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ARTICLE INFO ABSTRACT

Keywords: Semiconductor devices are commonly encapsulated with Epoxy-based Moulding Compounds (EMC) to form
Physics of degradation an electronic package. EMC typically occupies a large volume within a package, and thus, governs its
Digital twin

thermomechanical behaviour. When exposed to high temperatures (150 °C and above), electronic packages
predominantly show oxidation of the outer layer of EMC. Oxidized EMC exhibits notably different material
properties, resulting in a modified deformation pattern of 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 oxidized 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 paper presents a systematic procedure to build a continuously updated physics-based Digital
Twin of a thermally aged flip-chip package that can represent intermediate oxidation stages. First, experimental
measurements are carried out to quantify the growth of the oxidation thickness at 150°C and a diffusion-
dominant mathematical model is proposed. Then, an accurate geometry of the test package is prepared with
a parametric outer layer from all exposed sides of EMC to represent the oxidized layer at different stages of
thermal ageing. Next, the experimental characterization of a few partially oxidized EMC specimens is done, and
analytical methods are utilized to extract the thermomechanical properties of the oxidized EMC at different
stages of ageing. Experimental warpage data of aged test packages are utilized to verify the defined material-
model parameters that represent curing shrinkage, thermal expansion, glass transition, and corresponding
elasticity moduli of the oxidized EMC at select stages of ageing. Then, a workflow to establish continuity
in the material model is presented. Finally, the developed Digital Twin is utilized for an FE analysis to study
the change in the trend of out-of-plane package deformations as a function of several stages of EMC oxidation.

Epoxy moulding compounds
Thermal ageing
Package warpage

1. Introduction electronic device is directly linked with the degenerative changes in
its constituent materials.

Electronic devices are being utilized in an increasing number of ap- Material degradation can be associated with one or more of the

plication fields such as manufacturing, automotive, and healthcare [1-
3]. 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 stan-
dard 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 [4]. Under the operating loads,
the constituent materials of an electronic component undergo degen-
erative changes over time, which are typically accelerated under harsh
conditions. The term ‘physics-of-degradation’ encompasses the study of
degradation mechanisms. It is closely linked with physics-of-failure since
degradation leads to component failure. Thus, the reliability of an
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following five key domains — mechanical, thermal, chemical, electri-
cal, and biological degradation. Among the dominant environmental
loads (viz., temperature, vibrations, humidity, and dust), exposure to
high temperature is one of the biggest contributing factors for fail-
ures in electronic components [5]. To protect the electronic circuits
from environmental loads, they are commonly encapsulated with ther-
mosetting materials using a moulding process. Epoxy-based Moulding
Compounds (EMC) are widely chosen for this purpose due to their desir-
able mechanical and chemical properties while being cost-effective [6—
8]. Serving as a protective layer for the internal circuitry, the encap-
sulation material is, thus, most exposed to the environment. Therefore,
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Fig. 1. The five domains of physics-of-degradation and a few ageing and failure
mechanisms associated with the thermal-chemical-mechanical overlap.

ageing of EMC is one of the most important aspects of the ageing of
electronic packages. Fig. 1 indicates the five domains of ageing along
with a select number of degradation and failure mechanisms relevant
to the scope of this article.

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 [9,10]. More-
over, the changes in thermomechanical properties of thermally aged
EMC specimens have also been reported [11, ch.7], [12, ch.5]. Owing
to its volume-share as high as 75% [13] within a typical electronic
package, encapsulation tends to govern the overall mechanical be-
haviour of the electronic component [14]. Thus, degenerative changes
in moulding compounds can significantly affect component lifetime.

Fig. 2 shows the cross sections of three thermally aged EMC spec-
imens, oxidized 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 oxidized. The colour gradient in
Stage 1 shows a gradual transformation from an oxidized to a pristine
phase, whereas Stage 3 indicates a clear distinction between these two
phases. The difference in the colour composition of the oxidized 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 oxidized [15, pp. 68-74].

