature (°C). The yellow squares
indicate the final combinations for which the data were recorded within this design of experiments.

Figure 5.6 summarises the DoE and highlights in yellow all the combinations for
which data were recorded. A select number of combinations could be covered due to
practical limitations. During the test, the PCB was first bent, and then the chamber
temperature was adjusted in order to minimise the amount of repeated bending.
After each temperature cycle at a certain displacement, the motor was reset to
the zero displacement position before commencing the next cycle. A complete
spectrum of displacements at 25 °C (room temperature) and 125 °C was captured.
Similarly, data for all temperature steps at 0.5 mm displacement were collected.
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5.3.4. DATA PROCESSING AND ANALYSIS

The recorded data was processed utilising the blocks of ‘reference cells’ for each
reading, as discussed in previous sections. Furthermore, the conductance change
was plotted relative to the reference state of room temperature (25 °C) and zero
displacement, i.e., the (25°C, 0 mm) combination. The resulting plots of all yellow
squares in Figure 5.6 (except the reference state) were analysed, and the following
two key observations were recorded.

(1) Patterns of thermal expansion mismatch:

Initially, only the effect of temperature variation was studied. Figure 5.7 shows
the evolution of the recorded pattern over the considered temperature range (all
subplots are rotated 90° counterclockwise) with a bending displacement of 0.5 mm.

-20°C 0°C 10°C 25°C 30°C

125°C 105°C 85°C 65°C 45°C

. 0 - Relative change of conductivity (%)

Figure 5.7: The evolution of the piezoresistive sensor measurements (i.e., the relative change of conduc-
tance) over the considered temperature range and with a maintained bending displacement of 0.5 mm.
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A significant change in the stress pattern is observed from low to high temperature
values. The region under the left bump (bottom in the figure) first recovers from
the green shade with the increasing temperature and then turns red. This sign
change of conductance signifies the change in direction of the mechanical stress
components, predominantly the bending stress in axial direction (i.e., o).

Itis evident that this occurs due to out-of-plane deformation caused by the mismatch
in thermal expansion (CTE-mismatch) of the different involved materials. At low
temperatures, the solder joint can stretch the die towards the centre of the die;
whereas at high temperatures, the stretch is in the other direction. In addition to
showing the changes in the effective stress pattern, this enables visualising the
warpage behaviour of the die/package under the influence of temperature variation.

(2) Higher sensitivity towards a combined loading:

The effect of purely mechanical load was also studied using the configurations cor-
responding to the columns corresponding to 25°C and 125 °C in Figure 5.6. Neither
of the two cases showed a significant change in the recorded pattern. For the four
cases corresponding to 25 °C, the change from 0 mm to 1.1 mm displacement was
nearly linear, whereas all non-zero displacement configurations corresponding to
125 °C showed nearly the same pattern. This indicates a non-linear relationship at
higher temperatures, where the recorded pattern first shows significant changes at
smaller displacements but then remains nearly unchanged.

The effect of a combined thermal and mechanical load was also studied by com-
paring it with their individual effects. Figure 5.8 shows this comparison for the
configuration for 125 °C and 1.1 mm bending displacement. The top subfigure refers
to the aforementioned combined loading. An artificial superposition of the two
configurations (125 °C, 0 mm) and (25 °C, 1.1 mm) was created using the sum of the
values in each corresponding cell of their recorded patterns. This is depicted in the
bottom subfigure of Figure 5.8. A pattern with values slightly more towards both
extremes was observed for the combined load. This can be visually confirmed from
the marginally darker shades of red and green in the first pattern (top) in Figure 5.8.

Out of the total of 290 full cells within the footprint of the right solder ball (i.e., the
outer dashed circle on the right), close to 50% of the cells show an increase in the
relative conductance change (measured in percentage) by 0.1 (where the total range
is from -0.5 to +0.5). It indicates that a coupled thermal and mechanical load results
in a more severe stressed state than the superposition of the individual effects. As
electronic components are often subjected to multiple simultaneous environmental
and operating loads [32], an in-situ measurement provides much more accurate and
valuable information about the thermomechanical stresses within the component.
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(125 °C, 1.1 mm)

(125 °C, no displacement) + (room temperature, 1.1 mm)
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Figure 5.8: The comparison of the spatial plots obtained from a temperature-coupled bend test configu-
ration (top) with that of a superposition of corresponding individual purely thermal and mechanical
load configurations (bottom). The combined load configuration shows a slightly more stressed state.

5.4. MECHANICAL BEND-TEST UNTIL FAILURE

The temperature-coupled bend test included mechanical loads equivalent to up to
1.1 mm of bending displacement, which did not show a significant change in the
recorded pattern. Thus, a purely mechanical bend test at room temperature (25 °C)
was carried out until a failure in solder joints was observed. The same four-point
bending setup and measurement workflow were utilised. The considered vmax
values range from 0.5 mm to 10 mm. After reaching each selected displacement, the
fixture maintained that position until two measurements were conducted. Collected
data was processed and analysed relative to the 0 mm displacement configuration.

In order to have an effective comparison, a path formed by a single row (number 15
from the top) of cells was selected, which coincides with the horizontal diameters
of both solder bumps. The change in conductance was plotted for all cells along
this path, and this was repeated for all the considered displacement values.
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Figure 5.9 shows the comparison of the obtained plots. The plots gradually move
down until vy = 3 mm, and then a trend reversal is observed, which is indicated
by yellow arrows in Figure 5.9. Moreover, a peculiar fluctuation in values was also
observed between column numbers 45 and 50 (highlighted with a red rectangle in
Figure 5.9) in the plots corresponding to displacements larger than 3.5 mm. This
location is the inner edge of the right solder joint.
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Figure 5.9: Plots of the conductance change along a path formed by a single row (number 15 from the
top) of the piezoresistive cell matrix that coincides with the diameters of both solder bumps. A trend
reversal (yellow arrows) is observed after 3 mm of bending displacement (vmax), and a high fluctuation
in readings (red rectangle) between column numbers 45 and 50 indicates the existence of a crack.

To investigate further, cross sections of the test specimen were studied under a
SEM. A crack propagated in the region of the PCB-solder interface was observed.
Thus, it was concluded that the sudden change in the trend of conductance data
and the localised fluctuation of values correspond to the mechanical crack. The
piezoresistive patterns, corresponding to mechanical stresses, change due to the
release of surface energy during crack initiation and propagation.
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Figure 5.10 shows the cross-section image observed under a SEM, and the location
of the crack. The corresponding change in the recorded pattern before and after the
crack initiation (vmax = 2 mm and 4 mm, respectively) are also indicated. It shows
that a failure can be detected using the patterns generated by a piezoresistive sensor.

4a40000
4000
PR R PR RIS

. = - Relative change of

conductivity (%) Sold y
older
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Figure 5.10: Spatial plots recorded by the piezoresistive sensor before and after the crack initiation
(corresponding to the bending displacement of 2 mm and 4 mm, respectively). The cross section observed
under a SEM indicates the crack position in the region next to the inner edge of the right solder bump.

