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Abstract: Techniques for prognostic and health management are becoming common in the electronic
domain to reduce the cost of failures. Typically, the proposed techniques rely either on physics-based
or data-driven models. Only a few studies explored hybrid models to combine the advantages of
both models. For this reason, this work investigates the potential of hybrid modeling by presenting
a new framework for the diagnostics and prognostics of an electronic system. The methodology is
validated on simulation data describing the behavior of a QFN package subject to die delamination.
The main results of this work are twofold. First, it is shown that the hybrid model can achieve better
performance than the performance obtained by either the physics-based or the data-driven models
alone. Second, a baseline is set for the best performance achievable by the hybrid model, allowing us
to estimate the remaining useful life of the package.
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1. Introduction

Microelectronics technology has made significant advancements in the past decades,
enabling the creation of integrated circuits (ICs), i.e., the building blocks of digital devices,
leading to technological innovation and industrial revolution. The ICs are realized by
combining multiple materials such as silicon, copper, solder, etc. These materials react
differently to the applied loading such as temperature cycles and thermal shocks, leading
to internal stresses which eventually can cause thermomechanical failures. This type of
failure is responsible alone for more than 65% of the total electronics failures [1].

To address the costs related to these failures (e.g., reactive maintenance, warranties,
downtime, etc.), it is becoming common in the electronic domain to rely on prognostic
and health management (PHM) techniques [2,3]. PHM is a research field which develops
methods to evaluate system reliability in order to provide fault detection (i.e., diagnostics),
and remaining useful life forecasts (i.e., prognostics). Historically, in the electronic domain,
PHM methods have been applied either relying on physics-based models or data-driven
(DD) ones [4]. The former, also known as the physics-of-failure (PoF) model, relies on first-
principles physics models (numerical models) to describe the system and its degradation
mechanism [5]. The latter relies on empirical collected data for training a data-driven model
(e.g., neural networks) and infers the expected behavior of the model. However, in complex
electronic systems, the usage of these models alone presents shortcomings. Physics-based
models are generally incomplete (e.g., cover limited mission profiles) and consequently
difficult to scale, and thus, they fail to correctly describe the degradation process in real
scenarios. Furthermore, a high-fidelity physics-based model is highly demanding in
computational terms. Consequently, when deployed in real applications, certain parts are
simplified to meet computational demands, leading to an impact on model accuracy [6].
Data-driven models can correctly describe the behavior of a component as long as they have
“sufficient” and representative data for its characterization. Unfortunately, this is often not
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the case, since in electronics, the run-to-failure data, i.e., data collection until the component
presents an observable failure, are hard to capture. Indeed, even with accelerated tests,
not all faults become observable, and consequently, only a small set of failure types are
generally available for training the data-driven models. Moreover, the black box nature
of several data-driven models poses a challenge in terms of trustability, as the outcome
cannot be interpreted by physics, and its results are opaque to users [7].

To address these shortcomings, a few researchers have started to explore hybrid
models able to combine the physics-based and data-driven models. Hybrid models can
indeed cope with some of the drawbacks of physics-based and data-driven models and
still retain many of their advantages. For instance, physics-based models can support
data-driven models by reducing the amount of data required for training. The latter can be
realized by providing informative input features, by ensuring the physical consistency of
data-driven models [8] or by generating synthetic data [9]. On the other hand, data-driven
models can complement physics-based models by integrating or replacing some of its
parts [10] (e.g., for modeling unseen failure modes) or empirically determining its model
parameters [11]. Furthermore, physics-based and data-driven models combined proved
to allow for a better RUL forecast [12]. In this context, it is opportunistic to investigate
the potential of hybrid modeling for PHM in electronics. More specifically, this work
presents a novel framework based on a hybrid model for diagnostics and prognostics of
the health index of an electronic system using as a case study a QFN package subject to
die delamination. According to our literature study, we are the first to validate hybrid
modeling for PHM at the package level.

The main results of this work are twofold. First, at package level, the proposed hybrid
model for diagnostics achieves better performance than the ones based exclusively on
either the physics-based or the data-driven models. Second, the framework produces a
baseline in terms of estimation accuracy of the remaining useful life of the package.

The structure of the manuscript is organized as follows: in Section 2, the related works
are summarized; in Section 3, the background notions related to the physics of delamination
in the QFN package are described; in Section 4, the methodology is reported in general; in
Section 5, the test case, the dataset and the concrete instantiation of the methodology on the
test case are reported; Section 6 is devoted to the presentation and discussion of the results;
and conclusions are drawn and further directions are outlined in Section 7.