In general, the growth of oxidation thickness is both time- and
temperature-dependent [16]. At higher temperatures, the oxidation
layer grows faster, resulting in a darker layer that is easier to dis-
tinguish. At lower temperatures, the oxidation layer grows slower,
and a prominent gradient from pristine to oxidized state is observed.
The temperature dependency of the ageing process is presented in
Refs. [12, pp. 73-76], [17,18], 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. There-
fore, different ageing stages correlate to different storage times. Fig. 3
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illustrates three different stages of EMC oxidation obtained by isother-
mal ageing of bar-shaped EMC specimens with rectangular cross sec-
tions. Note the increased thickness and changed colour of the oxidized
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 oxidized 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 in
the bulk of EMC [9], and fatigue failure of solder joints [19]. Thus,
a virtual model of a microelectronic package that can capture these
failure modes needs to incorporate the effect of ageing.

A Digital Twin-based modelling approach can be utilized 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 virtual 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 prediction of component failure, and therefore, plays a
key role in the Prognostics and Health Management (PHM) of elec-
tronics [20-22]. Thus, a dedicated physics-based Digital Twin model
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 oxidized 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 [11, p.
1331, [12, p. 741, [15, p. 721, [19].

The second aspect, however, is not well addressed in the literature.
Thermomechanical properties of the oxidized EMC are, in most cases,
determined at only one particular stage of EMC oxidation (e.g., 150°C
for 2000h) [17]. This approach is insufficient as it does not provide
any information about the intermediate stages of ageing. Moreover,
the aforementioned FT-IR study [10] reports gradual chemical changes
as a function of storage time for ageing up to 5000h at 200°C and
250°C. Thus, thermomechanical properties of just one configuration
of the oxidized EMC cannot simply be assumed the same and utilized
throughout to represent any intermediate stage of thermal ageing. The
current work in this article aims to address this gap.

Surfaces exposed to air

Oxidized
Layer

Gradient

Pristine
EMC

Stage 1 Stage 2 Stage 3

Fig. 2. Cross sections of EMC specimens, oxidized at three different temperatures of
175°C, 200°C, and 225°C for over 165h, observed under a fluorescence microscope.
Each image represents a different ‘stage’ of ageing, while the distinct colours within
each specimen indicate two different ‘phases’ of EMC — pristine and oxidized.
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Fig. 3. A schematic representation of the rectangular cross sections of (partially
oxidized) bar-shaped EMC specimens which are isothermally aged at 150°C. The
oxidation layer not only grows in thickness as a function of ageing time but also
changes its colour from pale green to dark brown.

This article is organized into two main parts (and is an extended
version of a previous conference paper [23]). The initial part focuses
on preparing an experimentally validated physics-based Digital Twin,
and the 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 Sections 2, 3, and 4.

Next, the prepared continuously updated package-degradation
model is utilized to study the effect of EMC oxidation (using 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 Sections 5 and 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 continu-
ously updated Digital Twin in the PHM of electronics packaging and
electronics-enabled systems.

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 [16]. It results in
a heterogeneous oxidized 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], but the rate also
slows down as the oxide thickness grows because it acts as a barrier
for further diffusion of the atmospheric oxygen due to its increased
density [12, 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).

In the case of thermal ageing at a constant temperature, the thick-
ness of the resulting oxidation layer defines a particular ‘ageing stage’.
To prepare a degradation model, the Thickness of the Oxidation Layer
(TOL) was experimentally measured as a function of storage time (7).
Bar-shaped EMC specimens (80 mm X 10mm X 4 mm) were thermally
aged for up to 3000 h at 150°C, which is above the glass transition
temperature (7,) of the selected EMC. The aged (partially-oxidized)
specimens were cross-sectioned and observed under a fluorescence
microscope with ultraviolet (UV) illumination. The minimum and maxi-
mum value of the TOL was 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 ‘Stage 1’ in Fig. 2 for the context). The mean
value was utilized as the recorded TOL at different ageing times. Fig. 4
shows the measured data in red.
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Fig. 4. Experimentally measured TOL data (red) for thermal ageing at 150°C fitted
to the ‘EMC Oxidation Model’, which follows the mathematical relation d = d, + d, 1",
where d is the oxidation layer thickness, ¢ is the ageing time, and the rest are fitting
parameters with values n = 0.5, d, = 8.7 pm, and d;, = 2.1 pm/h". TOL values generated
using the model are indicated in blue.