Moreover, the patterns captured by the sensor at the stages before the crack was
initiated were also further studied. They showed a concentration of extreme con-
ductance values (hinting at stress concentration) around the inner edge of the right
bump. This shows that the evolution of ‘stress’ patterns can serve as an indication
of failure before it occurs.
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CONCLUSION

This study utilises a piezoresistive sensor with a high spatial resolution of 70x30
cells. Due to the large number of cells, the sensor readout time can become the
bottleneck in recording data during the BLR tests. Thus, an optimised workflow
was developed to bring the complete readout time under five minutes. With the
developed time-optimised measurement workflow, this sensor can be practically
used for real-time health monitoring of microelectronics. Moreover, depending on
the choice of packaging, it can enable monitoring of different layers of an electronic
component, in the same way the unique construction of a WLCSP enabled in-situ
monitoring of solder bumps in this work.

The spatial plots of conductance change provide more detailed and localised infor-
mation compared to other condition monitoring techniques for solder joints. The
spatial plots reflect the changes caused by applied loading conditions. A coupled
thermal and mechanical load appears to have a greater impact on resulting stresses
compared to an artificial superposition of the individual effects. This aspect un-
derlines the importance of considering combined loading conditions in reliability
testing and their significance in the calculation of component lifetime. This aspect
can be further investigated by using additional combinations of coupled loads and
by including additional loading factors, such as exposure to humidity.

The design of experiments involving a combined thermal and mechanical loading
indicates that the mechanical stresses show more sensitivity towards temperature
changes in the considered range than the mechanical loads (i.e., bending displace-
ments). Based on the recorded data, the mechanical stress components can be
evaluated and visualised by processing the spatial plots of conductance change and
utilising the literature-reported values of the piezoresistive coefficients. However,
these coefficients should be validated for the chosen test specimen/device. This can
be done in a simulation-assisted manner using a Finite Element-based model of
the test specimen and correlating the stress values to the experimentally gathered
data. This step is crucial while transitioning from the ‘instance’ to the ‘aggregate’
(i.e., from DTP to DTA) phase of a Digital Twin.

The spatial plots obtained during the purely mechanical bend test with larger dis-
placements not only helped in detecting a failure (i.e., the crack initiation) but
also in determining the location of the defect. This unique functionality of the
piezoresistive sensor has great potential in applying an edge-based data-driven
in-situ monitoring effectively for failure detection and prediction in the DTA phase
of the two-branched Digital Twin-based PHM workflow.
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REDUCED-ORDER MODELLING
FOR COMPACT DIGITAL TWINS

Model order reduction techniques are developed and utilised to make numerical simulations
more efficient. The use of Reduced-Order Models (ROMs) also enables data exchange with
external parties without disclosing the sensitive information present in a Full-Order Model
(FOM). It is crucial to optimise for both the efficiency and accuracy of a ROM to keep a
minimal deviation from the FOM. The complexity of a ROM-based simulation depends on
the definition of the ROM as well as its connection with the remaining FOM. This chapter
investigates the effect of different ROM-FOM interface definitions for a test case consisting
of an electronic package-on-PCB assembly. A virtual Design of Experiments (DoE) was
carried out with a total of 41 cases, considering three different locations and up to four
different constraint equations for the ROM-FOM interface. The effect on the accuracy and
time-efficiency of the ROM-based thermomechanical simulations is compared to that of the
full Finite Element (FE) model. The ‘deformable’ configuration for the interface generally
showed the most accurate results, while the ‘rigid’ configuration was the most efficient
across the board. The ‘beam’ configuration did not always follow an expected trend based
on the order of elasticity values of the assigned materials. Based on the deformation results
and the time associated with ROM generation and use-pass, multiple optimal solutions
from the DoE are discussed. Finally, the effect of increasing the complexity of the ROM-
FOM assembly, with 129 interface nodes (instead of 4) along with a more complex package
geometry, on the simulation accuracy and efficiency is studied, and the practicality of
ROM-integrated FOM simulations is discussed.

Parts of this chapter have been published in the proceedings of IEEE EuroSimE Conference (2024) [1].
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6.1. INTRODUCTION

Digital Twinning for PHM requires preparing a range of models at different scales.
They vary from high-fidelity, large models that require more computational re-
sources to run and can provide more accurate results and better predictions, to low-
fidelity, compact, and efficient models that can run on edge-computing hardware
and provide faster results. This applies to both the physics-based and data-driven
approaches within the two-branched Digital Twin architecture (refer Figure 2.8).
Compact models are particularly handy for mass deployment in the form of a Digital
Twin Aggregate (DTA) and can be created from high-fidelity, more accurate models
and data. This is realised using different Model Order Reduction (MOR) techniques.

Compact models can be of several kinds, and there are several mathematical work-
flows to obtain them [2, 3]. They can be prepared from a larger set of data or existing
larger models and, therefore, are their lower-dimensional versions. They can be
categorised in different ways. Based on the utilised method for MOR, they can be
classified as projection-based, multi-fidelity (adjusting fidelity on the fly), response
surface-based meta models, multi-scale sub-models, and equivalent lumped models
(e.g., Lumped Parameter Model (LPM), Simulation Program with Integrated Circuit
Emphasis (SPICE) models) [4-6]. In terms of the two branches of DT modelling,
compact models can also be either data-driven or physics-based.

Reduced-Order Models (ROMs) can take the following forms:

+ Data-driven compact models from larger purely data-driven models
(e.g., Artificial Neural Network (ANN)-based/other response surfaces)

« Data-driven models trained on physics-based models
(e.g., physics-informed ML or PINNs-based models)

+ Empirical analytical models based on experimental data
(i.e., empirical analytical regression/meta models)

« Physics-based models created from experimental data
(i.e., physics-based analytical regression/meta models)

« Physics-based compact models from larger physics-based models
(e.g., LPMs, SPICE models, and reduced FE models)

For microelectronic systems, physics-based compact modelling is relevant in the
electrical, thermal, and mechanical domains. However, existing MOR techniques
and commercially available tools are mostly limited to the electrical [7, 8] and ther-
mal domains [9-11]. It becomes tricky when such models are expected to capture
the effects of these domains interacting (e.g., thermomechanical properties). The



6.1. INTRODUCTION 125

domain of thermomechanical compact models is relatively new, and there is limited
research and tools available for such models [12-16]. The thermomechanical be-
haviour of an electronic system can affect its functional lifetime and, thus, is crucial
to be included in the prepared ROMs aimed at reliability assessment and PHM. This
chapter delves into physics-based ROMs in the thermomechanical domain.

Among various physics-based computational methods, Finite Element Method
(FEM) is widely used for modelling and analysing thermal, mechanical, and elec-
trical behaviour of electronic packaged components and associated electronics-
enabled systems. The computational resources and simulation time required by
a complex Finite Element Analysis (FEA) can be cut down by using a reduced FE
model of a certain (sub)component or (sub)system within an electronic assembly.
Such ROMs tend to have lower accuracy compared to the Full-Order Models (FOMs)
and are primarily considered for improving the model efficiency [17-21]. Counter-
intuitively, FE-based ROMs in the thermomechanical domain can be more com-
putationally expensive in practice with the existing infrastructure of the available
methodologies and developed software. The efficiency and the accuracy of such
a ROM often compete with each other and cannot be achieved at the same time
[22]. Therefore, it is important to choose a ROM which strikes a balance between
running efficiently and attaining acceptable accuracy. Another important and yet
commonly overlooked advantage of a ROM is Intellectual Property (IP) protection.
They are particularly handy for exchanging data with external parties without the
need to share detailed models [23]. Thus, when protecting sensitive information is
a priority, the use of compact models is not just a matter of choice, convenience,
or resource availability but becomes a necessity. Thus, optimising for the model
efficiency is an essential aspect of using physics-based (FEM-derived) ROMs.