2. Related Work

In this section, and in the rest of the paper, to avoid confusion, we will refer to the
physics-based model as PoF (physics-of-failure) models since the latter is frequently used
in the electronic literature.

Prognostic and health management is a well-established research field which only
recently is becoming applied to the electronic domain. This delay is mainly due to the lack
of electronic systems opportunely sensorized for data collection, which is the root cause
of the scarcity of suitable datasets that can be used for validation of PHM solutions [4].
Methods for PHM are generally presented and validated using either a PoF model or a
DD one [4]. To our best knowledge, only few exceptions exist where hybrid models are
(conceptually) presented to perform PHM at the component (e.g., capacitor) or system
level (e.g., computer). Patil et al. presented conceptually a hybrid methodology for
diagnostics of the IGBT transistor [13]. The work demonstrated that the threshold voltage,
transconductance, and collector-emitter ON voltage are all relevant failure precursors.
The authors suggest that those precursors can be exploited by a PoF model for anomaly
detection and remaining useful life prediction. Cheng and Pecht presented conceptually a
hybrid methodology for the prognostics of capacitors [14]. In this methodology, the PoF
model is used to identify the potential failure mechanisms, failure models, and failure
criteria, whereas the DD model is used for feature extraction and to define the normal
behavior of the components for anomaly detection and remaining useful life prediction.
Sachin and Kuman presented a hybrid approach for the fault diagnostics of a computer
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system [7]. In this approach, the PoF model is used to monitor the environmental loading
conditions, and the DD model is used for anomaly detection and fault isolation.

Methods for PHM at the die and package level are still in an early research stage.
Riegel et al. investigated the die delamination at the board level on a QFN component [15].
As a first step, an accelerated aging experiment based on thermal cycling was created
to reach a rapid component failure. During the experiment, run-to-failure field data
were captured using stress sensors. As a second step, a physical failure analysis for
health assessment was performed. The results highlighted the correlation between the
amount of delamination and solder joint fatigue, which is coupled with the number of
thermal cycles. In this sense, this work paved the way for the usage of PHM for die
delamination. On the same research line, Prisacaru et al. analyzed the delamination process
in automotive electronic packages subject to delamination at the interface of the molding
compound/copper pad and silicon die/die attachment [16]. In this case too, to collect
sufficient run-to-failure data, an accelerated testing via thermal cycles was performed
on a package monitored via stress sensors. On this data, a DD model was trained for
the estimation and prediction of degradation, but no remaining useful life was extracted.
Results confirmed that the DD model was suitable to characterize the package behavior
during operation.

For a full overview of prognostic and health management methods for electronic
devices, the interested reader can refer to the surveys [4,17,18]. To the best of the authors
knowledge, no hybrid model for a remaining useful life forecast has been evaluated at the
package level, and no hybrid model for PHM at the die level has even been presented.

3. Background

This section provides the background for understanding how the delamination process
takes place and how it occurs in a QFN.

3.1. The Physics of Delamination

Delamination is an irreversible process which progresses over time. Delamination is
the separation of bi-material interfaces, and it occurs in two phases, delamination initia-
tion and delamination propagation. Chip fabrication and packaging processes can cause
delamination in the package. Delamination can also develop because of high interfacial
stresses caused by severe thermal loads, and in this case, it is known as stress-induced
delamination [19]. The delamination usually initiates at the locations with geometrical
discontinuities such as edges, corners where stress concentration is observed. The driving
mechanism behind package delamination, such as die delamination, is the coefficient of
thermal expansion (CTE) mismatch between various materials involved in multi-layer
packages. Expansion and contraction of the package will happen during thermal cycling,
inducing stresses and strains on the interfaces.

3.2. QFN Package

A QFN (Quad Flat No-leads) is a low cost, compact, lightweight package with im-
proved thermal performance, and it is widely used for programmable modules and micro-
controllers. QFNs are characterized by abundant geometrical discontinuities (such as edges,
corners) and multilayer construction with several materials which makes them prone to
delamination. QFNs are widely used in automotive applications where the delamination
of QFN packages is a known issue which affects the package reliability. For these reasons,
the QFN is used as a case study in this work. The QFN package consists of a silicon die con-
nected to a copper pad using die attachment material, and the full system is encapsulated
using an epoxy molding compound (EMC). The cross-sectional view of the QFN package is
presented in Figure 1.