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 [15, pp. 68-74], ie, d « \/;, 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 Eq. (1), where d,, d;, 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 1" @

A standard curve fitting procedure was followed to determine the
parameter values (dy = 8.7 pm, d; = 2.1 pm/h", and » = 0.5). A non-
zero value of the parameter d,, reflects the oxidation thickness (~9 pm)
at t = 0 due to 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 Fig. 4, along with some additional
TOL values (marked blue) calculated using the finalized model. These
values and associated material behaviour are utilized later in Sections 5
and 6.

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) package with a flip-chip construction (ie.,
die-substrate interconnects are copper pillars with solder caps) was
chosen as the DUT. Initially, the geometry of a non-aged package
was constructed, and then, some simplifications were incorporated to
optimize for the required computational efforts. The substrate has a
total of five layers (three metallization layers and two intermediate
layers for copper vias), each of which was modelled individually as
a homogenized 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 uti-
lized polymer. Moreover, the copper pillars and solder caps in the
flip-chip construction were modelled in detail as cylindrical struc-
tures. For the chosen DUT, the EMC encapsulates only the die and
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Fig. 5. The prepared quarter geometry of the thermally aged DUT (a flip-chip BGA
package) with annotations for its sub-layers, including a parameterized outer layer for
the oxidized EMC.

die-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 sin-
gle parameter was defined to represent the current value of 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 — oxidized and pristine.
Fig. 5 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.

A parametric setting was utilized along with an automation routine
to update the geometric model using a variable TOL value representing
any stages of EMC oxidation (isothermal at 150 °C) for up to 28640h
(~3 years). The TOL growth beyond 3000h 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 O, diffusion
into the bulk. Fig. 6 indicates the mesh in the two near-extreme cases
within the range of oxidation. Higher-order finite elements (quadratic
shape functions) with a mix of tetrahedral and hexahedral shapes and
about 400000 in number were utilized 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’ (oxidized layer) gets the corresponding material properties of the
oxidized 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. Material behaviour of oxidized EMC

The third and most crucial aspect of a physics-based Digital Twin 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-oxidized EMC specimens were
utilized in experimental characterization. Then, an analytical approach
was pursued to calculate the effective properties of only the oxidized
layer.
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(b)

Fig. 6. The meshed package geometry of the two near-extreme cases within the range
of EMC oxidation — (a) very thin (250h, 42um) and (b) very thick (19 145h, 300 pm)
oxidized EMC layer. Quadratic finite elements are utilized to ensure good quality results
for all the considered cases.

4.1. Experimental characterization

Two different sets of bar-shaped EMC specimens with rectangular
cross sections were thermally aged at 150°C for Oh, 500h, 1000h,
1500h, 2000h, 2500h, and 3000 h. For each ageing stage, the modulus
of elasticity (E) was characterized 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 char-
acterized using Thermal-Mechanical Analysis (TMA) on the second set
of thermally aged specimens (15 mm X 4mm X 3 mm). In this way, the
data of the linear elastic temperature-dependent material properties for
the pristine (Oh aged specimens) and different partially-oxidized EMC
specimens were gathered experimentally.

Note that this data does not indicate the behaviour of the oxidized
EMC but that of an effective beam (E,;), which is a composite beam-
like structure consisting of pristine EMC (core) and oxidized EMC
(shell). Thus, the gathered data cannot directly be used for preparing
the material model of the oxidized layer. Thus, analytical calculations
were used for extracting the experimentally evaluated values for the
oxidized EMC (E,,).