The computational complexity of a ROM primarily depends on the definition of
its subspace and the utilised model order reduction technique. There are several
MOR techniques, such as Krylov Subspace [12, 24-29], Component Mode Synthesis
[29, 30], Proper Orthogonal Decomposition [31-33], Static Condensation [34, 35],
etc. Moreover, for a certain reduction technique, the complexity varies based on
the choice of the ROM-FOM interface, which defines where and how the ROM (sub-
component) is connected to the rest of the FOM (component). This chapter focuses
on this particular aspect and addresses it by investigating the effect of the ROM-FOM
interface definition on the accuracy of the results compared to that of a full Finite
Element (FE)-based model while optimising for the efficiency of the computation.

First, a workflow of creating a Super Element (SE)-based ROM of an electronic
package is presented. Then, the ROM-FOM interface, i.e., the connection between
the package ROM and the remaining FOM (solder + PCB) was defined using different
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definitions of the constraint equations and at three different layers within the pack-
age. A Virtual Design of Experiments (VDoE) was carried out for a total of 41 cases of
ROMs, and the results are compared with those of the original FOM of the complete
package-PCB assembly. The accuracy of the thermomechanical deformation and
the time-efficiency of the simulations were compared, and the possible optimal
cases are discussed. Finally, the established workflow is implemented for a more
complex package-on-PCB assembly with a significantly higher number of interface
nodes along the ROM-FOM interface, and the effect on the result accuracy and
simulation efficiency is studied.

6.2. FINITE ELEMENT-BASED FOM

Initially, a test case of a package-on-PCB assembly was prepared using FE modelling.
Figure 6.1 indicates the model geometry, which considers a single Quad Flat No-leads
(QFN) package with a centrally placed silicon die attached to copper Lead-Frame (LF)
using die-attach adhesive. In addition, there are copper pads at each corner of the
package, and this sub-assembly is encapsulated by Epoxy Moulding Compound
(EMC). The package is connected to the PCB using four solder interconnects at its
corners. The PCB is modelled as a homogenised equivalent layer.

The main objective of the prepared FE-model is to simulate the thermomechanical
behaviour of the considered electronic system and utilise the workflow to evaluate
thermal stresses in solder joints for the estimation of fatigue lifetime. Considering
this goal, the four landing pads (copper) embedded into the PCB were modelled
separately to make the region surrounding the solder joints more detailed for better
accuracy. Moreover, the package geometry is prepared such that a ROM-FOM
interface can be defined at different layers within the package, keeping the solder
joints and PCB always a part of the remaining FOM.

A cyclic thermal load induces the accumulation of damage in solder material due to
plastic strains and eventually leads to fatigue failure. This is governed by warpage
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leadframe (LF) with the die- [ sac30s (0311}
attach (adhesive) and encapsu- !

lated with EMC. Four solder 2

joints connect the copper pads /

of the package and PCB.
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Joints —
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Figure 6.2: The out-of-plane deformation (i.e., warpage) of the solder-PCB subassembly in the original
Full-Order Model (FOM) under a temperature variation from 125 °C to —40 °C. This spatial plot is used as
the reference for benchmarking the accuracy of different cases of ROM-based simulations.

(i.e., the out-of-plane deformation) due to the CTE mismatch between different
materials in the assembly. It is crucial to get the failure prediction from a ROM-
based simulation, the same as or as close to the FOM. Therefore, the warpage plot of
the solder-PCB sub-assembly was utilised for benchmarking the accuracy of ROM-
based models. Figure 6.2 shows the spatial plot of the out-of-plane deformation for
the FOM under a temperature variation from 125°C to —40 °C. This plot is used as
the reference for comparing the results of different ROM-based simulation cases.

6.3. SUBSTRUCTURE-BASED FEA (ROM)

A substructure-based approach was utilised to create an equivalent compact model
of the package, considering it as the target IP to be protected. This method generates
a superelement of the package subassembly. Figure 6.3 shows the cross-sectioned
geometry of the package-on-PCB test case with annotations for all material layers
and the three considered locations for the ROM-FOM interface.

6.3.1. SUBSTRUCTURE GENERATION

First, the entire system assembly was partitioned by defining the ROM-FOM inter-
face at one of the three different locations - (1) between package-leadframe and
solder joint, (2) within the package-leadframe, and (3) between package-leadframe
and moulding compound, as indicated in Figure 6.3.
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ROM-FOM o N Solder Joint Die-Attach Solder Joint
Interfaces Mold Compound o . Lead-Frame
Silicon Die (Package)

| | . Copper Pad

Figure 6.3: The cross section of the test case assembly indicating different layers of materials and the
three considered locations of the ROM-FOM interface (viz., Interface 1, Interface 2, and Interface 3).

Next, the steps for substructure generation were carried out on the package side
of the geometry. Four surfaces were defined as the scope geometry for creating
master nodes of the resulting superelement. For example, the lower surface of
each copper pad of the package became the scoped geometry for the Interface 1. For
simplicity and efficient simulations, each scoped geometry was assigned only one
master node with six Degrees of Freedom (DoF). This step connects each node on
the scoped geometry’s FE mesh to the respective master node using Multi-Point
Constraint (MPC) equations. MPCs are the set of additional equations that map the
DoF of the scoped nodes to those of the respective master nodes.

Figure 6.4 shows the schematic representation of how a scoped geometry is con-
nected to a master node using a set of equations (¥PC_1), which forms the SE-based
ROM of the package subassembly. For this study, three main types of MPCs were
considered - deformable, rigid, and beam. A deformable relation makes the DoF of
master nodes dependent, with only 6 MPCs, while a rigid relation makes the DoF of
81 scoped nodes dependent, with 486 (6x81) MPCs.

Figure 6.4: A schematic representation of @~ ="~~~ ""T""TTTTTTTTTTo oo T oo
two sets of multi-point constraints (MPC) for
the ROM-FOM interface. ¥PC_1 connects the
scoped geometry to master nodes to form a
superelement-based ROM, and #PC_2 connects
the ROM substructure to the remaining FOM.

Scoped Geometry (Package)

Superelement (ROM)

Multi-point
Constraints MPC_1
""""" Master Node(s)
ROM-FOM
Interface MPC_2

Remaining FOM (Solder/PCB)
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A beam relation acts as a beam (finite) element with a defined circular cross section
and assigned material properties. For every beam definition, the cross-sectional
diameter was kept the same as the side of the square copper pad, and one of the
interface materials was assigned. For example, a beam MPC for the Interface 3 could
have EMC and LF (copper), while only LF could be assigned to the Interface 2 MPC.

Then, a matrix reduction step was defined, which removes the dependent DoF
applicable for the chosen MPC relation using static condensation. The goal of the
SE generation step is to obtain the effective load vector to be applied to the remaining
FOM. A thermal load vector corresponding to a unit temperature difference (i.e.,
AT =1°C) was obtained from this step by exporting the resulting substructure file.

6.3.2. ROM INTEGRATION AND LOAD VECTOR

A new simulation project was created from the original FOM for utilising the pre-
pared ROM. Based on the location of the interface for each case, the package geome-
try was excluded. The thermal load conditions were kept identical for the remaining
FOM. Then, the generated ROM substructure of the package was imported and tied
to the rest of the FOM geometry, i.e., the PCB, solder joints, and the remaining pack-
age subcomponents (if applicable), using another choice of MPC relation (¥PC_2).
Figure 6.5 shows the integrated ROM, represented by only the geometric outer
boundary (wireframe) of the package, keeping the inner layers completely hidden.