During its usage, the QFN is subject to different loading conditions, such as current
and temperature. The temperature induces internal stresses due to the different CTE of
the materials. Over time, the prolonged thermal cycle can eventually lead to a progressive
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reduction in the electrical contact between silicon and the mold, which eventually leads
to the complete delamination of the IC. This process is irreversible and leads the QFN
to reach its end of life. As demonstrated by Schindler-Saefkow [20], such mechanical
stress, which can be captured by stress sensors, can be exploited to evaluate the health
status of an electric component during the ‘early fail” as well as during the ‘wear out’
phases. Besides the loading condition, the progress of the delamination depends on QFN
material properties (e.g., E-modulus, coefficient of thermal expansion) and its geometry
(e.g., solder thickness).

Mold Compound Die

Wire bond

[\ 7"

Solder Die attach Exposed die pad

Leadframe

Figure 1. Cross-sectional view of the QFN package.

4. Methodology

This section presents the methodology implemented by the framework to perform
PHM on a QFN.

The framework, presented in Figure 2, consists of diagnostic and prognostic modules.
The former provides the current health index of the QFN, whereas the latter forecasts the
evolution of the health index over time, i.e., the remaining useful life of the QFN. The health
index of the QFN is described by a metric which we call the delamination index. This
metric is used to characterize the monotonic evolution of die delamination from 0, no
die delamination, to 1, end of the useful life of the die. As input, the framework relies
on loading conditions, stress sensor values, delamination criteria, and QFN parameters.
As output, the framework provides the delamination index and the remaining useful life
of the QFN. The rest of this section presents in more detail the diagnostic and prognostic
modules leveraging on the use case as a running example.

PHM framework
Delamination criteria ittt —— T

QFN parameters —p»

I
i

H Diagnostic Prognostic T

Stress sensors —T> :
H

I

Remaining Useful Life

Delamination index

Loading conditions H [

Figure 2. PHM framework.

4.1. Diagnostic Module

The diagnostic module provides as output the delamination index of the QFN. The de-
lamination is determined by a hybrid model which combines the delamination indexes
predicted by the PoF and DD models. Aizpurua et al. [21] have developed a decision
framework which guides the designer in deciding the layout of the hybrid model without
implementation details. From this framework, we selected a parallel layout to improve the
estimation accuracy of the single models, and then, we further elaborated on the hybrid
model by describing how the output of the PoF and DD models are combined in practice for
diagnostic purposes. The hybrid model also presents limitations and assumptions which
depend on the data-driven and PoF model used. Indeed, a qualitative dataset is required in
order to train correctly the data-driven model. Furthermore, the specific nature of the PoF
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model limits the hybrid model’s usability across different integrated circuits or conditions.
Figure 3 illustrates the three components of the diagnostic module.

Delamination

criteria \
QFN Delamination index

_—
parameters PoF Model
Log@ing / Hybrid | Delamination index
conditions Model
Delamination index
Stess. 3| DD Model
sensors

Figure 3. Overview of the components which compose the diagnostic module.

4.1.1. PoF Model

The PoF model characterizes the physical behavior of the QFN. The expected physical

behavior described by the PoF model can differ from the one empirically observed on the
QFN model in the field. This happens because there are also other factors which influence
the delamination which the PoF model cannot take into account (e.g., the environment
in which the IC is operating like humidity, the real delamination profile, etc.). The PoF
model, leveraging on underlying engineering and failure principles, can isolate the failure
mechanisms behind the die-delamination progress.

The methodology implemented by the model, depicted in Figure 4, is divided into the

following three steps:

Computation of the local damage. A 2.5D model is a finite element model used to
mimic the QFN behavior. Based on the input parameters, this model provides the
evolution of the local damage index for each one of its nodes. The model discretizes
the structure of the material into smaller shapes called elements (lines, plates, bricks,
tetrahedral), and these elements are bounded by nodes (e.g., line element is bounded
by one node at each end) [22]. The local damage index is calculated by monitoring
normal and tangential stresses at each node to evaluate delamination criteria. The local
damage index is set to 1 as soon as the delamination criteria is fulfilled.