4.2. Evaluation of elastic modulus

Elastic properties of the oxidized layer at each ageing configuration
were derived from the experimental data using the flexural equa-
tion extended for multi-material composite beams. In this case, the
cross-section of a partially-oxidized beam specimen consists of a ‘core’
pristine layer (thickness hpr) sandwiched between two ‘shell’ oxidized
layers (thickness h,, each). Fig. 7 illustrates the three-layer composite
beam. Considering the wide aspect ratio of the cross section of beam
specimens (i.e., the width is over 2 times larger than the thickness), the
analytical calculation considers the oxidation layer only on the top and
bottom of the pristine layer with a common width 5. Thus, the total
beam thickness is h = hy, +2 Ay

The bending moment M is equated at a cross-section of an equiv-
alent homogeneous beam with that of a composite beam and strain-
continuity is applied across different layers of the beam cross-section.
This is represented mathematically in Eq. (2); where o is the axial stress
(horizontal) on a differential cross-sectional area dA at a (vertical)
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Fig. 7. The illustration of a partially oxidized bar-shaped EMC specimen with a
rectangular cross-section as a three-layered composite beam with a total thickness ‘A’
hy is the thickness of the pristine EMC (core) while h,, is that of the oxidized EMC
layer (shell); and thus, follow the relation h = hy, +2 h,,.

distance y from the neutral axis of the beam, E is the elastic modulus,
and p is the density.

M=/aydA=/£y2dA 2
A AP

Due to different elastic properties of pristine and oxidized layers,
the stress ¢ is discontinuous, which splits the integral into two parts
as shown in Eq. (3). The density is cancelled out from the integral
because it remains practically unchanged, based on the internal tests for
measuring the oxidation-induced shrinkage. Thus, the relation between
effective elastic properties and that of individual layers boils down
to Eq. (4), where E, E,;, E,, are moduli of elasticity, and I, Iy, Loy
are the corresponding area moment of inertia, for the effective beam
(partially-oxidized specimen), ‘core’ of the composite beam (pristine
EMCQ), and ‘shell’ of the composite beam (oxidized EMC), respectively.

E. E E
/ LS dA=/ P2 dA+/ = 3244 3)
eff P pr P ox P
= Egp legr = Epr lpr + Eox 1oy 4
= chf h3 = Epr hpr3 + on (h3 - hprS) (5)

The principle of summing and subtracting the area moments of
inertia to calculate values for composite cross-sections gives the ex-
pression Iy = I, + I,. Utilizing the expressions Io¢ = bh3/12,
I, = bhpr3 /12 and the common width b, the equation gets further
simplified to Eq. (5). Based on this, the values for E,, at different ageing
stages were evaluated using the linear elasticity data of E,,, and E.
Fig. 8 indicates the experimentally evaluated (ExpEval) values of E,,
from 20-300°C at three different stages of oxidation (blue, grey, and
red dots).

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 (7')-
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 was determined to be the most suitable empirical function.
It is also referred to as the stretched exponential function and has a
basic form given in Eq. (6), where a and b are scaling parameters.
The KWW function is also widely used for representing relaxation
phenomenon 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 Eq. (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) = a exp(-x") (6)
= f(T) =aexp(-10°T) %)

The function was formulated such that it includes material parame-
ters (viz., EX, EX, Ty) and incorporates temperature dependency. The
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Fig. 8. Linear elastic temperature-dependent material model (Eq. (8)) fitted to the
experimentally evaluated elasticity data E,, (Section 4.2) of the oxidized EMC layer at
three different stages of thermal ageing at 150 °C.

final form of the adopted mathematical relation is given in Eq. (8).
It essentially defines E,, as a function of the temperature (T'); where
f € (0,1), r, and s are fitting parameters; T°* is the glass transition
temperature; EJ* is the glassy modulus; E* is the rubbery modulus of
the oxidized EMC at a particular ageing-stage.

Eg(T) = E* + E® f exp [—10‘T‘T§“‘”/ ’] 8)

Standard curve fitting techniques were utilized to obtain the values
of the fitting parameters f, r, and s at different ageing stages. For the
pristine EMC, their values are f = 0.938, r = 41.847, and s = 16.044;
whereas for all oxidized stages, they are f = 0.725, r = 63.354, and
s = 11.803. Fig. 8 shows the fit of the finalized material model (blue,
grey, and red curves) to the experimentally evaluated E,, data.