At the same time, an effective load is applied at the master nodes, which now scope
the corresponding surfaces on the other side of the ROM-FOM interface. The same
set of MPC definitions (deformable, rigid, and one or more beam configurations) was
utilised. The default thermomechanical load (force and moment) exerted by the
imported ROM corresponds to the package deformations due to a unit temperature
increase (i.e., AT = 1°C). Thus, a custom subroutine (refer Appendix B) was utilised
to scale the thermal load vector as a function of temperature at different time steps
[36], matching the temperature profile applied to the FOM subassembly.

Figure 6.5: An example of the
integrated ROM substructure Package ROM
of the package (for Interface Master Nodes (wireframe)
3), which hides the inner lay-
ers completely. The effective
thermomechanical load vector
is applied at the master node
connections between the ROM
and the remaining FOM.
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The mathematical representation of the effective thermomechanical load scaling
is given in Equation (6.1), where K is the global stiffness matrix of the remaining
FOM, u is the displacement vector, f is the load vector due to applied thermal load
conditions, f glom is the default load vector from ROM due to the AT = 1°C, and w(T)
is the temperature (T)-dependent scaling parameter. Note that the temperature-
dependent properties for the materials in the remaining FOM (e.g., solder) also
scale the K matrix as per the applied thermal condition.

K-u=f"+wm- o, (6.1)

6.4. VIRTUAL DESIGN OF EXPERIMENTS

A virtual design of experiments was created based on all possible combinations of
the location of the system partition and the two sets of MPC definitions applicable
for the chosen ROM-FOM interface. The simulation results are compared with
those of the original FOM (indicated in Figure 6.2) to find the most accurate cases,
and the required computational time was also compared. The DoE results data are
summarised in Table 6.1 and Table 6.2, where B-Sol, B-LF, and B-MC indicate a beam
MPC definition utilising the material properties of solder, leadframe (copper), and
moulding compound (EMC), respectively.

Table 6.1 shows the variation of the accuracy of ROM-based simulations by com-
paring the percentage deviation of the maximum warpage value with respect to
0.041 83 mm of the original FOM. Table 6.2 shows the comparison of model efficiency
by comparing the surplus computation time in seconds of the ROM-based simula-
tion with respect to 14.797 seconds for the original FOM. Note that this particular
comparison only considers the time required for the SE use-pass, i.e., the substruc-
ture generation time is excluded. Substructure generation time for all definitions
of MPC_1 remains close to the 30-second mark for the Interface I and Interface 3,
whereas it is around 40 seconds for the Interface 2. Figure 6.6 shows the comparison
of spatial plots of warpage of the remaining FOM for all combinations of the MPC
definitions for the Interface 1. Similar plots for Interface 2 and Interface 3 were also
obtained and are indicated in Figure B.1 and Figure B.2, respectively, in Appendix B.

VDOE RESULTS AND DISCUSSION

The results obtained from the VDoE are compared for the quality and efficiency of
the ROM-based simulations. The data in Table 6.1 and Table 6.2 are classified into
several zones (denoted by colours) to highlight the observed trends. The reasoning
behind a few MPC combinations is discussed, and the possibilities of an overall
optimal solution are explored.
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Figure 6.6: The comparison of spatial plots of warpage (identical scale as Figure 6.2 for all subplots) of
the solder-PCB subassembly (remaining FOM) for all combinations of the MPC definitions for Interface 1.

The trends in Table 6.1 show that for all three interfaces, the inclusion of a rigid
configuration in any of the ¥PC_1 and ¥PC_2 definitions gives the least accurate
results. This is because a rigid configuration retains the original shape of the scoped
geometry [36], which restricts thermal expansion in some ways and produces unre-
alistically high thermal stresses. Thus, a rigid configuration is not the most suited
for thermomechanical problems. On the other hand, it significantly increases the
time-efficiency of the SE use-pass, as indicated in Table 6.2. This also holds true
for the time required for SE generation (not included in Table 6.2) for all three
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Table 6.1: The percentage deviation of the maximum warpage value of the ROM-based simulation with
respect to 0.04183 mm of the original FOM.

Legend:
| <5% | 510% | 10-15%

(a) Interface 1: between Package-LF and Solder Joint

MPC2 —
MPC1] | Deform B-Sol B-LF | B-MC | Rigid
Deform -2.93 2.94 6.79
B-Sol 1.13 6.97 | 10.79
B-LF 2.48 8.31 12.13
B-MC
Rigid 4.92 10.74 | 14.55

(b) Interface 2: within Package-LF

MPC2 —
MPC1] Deform B-Sol B-LF B-MC Rigid
Deform -0.82 5.10 10.39
B-Sol
B-LF 6.50 12.42
B-MC
Rigid 12.67

(c) Interface 3: between EMC and Package-LF

MPC2 —
MPC1| | Deform B-Sol B-LF | B-MC | Rigid
Deform 1.33 3.48 5.55 9.19
B-Sol
B-LF 6.71 8.78 | 10.88 | 14.52
B-MC 10.19 12.29 | 14.39
Rigid

interfaces. It can be explained by the fact that a rigid definition treats all the scoped
nodes as dependent, which eliminates a large number of DoF and greatly reduces
the size of the stiffness matrix, requiring fewer computational resources.

The inclusion of the deformable configuration generally keeps the accuracy high.
With a deformable definition, FEM solver keeps the DoF of the scoped nodes indepen-
dent, making it the same in number as in the original FOM. Thus, it does not gain
much of an advantage in efficiency over the rigid configuration, which is evident
from the data in Table 6.2. Among various MPC combinations of the considered
cases, the deformable-deformable configuration shows one of the most accurate re-
sults (see Table 6.1). But this consistency doesn’t translate to its time-efficiency, as
shown by quite inconsistent trends in Table 6.2 across the three interfaces. There-
fore, the suitability of the deformable configuration seems to be material dependent.
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Table 6.2: The surplus computation time in seconds of the ROM-based simulation (use-pass only) with
respect to 14.797 seconds for the original FOM.

Legend:
| <40% | 40-50% | 50-60%

(a) Interface 1: between Package-LF and Solder Joint

MPC2 —
MPC1| | Deform B-LF | B-MC | Rigid
Deform 5.00 8.39 4.45
B-Sol 6.44 8.80 6.41
B-LF 5.81 8.34 6.17
B-MC
Rigid 5.02 7.31 7.20 4.73
(b) Interface 2: within Package-LF
MPC2 —
MPC1| | Deform | B-Sol B-LF | B-MC | Rigid
Deform 7.25 7.06 5.50
B-Sol
B-LF 7.56 7.14
B-MC
Rigid 7.61 7.95 8.14
(c) Interface 3: between EMC and Package-LF
MPC2 —
MPC1| | Deform

Deform

B-Sol

B-LF 8.78
B-MC 8.59
Rigid 5.89

The results in Table 6.1 collectively indicate that it is important to consider the
configuration of the interfacing layers while choosing an optimal MPC relation pair.
The suitability of an MPC definition also depends on the material properties of the
respective scoped geometries. For instance, consider all the combinations of the
deformable and rigid definitions for the Interface 1. It involves copper and solder, the
former of which is much stiffer than the latter, with a ratio of the elasticity moduli
(ELp/ Eso)) ranging from 4:1to 2.25:1.