Computation of the delamination percentage. Figure 5 shows a dashed line for
the region of interest where the delamination takes place. In this region, the stress
value at each node is continuously monitored to check if it exceeds the delamination
criteria. Such delamination criteria characterizes the stress criterion which provides the
allowable normal and tangential stresses at every interface in the package. When the
stress value exceeds the delamination criteria, the interface at the location of the node
detaches, and the local damage index of the nodes reaches one. At the package level,
a delamination percentage is computed as the ratio of detached nodes with respect to
the total number of nodes on the interface. As an illustrative example, Figure 6 shows
the monotonic-like evolution of the delamination percentage over time.

Computation of the delamination index. The delamination percentage is converted to
the delamination index for the QFN package. The delamination index ranges from
0, no die delamination, to 1, end of remaining useful life of the die. This end of
life is application-dependent, and it is reached when the delamination percentage
goes above a certain threshold. This threshold depends on the type of electronic
system where the delamination takes place. On the one hand, in applications with
small power dissipation, just 10% delamination in the die attachment contact area can
still assure good functionality in an application-specific integrated circuits. On the
other hand, in an application with larger power dissipation, 20% delamination of the
contact area can cause the end of life of the component [16]. To take into account this
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threshold, the delamination index, which we call DIPF  is mapped to the delamination
percentage as described in Equation (1) as follows:

1 if DP(t) > threshold

DIPUP t —
®) {%(Of) if DP(t) < threshold

)

where DP(t) represents the delamination percentage at time t; the threshold represents
the level of delamination percentage after which the end of life is reached. The latter,
being domain-dependent, can be defined based on the end user specifications.

Delamination eeee—___PoFModel__ .
criteria H - - - I
QFN ! Computation Compl.ltatllon Compllltatl.on ! Delamination index
—_— Local Delamination Delamination |t >

parameters 1 1

. i| Damage Percentage Index 1

Loading 1 H
conditions

Figure 4. Workflow for PoF model.

Silicon-Mold Interface -
Region of interest

Copper-Mold Interface -
Region of interest

2.5 D Slice Model

Figure 5. Region of interest shown by a dashed white line at silicon-mold interface and copper—

mold interface.

100
90
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20

0
0 5000 10,000 15,000 20,000 25,000 30,000 35,000 40,000 45,000 50,000
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Figure 6. An example of the evolution of delamination percentage. The horizontal dashed line
represents a possible threshold to define the end of life of the package.

4.1.2. DD Model

The DD model characterizes the field behavior of the QFN, i.e., it models the QFN’s
behavior observed empirically. This model, leveraging the data captured by the sensors
(see Figure 7), can monitor the die-delamination progress.
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Figure 7. Cross-sectional view of the QFN package with the locations of the temperature sensor
and stress sensors.

The methodology implemented by the model is depicted in Figure 8. As a first step,
the raw stress sensor values are preprocessed to highlight the monotonic evolution of the
delamination progress. As a second step, the delamination progress is converted into a
delamination index. These steps will now be discussed in more detail.

DD Model

Computation | Computation
Delamination | Delamination
Progress Index

Delamination index

I
Stress sensors —b
Loading conditions —p>

Figure 8. Overview of the data-driven module for diagnostics.

Computation of the Delamination Progress

The evolution data of each stress sensor value is initially preprocessed making it
monotonic to highlight the progress of the delamination. This is achieved by factoring
out from the evolution sensor values the influence of the loading condition. As a concrete
example, we can imagine that the loading condition presents a periodic pattern which
leads to a periodic evolution of the sensor values (due to the continuous expansion and
contraction of the material). In this case, by just identifying empirically the periodicity of
the loading condition, the evolution of the stress sensor value can be resampled accordingly.
In Figure 9, the raw and monotonic evolution of the stress sensor values are described by
the blue and red curves, respectively.

=20

i —

-100

’ raw strain sensor value f““HIHIHNHHHIHHH

Stress[MPa]
!
s

|
ES
3

3

20k 25k 30k 35k '\\ 40k 45k 50k
Time Full delamination
Figure 9. Evolution of the stress sensor values. The blue curve reports the raw stress sensor values,
whereas the red curve reports their monotonic evolution. The dashed vertical line represents the
point in time when the full delamination is reached.