The proposed model allows obtaining elasticity curves for the ox-
idized EMC at any intermediate oxidation stage by determining just
the values of three material-model parameters — Tg‘”‘, Eg", and EX*.
Thus, the parameterization of the material model is an important step in
establishing continuity among different oxidation stages, more of which
is described later in Section 4.6.

4.4. Evaluation of CTE and T,

A similar procedure was followed to evaluate the CTE and glass
transition of the oxidized EMC. First, the experimental data of partially
oxidized specimens were used to determine the a,;; 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 oS and aSf values; whereas
the point of intersection of the two lines was used to obtain T’ ge”. Fig. 9
indicates an example of the described procedure for the 1000h aged
specimen.

Evaluating the CTE values of the oxidized EMC (a,,) from ay; is
not straightforward. The TMA test generally focuses on measuring only
the change in the (dimension along the) length, while a bonded bi-
material strip also shows a bending deformation due to a CTE mismatch
between layers. Thus, the CTE calculation for a multi-material 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 «a)
of its constituting materials is derived in the Ref. [29].
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Fig. 9. Evaluation of the CTE values (" and «5") and the glass transition temperature
T, ge” of the partially-oxidized EMC specimen (aged at 150 °C for 1000h) using the thermal
strain vs. temperature data from TMA experiments.

However, the partially oxidized EMC specimens used here are sym-
metrically oxidized (from both the upper and lower surfaces of the
beam). They are, therefore, expected to show negligible bending due
to the CTE mismatch. Thus, available values of a,, and a. from the
TMA test results were utilized to calculate a, at different ageing stages
using volume-based weighted averaging, as indicated in Eq. (9). A
similar approach has also been utilized in a previous publication [9];
however, this section provides much more context by elaborating on
the reasoning behind implementing this method.

or Opr + (R = Ay agy 9

The T, is typically determined from the thermal strain versus tem-
perature curves obtained from a TMA test. However, in this case, the T,
obtained from the TMA test would correspond to the partially-oxidized
EMC specimen (Tgeff) and not to the oxidized layer (7). Thus, an
additional ballpark value for T°* of each oxidized stage was derived
from the evaluated elastic modulus values (E,, vs. T) based on the DMA
results (Fig. 8). Both values were treated as tentative 7°* values, which
need further fine-tuning and verification. -

In this way, the linear elastic thermomechanical behavioural model
was obtained for the oxidized EMC at different stages of thermal ageing.
The elasticity model relies on three parameters: Tg‘”‘, E;”‘, and E%;
whereas the tentative values of a,, and T°* 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 finalize the material model parameters.

hage =h

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 3000h.
Then, the warpage of aged DUTs was measured 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 3) to reflect the experimental load conditions. A
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Fig. 10. Experimental validation of the material model (FE simulations) using warpage
measurements along a diagonal path on the top surface of a thermally aged package.
The spatial plot in the figure corresponds to the out-of-plane deformation at 100 °C of
a package at the ageing stage of 1000 h.

diagonal path was defined along the top surface of the package, and
the warpage along that path was extracted from the FE results. Fig. 10
shows the warpage evaluation path in the simulation and the exper-
imental setting. The largest (in magnitude) out-of-plane deformation
value along the diagonal path was recorded as the maximum warpage
(Deformation Z) at several temperature values for comparison against
the experimental data. Fig. 11 shows this comparison for the final
validated model at three different ageing stages.

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
utilized values of «,, and Ty were just initial estimates (as described
in Section 4.4), the initial simulation-based results showed a noticeable
mismatch with the experimental trends. This Reason #1 was addressed
by revising the two parameters a, and T;* in an iterative fashion
within an acceptable range.