The rigid-deformable configuration pair works well with a less than 5% deviation of
warpage with respect to FOM. Similarly, when the location of interface is moved
to between the EMC and LF (Interface 3), the stiffness ratio of the scope geometry 1
and 2 (Egmc/ Evr) is 1:6, much lower compared to that of the Interface 1. The rigid-
deformable configuration for this is one of the worst combinations for the accuracy.
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The same logic justifies the case where these MPC relations are swapped (the de-
formable-rigid configuration pair) being much worse for Interface 1 (nearly 15% devi-
ation) and slightly better for the Interface 3. This proves that the rigid configuration
could be considered when a relatively stiff material is involved and should only be
assigned to that scoped geometry. It can be paired with a deformable configuration
if the other scoped layer has a relatively much lower stiffness.

A beam configuration sits in between the rigid and deformable configurations in terms
of accuracy of results. However, the trend does not always follow an expected trend
based on the increasing order of material stiffness values (which is EMC, solder,
and copper). For the Interface I (Table 6.1(a)), the colour trend clearly shows that the
result accuracy of the beamSol and beamLF configurations fits perfectly between the
deformable and rigid configurations in the order of their relative stiffness values. This
can be observed in the spatial plots shown in Figure 6.6, where a gradual increase
in the out-of-plane deformation is observed as a function of increasing the column
and row number.

For the Interface 3 results (Table 6.1(c)), the order of decreasing result accuracy
is followed only if beamEMC is placed after beamLF, which is the opposite of the
order of relative stiffness. One of the reasons is that the EMC has a slightly lower
CTE than LF, which allows less thermal expansion for the beamEMC configuration.
In addition, EMC occupies a large volume in the package compared to any other
material. These two aspects combined put beamEMC closer to the rigid configuration
than beamLF in terms of accuracy. In other words, a much higher volume fraction
of EMC and a slightly lower CTE compensate for its lower stiffness. Thus, the quality
of results also depends on a combination of material properties (stiffness and CTE)
and the relative share of the chosen interfacing material in the ROM geometry.

The beam configuration, by its definition, serves as a ‘spot weld’ joint and is more ef-
fective for geometries with a smaller width-to-thickness ratio [36]. The solder joints
and leadframe copper pads utilised in this test case have a much larger width-to-
thickness (height) ratio of 10:1. Thus, a beamn configuration would be more effective
for a geometry containing, e.g., a solder joint with smaller dimensions and higher
standoff height, which is used in a new test case described in the following section.

Multiple cases in the DoE could be chosen as the overall optimal solution based
on the deformation results and the time associated with the ROM use-pass. For
example, all four cases with ¥PC_2 set to deformable for the Interface 1 show the
least deviation from FOM for the results and the surplus time. The deformable-
deformable pair for the Interface 2 is the global optimum for accuracy and also gives
an acceptable time-efficiency. The beamLF-deformable and beamLF-beamLF are the
only combinations for the Interface 3 with a good balance of accuracy and efficiency.
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6.5. ROM-FOM INTERFACE FOR COMPLEX TEST CASES

The presented VDoE considers a rather simpler package-on-PCB assembly. While it
was necessary to obtain an overview of the ROM-FOM interface selection, it does not
necessarily fully comment on the effectiveness of the FE-based compact models for
more complex electronic assemblies and the accuracy and efficiency of their ROM-
integrated FOM simulations. Thus, the established workflow was implemented on a
new, more complex test case.

The new test case also comprises a package-on-PCB assembly, which includes the
same package corresponding to the 3000 h of thermal ageing stage, previously devel-
oped in Chapter 3. The CAD geometry includes a flipchip BGA package (including
the detailed models of copper pillars, solder interconnects, and a multi-layered
substrate within the package) with a total footprint of 14 mm x 14 mm, assembled
centrally on a PCB (with four times the area of the top surface) using cylindrically
shaped solder joints. The solder joints have a much smaller width-to-thickness (i.e.,
diameter to height) aspect ratio of = 1.43 than that of the previous test case. Due to
symmetry, a quarter model is utilised for this analysis. Figure 6.7(a) and (b) show
the model of the package-on-PCB assembly (quarter geometry) and the detailed
package geometry with several aforementioned layers within.

(a) Full-Order Model: Package-on-PCB (b) Package Geometry: Flip-chip BGA

(d) Remaining FOM

Figure 6.7: The second test case for the ROM-FOM interface - (a) the quarter geometry of the full-order
model of the package-on-PCB assembly, (b) detailed model of the flipchip BGA package (representing
3000 h of thermal ageing of EMC) with copper pillars, solder caps, and a multi-layered substrate within
the package, (c) ROM-integrated FOM with 129 interface nodes located on top surfaces of the cylindrically
shaped board-level solder interconnects, and (d) the solder-PCB subassembly, i.e., the remaining FOM,
with the PCB top surface indicated in red and used for warpage calculation.
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The ROM-FOM interface was defined between the package metallisation layer and
the board-level solder joints (similar to the Interface I indicated in Figure 6.3), using
the same principle of multi-point constraints (previously described in Figure 6.4).
A total of 129 master nodes were defined connecting the corresponding scoped
geometries on either sides, i.e., the bottom surface of the bottom-most metallisation
layer within the package (Core M3) and the top surface of each solder joint, to define
the MPCs, ¥PC1 and MPC2, respectively. Note that on each side, the total of 129
scoped geometries includes 15 semicircular faces due to the fact that the model
geometry is sectioned along the planes of symmetry. Figure 6.7(c) and (d) show the
ROM-integrated FOM and the solder-PCB subassembly (i.e., the remaining FOM).

The outcomes of the VDoE on the previous test case indicate that the results corre-
sponding to ¥PC1 with the deformable configuration are overall better than the rest,
in terms of both accuracy and efficiency. Thus, only the deformable configuration
for the SE generation pass (i.e., for ¥PC1) was considered for the new test case.
Whereas, all four possible options - deformable, rigid, BeamSol, BeamCoreM3 - for
the SE use-pass (i.e., for ¥PC2) were taken into consideration. A thermal load from
180°C to —40 °C was applied with several steps in between with a maximum interval
of 25 °C. For the SE use-pass, the script for scaling the load vector was implemented
after adapting it for the new thermal load. The top surface of the PCB (marked in
red in Figure 6.7(d)) was utilised for the calculation of out-of-plane deformation.

6.5.1. ACCURACY COMPARISON

Figure 6.8 shows the warpage comparison of all considered cases at —40 °C. All of
the ROM-integrated FOM configurations depict a similar warpage trend to that of
the full-order model without any large discrepancies. The deformable-deformable
configuration manages to produce results with =~ 10% deviation for the maximum
deformation values while keeping the diagonal symmetry of results consistent
across all temperature steps. Both beam configurations show an even smaller, ~ 5%,
deviation, but lose the diagonal symmetry of the results. The rigid configuration, as
expected from the previous DoE, shows the most, ~ 20%, deviation from the FOM.