Computation of the Delamination Index

The delamination progress is converted into a delamination index. This is carried
out using a machine learning regression model trained offline using run-to-failure data.
The choice of the regression model depends on multiple factors such as the amount of data
available, model understandability, computational resources available, etc. In electronic
reliability, considering the typical lack of run-to-failure data, machine learning algorithms



Electronics 2024, 13, 642

8 of 21

which have low demands in terms of data training size and yet that can guarantee a good
tradeoff between bias and variance are preferable. Well-known machine learning models
which fall into this category are linear regression, random forest regression, support vector
machine (SVM) regression, etc. In any case, the final choice of the algorithm requires a
careful analysis of the learning curves. These curves, by describing the performance of a
machine learning model as a function of the amount of training data, can be used to avoid
possible cases of overfitting or underfitting.

4.1.3. Hybrid Model

The proposed hybrid model features a regression model which combines as input
the delamination indexes generated by PoF and DD models and provides as output an
adjusted delamination index. The choice of the regression model follows the same rules
decided before for the DD model.

4.2. Prognostic Module

The prognostic module provides as output the remaining useful life of the QFN.
The methodology can be divided into an offline and online stage. The offline stage is
concerned with the construction of a library of delamination index (DI) curves. The online
stage consists of three steps. First, the DI curves in the library are rescaled with respect to
the target curve, i.e., the DI curve for which the remaining useful life needs to be forecasted.
Second, the rescaled DI curves are retained based on their similarity with the target curve.
Finally, the retained curves are combined to forecast the remaining useful life of the target
curve. The offline and online stages are discussed in more detail below.

4.2.1. Creation Library Delamination Index Curves

Alibrary X of DI curves is created. In this library, described as = = {CU}}(j = 1,2,...,]),
each curve has a different time length T; and presents a monotonic-like evolution from 0 (no

die delamination) to 1 (end of life), i.e., CU/} = [c{j },céj },...,c%}}], Cij Y—0 and C% b ,
j

as shown in Figure 10.

0.8

0.6

04

Delamination Index

0 500 1000 1500 2000 2500 3000 3500 4000 4500
Time

Figure 10. Library of DI curves. Each curve is represented with a different color.

Each DI curve, generated offline by the diagnostic model, describes the evolution of
DI in multiple scenarios (e.g., loading conditions, QFN parameters, etc.). On the one hand,
the more DI curves that are present in the library, the higher the chance to characterize the
possible evolution of future delamination indexes as best as possible. On the other hand,
in scenarios where there are limited resources to store or process these DI curves, it is not
possible to use all possible DI curves for the library. In this case, to select a representative
sample of DI curves, it is possible to cluster all available DI curves and then retain only one
curve per cluster based on its capacity to represent the entire cluster well.

4.2.2. Rescaling of the Delamination Index Curves

The methodology is based on a similarity-based interpolation which assumes that the
evolution of all DI curves follows a similar pattern [23-25]. As a consequence, the evolution
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of any target curve can be inferred based on the run-to-failure evolution of similar reference
curves present in the library X [26]. In case of package delamination, the associated
reference DI curves follow similar—yet not equal—patterns. Indeed, although they all have
a monotonic evolution, the DI curves differ from the point in time where the step changes
occur. In real case scenarios, this can be observed due to differences in manufacturing
tolerances, environmental conditions, defects, etc. To cope with this issue, in this step, each
reference curves is rescaled to increase its similarity with the target curve C' = ¢}, ¢5, ..., c/,
where T’ is the length of the target curve, i.e., the point in time where the forecast is
computed. Such rescaling is performed to fully exploit each single DI curve for computing
the remaining useful life of the test curve. As a representative example, Figure 11 shows the
target curve C’ as a blue line and two other curves representative of a reference curve before
(CU}) and after the rescaling (R/}) as the red and green curves, respectively. The rescaling
of each reference curve proceeds as follows:

e A dynamic time warping [27] is applied between C’ and the reference curve (CU}).
As a result, each time stamp in the target curve is mapped with a one (or more) time
stamp in the reference curve. From this mapping, the first time stamp in the reference
curve is identified, which is mapped to T’ in the target curve. This time stamp is
called TR.

e Arescaling is applied from the beginning to the end of the reference curve Cl} to create
a rescaled reference curve RU}. This is completed by shrinking (or expanding) the
original reference curve in order to match TR with T’. The shrinking of the reference
curve is carried out by undersampling the curve, whereas the expansion is carried out
by oversampling the curve. The first consecutive T’ points of the rescaled reference
curve define the reference curve RU}. It is worth noting that each reference curve can
be rescaled differently based exclusively on the value of TR and T’.