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 — packing/holding pressure,
mould temperature, melt temperature, and injection velocity. A sys-
tematic experimental study of the effect of these parameters on the
warpage of the moulded product has been presented in [30]. Several
publications present characterization of warpage of the final prod-
uct utilizing an analytical approach [31,32] or a FE-based numerical
approach [33-37] with 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 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, 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
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Fig. 11. The comparison of the experimental and FE-simulation data of the maximum
warpage along the diagonal path (shown in Fig. 10) at different temperatures under
a thermal load ramping from 25°C (room temperature) to 260°C) at 60 °C/min. The
negative warpage values indicate the direction of the deformation along the —z axis.
The results show a good agreement between FE-simulation results (denoted by ‘o)
obtained using the finalized material model and the experimental data (denoted by
‘x’) of package specimens at three stages of thermal ageing — Oh, 1000h, and 2000 h.

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 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 article.

The Reason #3 for the mismatch of experimental and simulation-
based warpage results is the further curing shrinkage of EMC occurring
after the moulding process (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 afore-
mentioned Reason #2 and Reason #3 and keep using the linear elastic
temperature-dependent 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 (7,). Setting the T,
higher than 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 (7,) was assigned a value higher
than the rest of the package. As a starting point, the stress-free reference
temperature (7,.) 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 oxidized EMC layer to an even higher value
(>190°C) than that of the pristine EMC. This was independently done
for each ‘known’ oxidized stage of EMC. In this way, the material
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model parameters 7%, T, and a9 (CTE after the glass transition) were
updated over multiple iterations of FE simulations until a good match
was found with experimental results (Fig. 11). Fig. 12 highlights the
difference between the initial estimates (denoted by ‘ExpEval’) based
on the procedure in Section 4.4 and the updated final values (denoted

by ‘Warpage Verified’) of a3*.
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 experimental 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 re-
peated. Therefore, it makes sense to interpolate the material behaviour
for the intermediate ‘unknown’ stages based on the (validated mate-
rial models at the) ‘known’ stages of ageing. This would essentially
formulate a continuous material model for all stages of the oxidized
EMC.

For this study, the continuity within EMC-oxidation stages was
established by defining values for the material-model parameters (viz.,

a®* a;”‘, T;", T, Eg", EX™) at additional intermediate ageing stages

(lllere, ageing time r). However, they cannot simply be linearly inter-
polated between two known stages. Each parameter shows a unique
trend, especially in the early stages (Oh to 1000h) of ageing. This was
carefully considered for each of the material model parameters.

Overall, thermomechanical changes in the oxidized EMC tend to
saturate beyond 2500-3000h of ageing. Most material model param-
eters show a trend in three phases — (a) rapid initial growth, (b)
slow increase, and (c) saturation. However, these three phases do not
necessarily appear at the same ageing time (r) for each 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., 100h, 250h, 505h,
and >3000h).

For example, the experimental trends of EMC shrinkage during
oxidation in Refs. [18,41] indicate a very sharp initial growth within
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Fig. 13. Values of the material-model parameter T at different ageing stages (trend
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the reference temperature (FE-simulations) of the oxidized EMC to account for the
oxidation-induced shrinkage.

about 100h of ageing followed by a near-constant saturation value. To
reflect this shrinkage trend, additional data points for T* were created
with a steep jump between Oh and 100h, and a more or less linear
trend following the slope between 1000h and 2000h stages. Fig. 13
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 T°% [42] with
the linear relation extending up to 3000h. Fig. 14 shows the known
(red) and additional (blue) intermediate 7°* values. In addition, it
also highlights the disparity between the initial estimates (denoted by
‘ExpEval’) and warpage verified values from the finalized model.

The CTE before glass transition (™ stays nearly constant through-
out the ageing time-domain (also observed in Ref. [12, 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 a)* by introducing
an initial jump within the first 100 h of ageing and then a linear trend
(Fig. 12).

Elasticity-related material parameters (E* and EX*) showed distinct
trends. The glassy modulus stays nearly the same up to 1000 h of ageing
but later shows a linear growth up to 3000h. On the other hand, the
rubbery modulus shows a more or less linear trend until 3000h. A
linear growth of E, is also recorded in studies [42,43]. Fig. 15 shows
EX as a function of ageing time, including the results evaluated from
experimental characterization at different ageing stages.