A similar trend is observed for temperature values up to 75 °C. Above this, in the
glass transition region of the pristine and oxidised EMC, the gap between the defor-
mation of any ROM-integrated FOM configuration and that of the FOM widens, with
ROM-FOM showing more deformation than that of the FOM. As the temperature
descends from 180 °C, the deformation of FOM scales non-linearly, starting with
no deformation at 180 °C, increasing in magnitude with a smaller rate up to 125°C,
and then continuing the increase with a much larger slope. This artefact can be
explained by the temperature-dependent and non-linear material properties of the
involved materials, primarily the EMC.
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Figure 6.8: The comparison of spatial plots of warpage of the solder-PCB subassembly (remaining FOM)
at —40 °C for all combinations of the MPC definitions for the new test case with a flipchip BGA package.
Compared to FOM, the deformable-deformable configuration has = 10%, and the deformable-rigid configu-
ration has =~ 20% deviation for the maximum deformation values, while retaining the diagonal symmetry.
Both deformable-beam configurations show =~ 5% deviation but lose the diagonal symmetry of the results.

On the other hand, the deformation in ROM-integrated FOM scales linearly, because
of the linear material properties of the remaining FOM and linear scaling of the
superelement load vector. Another reason for an acceptable match of results in
the range —40°C to 50 °C is that the SE is prepared around 0 °C (i.e., the reference
temperature for the SE generation pass is set to 0 °C), with a thermal load AT = 1°C.
This setting assumes the values of material properties at the reference tempera-
ture, and the load vector is linearly scaled, without considering any temperature
dependency. This is an expected side-effect of using a ROM with a single, linear SE.

This limitation regarding the non-linear effects can be overcome by three different
ways - (i) non-linear scaling of the load vector, (ii) using a superposition of multiple
linear SEs that are generated at several different reference temperature values
within the range of the intended thermal load, and (iii) generating a temperature-
dependent SE which would involve directly scaling the stiffness matrix of the SE
(package ROM) instead of linearly scaling the resulting load vector. The effect on
accuracy can be further analysed by defining multiple master nodes per interface
(i.e., scoped geometry) and exploring other shapes and aspect ratios of solder joints.
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6.5.2. EFFICIENCY COMPARISON

In terms of simulation efficiency, the new test case is particularly important because
the package that is being reduced to a superelement is in itself a complex, intricate
geometry requiring a fine FE mesh. In this case, the full package-on-PCB assembly
(FOM) consist of 3D finite elements with 2576562 DoF, while the package (i.e., the
target geometry for SE generation) comprises 1638750 DoF. Therefore, the package
itself consists of more than 60% of the total FE model. This has an effect on the
efficiency of the ROM-integrated FOM simulation.

Since the full model in the new test case is much more complex than the first test
case, it takes more time to compute, which is expected to reduce the time gap
between the original FOM and the ROM-integrated FOM simulations. In fact, the
SE generation pass takes nearly the same (= 500s) as that of the entire FOM while
running on a High-Performance Computer (HPC), while all SE use-pass cases take
less than 60% of the time that of the FOM. Thus, the time taken for the SE use-pass
determines the overall model efficiency.

Considering the time taken for the SE generation and use-pass together (unlike
the use-pass only time for the previous test case, as presented in Table 6.2), the
deformable-deformable configuration takes about 43%, both deformable-beam configu-
rations take 45-50%, and the deformable-rigid configuration takes about 64% surplus
computational time over the FOM. The deformable-deformable configuration, along
with more consistent and accurate results, happens to be the most efficient one for
this test case. Therefore, it can be concluded that this configuration is generally a
better overall choice for the MPC definitions in a ROM-integrated FOM simulation.

CONCLUSION

Reduced-order models can be of different forms - projection-based, multi-fidelity,
response surface-based meta models, equivalent lumped models, etc. They can be
prepared based on experimental data or larger data-driven / physics-based models.
Finite Element-based ROMs in the thermomechanical domain can be computation-
ally more expensive as opposed to the common belief of them being always more
efficient than FOMs. However, such ROMs facilitate IP protection, and thus, can
be a great way of information exchange with external parties. The accuracy and
efficiency of ROMs often compete with each other and need to be optimised.

The VDoE shows that there could be more than one optimal solution when it comes
to finding the most suitable location and MPC definition for a ROM-FOM interface.
The inclusion of the deformable configuration generally results in higher accuracy.
However, the optimal MPC choice depends on the thermomechanical properties
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of the involved materials and also on their volume fraction in the ROM geometry,
especially when EMC is one of the interfacing layers. When a heterogeneous in-
terface is involved, the ratio of stiffness and the disparity in CTE values should be
taken into consideration when making a choice for a suitable MPC configuration.

The current work utilises a linear superelement that generates a thermomechanical
load vector corresponding to AT = 1°C, which is then scaled according to the applied
thermal load to get an effective load vector from the package-ROM. This approach
worked well for the first test case across the considered temperature range, since
only linear material properties were involved. The second test case, involving a
more complex FE model, fared well on the grounds of efficiency. It also showed a
reasonably good match of results for a certain temperature range around 0 °C but
showed deviation in the glass transition region of EMC, where its thermomechanical
elastic properties change in a non-linear fashion. Thus, a ROM based on a single
linear SE can be used if the temperature-dependent material properties do not
drastically change in the given temperature range.

The analyses presented in this chapter prove the point that the right implementation
of the MOR technique and the right choice of the ROM-FOM interface and MPC
configuration can make the SE-based reduced-order modelling a more practical
approach, while achieving a crucial goal of IP protection. When made compati-
ble with a data exchange standard like Functional Mock-up Interface (FMI), such
physics-based ROMs can also serve as Functional Mock-up Units (FMUs). This ties
well with the Digital Twin framework for PHM (refer Figure 2.8) where a series of
models can interact with each other, as these models can be integrated into larger
physics-based FE models or even into Digital Twins of other larger systems. Well-
optimised FE-based reduced models that require fewer computational resources can
serve as a good alternative to purely data-driven reduced models and can facilitate
the implementation of the Digital Twin Aggregate (DTA) phase.
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CONCLUSION AND
FUTURE OUTLOOK

This chapter summarises the main conclusions of the work presented in this thesis
while considering the research objectives postulated in Section 1.6 and provides
recommendations for future steps of research in this field.

7.1. CONCLUDING REMARKS

This dissertation aims to demonstrate a new-generation approach to reliability
estimation using a Digital Twin-based framework for Prognostics and Health Man-
agement (PHM) of electronic components and systems. The newly proposed frame-
work with two branches — physics-based and data-driven modelling — highlights
the technological requirements, which are explored in the last three chapters of this
thesis. Below are the topic-wise conclusions drawn from the performed research.

DIGITAL TWIN FRAMEWORK FOR PHM

The term Digital Twin (DT) has been used widely in the last 5-7 years. However,
it faces big fragmentation in its definitions and the models due to its application-
specific, deep contextualisation. It is essential to have a new, standardised, compre-
hensive, and yet generalised definition of a Digital Twin. This has been addressed
in Chapter 2 to achieve the first research objective (Objective 1) of this dissertation.

It is important to note that the different types of DT implementations (viz., DTP,
DTI, and DTA) apply to different phases of a product’s lifecycle. It is, thus, crucial to
specify the type when reporting on a work because it helps clarify the complexity
and the technological backbone of that implementation. A hybrid approach is
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feasible by combining the aforementioned two modelling approaches to a varying
capacity and in a number of ways. This pertains to the Objective 2, which is also
addressed in Chapter 2 by the introduction of a Digital Twin-based framework for
PHM with a two-branched modelling approach that facilitates hybrid modelling.