The vertical shift in the elasticity curves for partially-oxidized 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 oxidized layer,
elasticity curves of the oxidized 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. Fig. 16 shows the lin-
ear elastic temperature-dependent elasticity model (storage modulus)
for the oxidized EMC, including several intermediate stages between
0h and 1000 h.

In this way, the additional values of material-model parameters at
intermediate stages of EMC oxidation were introduced to form the basis
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of a continuous material model. All the graphs of these parameters
(Figs. 12-16) 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%%, ag", Tg‘”‘, T, E‘g”‘, EX™ - 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 inter-
polated. 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 reflects gradual changes in the ther-
momechanical behaviour of the oxidized EMC (Section 4). Combining
this with the degradation model (Section 2) and package geometry
(Section 3), a continuously updated physics-based Digital Twin capable
of reflecting package-level thermomechanical degradation is achieved.

5. Maximum package-warpage at room temperature

Electronic packages, when exposed to a varying thermal load, ex-
hibit 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 fash-
ion, 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 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 (alfr, a§r) 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 oxidized EMC, which also
exhibits a glass transition and two different CTE values (a‘l’x, a‘z’x). 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
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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 4.5, there exists inher-
ent 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 — Oh, 1000h, 2000h, 3000h, three intermediate stages
of 100h, 250h, and 505h were utilized. The TOL and material-model
parameters for these intermediate stages are indicated in Figs. 4 and
12-16, respectively. The TOL values beyond 3000h 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 4.6 were followed.

It is important to note that the automated geometry update could
be implemented up to 365 pm of TOL (corresponding to 28 640 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 theoreti-
cally plausible stage with a fully oxidized 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 (Fig. 10) was recorded
at each considered aged state. Fig. 17 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 +3 ¢, where ¢ is the standard deviation. Experimental TOL values
correspond to 0h, 1000 h, and 2000 h of ageing. Negative warpage values
only indicate the direction of the deformation along the —z axis.

A rapid increase in the magnitude of 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 pm (13 135h ~ 1.5 years). Later, a saturation is seen near
350pum of TOL, and the curve reverses its trend after TOL 365 pm
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and 3000 h. Some additional plots for ageing stages between Oh and 1000h and beyond
3000h are also indicated based on the continuity of material-model parameters EY,
E, and T

showing lower values (magnitude) of maximum warpage for all stages
until the fully-oxidized stage. This interesting change can be explained
by a combination of factors.

The TOL value and intermaterial interactions are the key con-
tributing factors here because the material-model parameters are kept
unchanged after the 3000h stage (TOL 365 pum). Note that the ‘point
of reversal’ is the instance where the EMC right above the die is
completely oxidized (refer Fig. 6 for context), which means, from this
point onwards, the fully oxidized 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 oxidized (i.e., ~7 mm? pristine and ~18 mm? oxidized
EMC). CTE does not seem to play a significant role in this phenomenon
for three reasons — (1) a?x remains unchanged from a{’r, 2) ag" does
not play any role for the considered temperature range, i.e., thermal
load, and (3) ' remains nearly constant within a small range of 2.5—
3.5ppm/°C for the defined thermal load. Therefore, we conclude that
the observed ‘reversal’ phenomenon is initiated and dominated by the
direct interaction of two stiff materials (oxidized EMC and silicon die)
in combination with a significantly high volume percentage (>75%) of
the oxidized layer within EMC.

6. Change in 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 temper-
ature. The exercise was repeated for the same 17 ageing stages as in
Section 5 (from pristine to fully oxidized), and the prepared continuous
material model was utilized. The warpage was evaluated along the half
of the path shown in Fig. 10, ie., 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 as zero. Figs. 18 and 21
show a few results. The numbers on the x-axis only indicate the relative
position of the points along the warpage evaluation path, where ‘0’ is
the corner of the test package and ‘10’ is its centre.
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Fig. 17. Maximum warpage of the test package evaluated along the diagonal path
(Fig. 10) as a function of oxidation layer thickness. The error bars of the experimental
data correspond to +3 ¢, where o is the standard deviation.