MOVE TO PHYSICS-OF-DEGRADATION

Identical electronic components can have non-identical environmental and opera-
tional load profiles, which leads to a variation in their lifetimes. The three dominant
stress factors — temperature, humidity, and mechanical vibrations — have their
individual as well as combined effects on material ageing and acceleration of me-
chanical failure modes. It is crucial to identify the most critical stress-factor(s),
degradation mechanism(s), and failure mode(s) for an electronic component for a
certain application. Chapter 3 delves into this by exploring modern electronic pack-
ages, encapsulation materials, degradation mechanisms, and mechanical failures.

Developing detailed physics-based models replicating the quantified gradual de-
generative changes in materials is of high significance. New types of experimental,
analysis, and equivalent-modelling techniques are necessary to achieve good-quality
physics-of-degradation models. Chapter 4 demonstrates a detailed (geometry and
material) modelling procedure to create a continuously updated thermomechanical
model of an encapsulated electronic package undergoing thermal ageing. Thus, the
Chapters 3 and 4 meet the Objective 3 concerning the topic of physics-of-degradation.

IN-SITU MONITORING

In-situ, continuous condition monitoring is a key building block of the PHM frame-
work and an essential element in continuously updated Digital Twin models. New
types of sensors and measurement techniques need to be developed and integrated
into electronic systems. In-situ monitoring can detect several states of degradation,
which can be used to determine the remaining useful life of the component before
the actual failure. To facilitate this, appropriate edge-computing hardware and
Reduced-Order Models (ROMs) are necessary. Chapter 3 describes the hardware
requirements, including specialised sensors and edge-computing application pro-
cessors, to realise in-situ degradation monitoring; whereas Chapter 6 delves into
the software aspect by discussing different techniques for reduced-order modelling.

To achieve in-situ monitoring, certain packaging types can be cleverly utilised
for extracting additional data at a certain material layer. This is demonstrated in
Chapter 5 by utilising a WLCSP to monitor changes in mechanical stresses and to
detect failure in solder joints. Thus, the setup developed and experiments conducted
in Chapter 5 and parts of Chapters 3 and 6 collectively achieve the target described
in the Objective 4 of this thesis.
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COMPACT MODELS

Compact models can be prepared by different model order reduction techniques.
Some are key in facilitating edge-based DT services, while others help protect the
intellectual property of a Full-Order Model (FOM). While thermal and electrical
ROMs are an industry norm, thermomechanical ROMs are not. They need new
standards for model order reduction techniques, file formats, and data exchange.
Chapter 6 demonstrates a superelement-based thermomechanical ROM generation
technique which utilises ‘mechanical ports), i.e., master nodes that connect to the
geometry using multi-point constraint equations.

ROMs are not necessarily always computationally more efficient. The overhead for
ROM generation and its integration into FOM can overpower the actual computa-
tional run. The location, definition, and the involved materials of the ROM-FOM
interface play a crucial role in the resulting accuracy and efficiency of a ROM-
integrated FOM. This is exhibited in the virtual design of experiments devised
around the first test case presented in Chapter 6.

A complex FOM can benefit from the efficiency gains of ROM-based simulations
when the original full model is complex and the ROM-FOM interfaces are well
optimised. At the same time, the temperature-dependency of the materials involved
in the reduced geometry could be a limitation of linear superelements and may
require advanced techniques to capture the non-linear effects. The second test case
in Chapter 6 demonstrates this, while achieving the crucial goal of IP protection. In
this way, the Objective 5 and 6 of this dissertation are addressed.

7.2. RECOMMENDATIONS

This dissertation sets a baseline for implementing the Digital Twin technology for
microelectronics reliability. The Digital Twin-based PHM framework needs several
technological advancements and new modelling techniques. The last three chapters
of this thesis touch upon a few key aspects of the two-branched DT model, primarily
in the ‘prototype’ and ‘instance’ phases of the Digital Twin (i.e., DTP and DTI). The
natural evolution of this work is a move towards a Digital Twin Aggregate (DTA).

The DTA phase relies heavily on the data-driven modelling approach. It requires dif-
ferent kinds of reduced-order models that are computationally inexpensive and run
on edge-computing hardware. In addition, there is room for more work in preparing
other physics-based degradation models. Further research can be conducted by
expanding on the key pillars of this dissertation.
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Considering this, the following recommendations are made for future work:

« Physics-based models: This thesis explores different stress-factors and their
effects on material degradation and mechanical failures, and then dives deep
into modelling the physics-of-degradation of one mechanism — thermal age-
ing of moulding compounds. Similar continuously updated models that con-
sider the effects of other dominant stress-factors (i.e., humidity and mechani-
cal vibrations) should also be built. It has also been deduced that the impact of
a coupled load with multiple stress-factors has a greater impact on resulting
mechanical stresses compared to the sum of the individual ones. Thus, mod-
els for these interactions should also be prepared for integrating competing
failure modes into the DT models.

- Data-driven models: In order to realise the DTA phase, preparing efficient
data-driven models is essential. These models can be prepared using tech-
niques such as response surface-based metamodels, Artificial Neural Net-
work (ANN)-based Deep Learning models, and other Machine Learning-based
regression models. The data on which these models would be trained could be
generated using additional experiments, the prepared physics-based models
(the DTT), or even a combination of both.

« The hardware: The compact models could be run on the edge-computing
hardware built with the help of the requirements and the part list included in
this thesis. The models could be tested starting with a slightly more powerful
system, such as a Single-Board Computer (SBC), and then moving towards a
more power-efficient microcontroller (MCU)-based system.

+ ROM-integrated FOMs: The biggest challenge with these types of compact
models in the thermomechanical domain is to balance efficiency and accuracy.
This could be addressed by looking into ways to improve the mathematical
formulation of the ROM and the computer science (code) behind the data
exchange. Moreover, additional, yet-to-be-established features such as tem-
perature dependency and nonlinearity for such ROMs could also be explored.

- Beyond deterministic modelling: The inclusion of stochastic modelling in the
physics-based approach could be used to study the effects of the dimensional
uncertainty and variation in material properties. The modelling can also
benefit from the use of Generative Al, which could on-demand generate (i.e.,
prepare, change, and refine) CAD geometries and discretised domain meshes.
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SPECIFICATIONS OF SENSORS AND COMPONENTS

A set of sensors and components were selected for the test-board reference design
presented in Chapter 3. The specifications are listed in the tables below.

Type Humidity and Temperature
Sensor Relative Humidity + Temperature
Description SHT4x is a digital sensor platform for measuring relative

humidity and temperature at different accuracy classes.
Its I2C interface provides several preconfigured 12C ad-
dresses while maintaining an ultra-low power budget

(0.4 uW).
Manufacturer Sensirion
Part Number SHT40
Accuracy +1.0 % RH, £0.1°C
Range 0to 100 %RH, —-40°Cto 125°C
Temperature Range | —40°Cto 125°C
Link / Datasheet https://sensirion.com/media/documents/33FD6951

/662A593A/HT_DS_Datasheet_SHT4x.pdf

Type IMU
Sensor Accelerometer (high range)
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Description The analog output ADXL356 and the digital output
ADXL357 are low noise density, low 0 g offset drift, low
power, 3-axis accelerometers with selectable measure-
ment ranges. The ADXL356/ADXL357 offer industry lead-
ing noise, minimal offset drift over temperature, and
long-term stability, enabling precision applications with
minimal calibration.