The results at all ageing stages (Fig. 21) 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 oxidized EMC layer.

Fig. 18 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 Fig. 21, 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 condition to
beyond 180 °C for the 3000 h ageing stage.

This can be explained by the relative differences in the thermome-
chanical properties of various materials at a particular temperature.
Figs. 19 and 20 show the elastic modulus and CTE of a few materials
constituting various layers of the test package. The glass transition
of EMC (pristine and oxidized) 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.
This is further facilitated by a small CTE difference between EMC and
most other materials (only a select few are shown in Fig. 20) in the
glass transition region. The gradual shift of the pivot temperature can
be explained by the gradual increase of T°* for the higher stages of
oxidation and the increasing volume share of the oxidized EMC. A
polymer-dominant layer of the package substrate (named ‘CoreVia23’)
was also considered for the comparison. The transition of that layer
into softer material is relatively subtle and does not seem to affect the
warpage change as much as the EMC does.

Fig. 21 shows the gradual shift of the actual ‘shape reversal temper-
ature’ as a function of ageing. This value is between 200-217 °C for the
non-aged stage (subfigure (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 oxidized EMC, (ii) the
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Fig. 18. Warpage curves of a pristine package (0h ageing) under a thermal cycle from
25°C to 260°C. The x-axis indicates the relative position of points along the warpage
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begins to change the trend at around 150 °C and completely reverses from ‘smiling’ (— )
to ‘frowning’ (— ) beyond 200 °C.

increase in the value of T (the stress-free temperature of the oxidized
layer accounting for shrinkage), and (iii) the gradual shift of the glass
transition region.

The results in the last two sections show that the EMC oxidation
affects the package warpage at room temperature as well as its de-
formation behaviour under a varying thermal load. These changes are
dominated by both the increase in the EMC oxidation thickness and the
evolution of its material properties. The ‘current’ stage of the oxidized
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.
This facilitates the delamination of the die-EMC interface. This can be
observed by simulating solder fatigue and accrued damage at the die-
corner. However, the analysis of such simulation results is out of the
scope of this article and would be discussed in a future publication.
Therefore, an experimentally validated physics-based Digital Twin can
reflect the degradation more accurately and help visualize and pre-
dict the package behaviour and its impact on the associated failure
modes.

7. Conclusion and outlook

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

In particular, characterizing the material behaviour of only the
oxidized EMC layer 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: a®*, zxg", Tg", T, E‘g”‘, E*. This exercise also helps
highlight the scope for further improvement by identifying where the
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Fig. 19. The comparison of modulus of elasticity (E) of several interacting layers
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solder material beyond 150 °C and the glass transition of EMC in the range 150-200°C
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need for additional data collection is. Including more stages in the
first 1000h of ageing to establish continuity in the material-model
parameters can make the existing model even more robust.

The finite element simulations (Sections 5 and 6) show the changes
in the package warpage as a function of ageing stages and indicate a
heavy influence of the oxidized 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 oxidized and later decreases until the
point of full oxidation.

In addition, thermally aged stages exhibit the change in the 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. 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 established workflow in this paper (Sections 2 to 4) can form
the basis for the next step in modelling thermomechanical degradation
of EMC. A more complex viscoelastic material model could be prepared,
which would require additional model-parameters, a much larger de-
sign of experiments, and more intricate numerical simulations that can
reflect viscoelastic effects.

The current study represents the oxidation layer by a single value,
i.e., TOL. The oxidized EMC layer can be represented with multiple sub-
layers, each with a varying degree of oxidation from 100% oxidized to
0% (pristine) and the intermediate layers accounting for ‘diffused but
unreacted O,’. This approach would require a more complex DoE and
extensive FT-IR spectroscopy measurements.

Finally, the prepared physics-based Digital Twin can be used to
study additional aspects and extract even more data, such as the die-
level stresses, 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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