Manufacturer Analogue Devices

Part Number ADXI1356 ADXL357

Range +10g, £20 g, and +40 g

Sensitivity 51200 LSB/g, 25600 LSB/g, 12800 LSB/g for x, y, and z-axis

Temperature Range | —40°Cto 125°C

Link / Datasheet https://www.analog.com/media/en/technical-doc
umentation/data-sheets/adx1356-357.pdf

Type IMU

Sensor Accelerometer (low range)

Description The SCA3300-DO01 is a high performance accelerome-
ter sensor component. It is a three-axis accelerometer
sensor based on Murata’s proven capacitive 3D-MEMS
technology.

Manufacturer MURATA

Part Number SCA3300-D01-1

Range +1.5g4,+3¢g, +6¢

Sensitivity 5400 LSB/g, 2700 LSB/g, 1350 LSB/g

Temperature Range | —40°Cto 125°C

Link / Datasheet https://eu.mouser.com/datasheet/2/281/Murata_d
atasheet_sca3300_d01-1890566.pdf

Type IMU

Sensor Gyroscope + Accelerometer

Description The IIM-42652 is a 6-axis SmartIndustrial MotionTrack-

ing device that supports an extended operating temper-
ature range. It consists of a 3-axis accelerometer and a
3-axis gyroscope.

Manufacturer

TDK InvenSense
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Part Number IIM-42652

Range +2 g, +4 g, +8 g, +16 g; +£2000 dps, £1000 dps, +500 dps,
+250 dps, +125 dps, +62.5 dps, +31.25 dps, +15.625 dps

Sensitivity 16384 LSB/g, 8192 LSB/g, 4096 LSB/g, 2048 LSB/g;

60.97 mdps/LSB, 30.48 mdps/LSB, 15.26 mdps/LSB,
7.63 mdps/LSB, 3.81 mdps/LSB, 1.90 mdps/LSB, 0.95
mdps/LSB, 0.47 mdps/LSB

Temperature Range

-40°Cto 105°C

Link / Datasheet https://invensense.tdk.com/products/smartindus
trial/iim-42652/

Type IMU

Sensor Magnetometer

Description The 3D magnetic sensor TLV493D-A1B6 offers accurate
three-dimensional sensing with extremely low power
consumption in a small 6-pin package. With its mag-
netic field detection in x, y, and z-direction the sensor
reliably measures three-dimensional, linear and rota-
tional movements.

Manufacturer Infineon

Part Number TLV493DA1B6HTSA2

Accuracy +0.2 mT

Range +130 mT

Sensitivity 10.2 LSB/mT

Temperature Range | —40°Cto 125°C

Link / Datasheet https://eu.mouser.com/datasheet/2/196/Infineon
_TLV493D_A1B6_DataSheet_v01_10_EN-3363980.pdf

Type Pressure

Sensor Barometric Pressure

Description The FXPS7115D4 is a high-performance, high-precision

barometric absolute pressure (BAP) sensor consisting of
a compact capacitive micro-electro-mechanical systems
(MEMS) device coupled with a digital integrated circuit
(IC) producing a fully calibrated digital output.

Manufacturer

NXP
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Part Number FXPS7115DI4

Accuracy +1.25 kPa, +1.75 kPa, +2.0 kPa

Range 40 to 115 kPa

Sensitivity 46.67 LSB/kPa (12-bit), 93.34 LSB/kPa (16-bit)

Temperature Range | —40°Cto 130°C

Link / Datasheet https://eu.mouser.com/datasheet/2/302/FXPS7115
D4-1544418.pdf

Type Deformation

Sensor Strain Gauge

Description The HBM strain gauge range consists of the Y, C, M, G
series and special strain gauges. RF9 strain gauge rosette
is suitable for PCB testing and small surfaces. Strain
gauge matching all requirements is a RF91 (120 Ohm)
tri-axial module with 5mm radius circular footprint.

Manufacturer HBM

Part Number RF91

Accuracy +0.3 %, +0.35 %, £0.5 %

Range 120, 350, 700, 1000 Q resistance

Sensitivity Gauge factor k=2 +1%

Temperature Range | —200°C to 250°C

Link / Datasheet https://www.hbm.com/en/6367/rf9-miniature-ros
ette-for-mechanical-tests-on-printed-circuit
-boards/

Type Processing Unit

Sensor Microprocessor including MCU

Description The i.MX 7Dual family of processors features speeds
of up to 1 GHz and 1.2 GHz. It provides up to 32-bit
DDR3/DDR3L/LPDDR2/LPDDR3-1066 memory interface
and a number of other interfaces for connecting periph-
erals, such as WLAN, Bluetooth, and GPS. The i.MX7D
uses heterogeneous processing with dual Arm Cortex-A7
cores and one Cortex-M4 core.

Manufacturer NXP

Part Number IMX7DCEC
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Temperature Range

—20°C to 105 °C (industrial version)

Link / Datasheet https://www.nxp.com/docs/en/data-sheet/IMX7DCE
C.pdf

Type Connectivity and Data

Sensor WiFi Chip

Description The ESP8266 is a low-cost WiFi microchip, with a full
TCP/IP stack and microcontroller capability. Used in
ESP-01 module, made by a third-party manufacturer Ai-
Thinker.

Manufacturer Espressif Systems

Part Number ESP8266

Range WiFi: 802.11 b/g/n, clock speed: 80 MHz, 160 MHz

Temperature Range | —40°Cto 125°C

Link / Datasheet https://www.microchip.ua/wireless/espO1.pdf

Type Indicator

Sensor LED (RGB)

Description WS2812, more commonly known as “neopixel"

Manufacturer Worldsemi

Part Number WS2812

Temperature Range | —25°Cto 80°C

Link / Datasheet https://cdn-shop.adafruit.com/datasheets/WS28

12.pdf
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ADDITIONAL RESULTS OF ROM-BASED SIMULATIONS

The DoE devised around the first test case for ROM-integrated FOM (Chapter 6)
considers three different locations for the ROM-FOM interface, and the spatial plots
of warpage are compared with that of the FOM (indicated in Figure 6.2). While
Figure 6.6 indicates the simulation results for Interface 1, the comparison of spatial
plots of warpage of the remaining FOM for all combinations of the MPC definitions
for Interface 2 and Interface 3 is indicated in Figure B.1 and Figure B.2, respectively.

SCRIPT FOR SCALING SUPERELEMENT LOAD VECTOR

In the ROM-integrated FOM setup, an effective thermomechanical load is applied
at the master nodes of the imported superelement. This load vector is calculated
at each temperature step in the defined thermal load. The SE generation step cal-
culates the default thermomechanical load (force and moment) corresponding to
the package deformations due to a unit temperature increase (i.e., AT = 1°C). A
custom subroutine is utilised to scale the load vector as a function of temperature
at different time steps, matching the temperature profile applied to the FOM sub-
assembly. The script with ANSYS APDL commands was initially developed for the
first test case and was later adopted for the second test case (refer to Section 6.5).
The subroutine APDL script utilised for the second test case is indicated as follows.
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Figure B.1: The comparison of spatial plots of warpage (identical scale as Figure 6.2 for all subplots) of
the solder-PCB subassembly (remaining FOM) for all combinations of the MPC definitions for Interface 2.
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Figure B.2: The comparison of spatial plots of warpage (identical scale as Figure 6.2 for all subplots) of
the solder-PCB subassembly (remaining FOM) for all combinations of the MPC definitions for Interface 3.
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A Digital Twin is a continuously updated multi-physics, multiscale,
probabilistic simulation model of a physical entity (an object, a
system, or a process) utilising big data, bilateral connectivity,
and advanced software analytics to provide monitoring,
diagnostics, prognostics, and optimisation services.
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