Reference curve
before rescaling

Reference curve
after rescaling

TR

1

1

1

0.2 1
1 T

C Target curve 1

1

0

0 500 1000 1500 2000 250

Delamination index

3000 3500 4000
Time

Figure 11. Rescaling of a DI reference curve based on the target curve. The vertical line T’ represents

the point in time where the forecast is computed. TR represents the time stamp mapped to T’ in the

reference curve. The red and green curves represent the reference curve before and after the rescaling,

respectively; the blue curve represents the target curve.

4.2.3. Retention of the Reference Curves

The rescaled reference curves are ranked based on their similarity to the target curve,
and the most similar ones are retained. This is carried out in two steps. First, the Euclidean
distance is computed between the target curve C’ and each rescaled reference curve R/
using Equation (2). The metric Euclidean distance is used since it provides a measure of
goodness-of-fit between two curves, and the smaller the distance, the higher the similarity
between the curves.

d(C’, RV} =

Then, the rescaled reference curves are sorted based on their similarity, and the top
N are retained. We call this sorted list S. The number N of retained curves is domain-
dependent and needs to be manually identified offline looking at the evolution of the DI
curves in the reference sample. On the one hand, the number should be large enough to
allow each target curve to be compared with at least a few other reference curves when the
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forecast is made. This avoids the situation where eventually no reference curve is identified
for the forecast. On the other hand, the number should be small enough to avoid too many
reference curves being retained. This avoids the forecasts being just the expected ones of
the entire (or large part) of the reference sample. A possible trade-off between these two
needs is to set N as 5.

4.2.4. Remaining Useful Life Forecast

In this step, the remaining useful life (RUL) on the QFN is computed. This is carried
out using Equation (3) as follows:

RUL(t) = Q2(S) — ¢t 3)

where Q2(S) represents the second quartile, i.e., the median, of the EoLs associated with
the retained S curves; ¢ the point in time where the RUL is computed.

The usage of Q2(S) for EoL estimation provides robustness against outliers which
may be present in S and aims to minimize the forecast error. However, as early forecasts
are better than late ones, it can be convenient in several cases to be more conservative on
the estimated RUL. In these cases, Equation (4) can be used as follows:

RUL(t) = Q1(S) — ¢t 4)

where Q1(S) represents the first quartile of the EoLs associated with the retained S curves.
It is worth noting that the forecast of the RUL can be theoretically computed at any
point in time. However, the RUL forecast should be triggered only when the delamination
index changes. Indeed, if the delamination index remains constant, then the remaining
useful life of the QFN does not change. This approach would also make the computation
of the RUL possible in the case of limited computational resources available in the chip.

5. Experimental Setup

This section describes how the QFN is monitored and how the collected data are used
for validation.

5.1. QFN Parameters

The QFN parameters used in the case study are presented in Tables 1 and 2. Table 1
reports the QFN geometry, whereas Table 2 reports the material properties of the QFN package.

Table 1. QFN package standard dimensions.

Parameter Dimensions

Die (X, Y, Z2) 6 mm x 6 mm x 0.27 mm
Die attachment thickness 35 um

Exposed die pad (X, Y, Z) 7 mm x 7 mm x 0.2 mm
QFN package (X, Y, Z) 9mm x 9 mm x 1.05 mm

Table 2. Material properties of QFN package.

E Modulus Poisson’s

Materials (GPa) Ratio In-Plane CTE (ppm/°C)
Silicon die 169 0.25 2.6

Copper die pad, Leadframe 120 0.35 17.6

EMC (epoxy molding compound) 30 0.25 7

The QFN is modeled as a 2.5D model, a slice of a full QFN package model, using
a commercial finite element software. The package is modeled with silicon-mold and
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Delamination Criteria I

copper-mold interfaces. A structural symmetry boundary condition is also applied on
the model to define the 2.5D slice model as shown in Figure 5. Under thermal loading
conditions, the QFN package is subject to EMC-Die and EMC-Leadframe delamination.
This model uses the delamination criteria shown in Equation (5).

m n
On Ot
— | +(=] >1 5
( Sn ) ( St ) ©)
Here, 0y, is the normal stress, o; is the tangential stress, S, is the maximum allow-
able normal stress, S; is the maximum allowable tangential stress, and m and n are the

material-specific exponents. Material properties of the QFN are modeled as elastic—plastic
isotropic materials.

5.2. Dataset

In real life, full package-delamination is a long and complex process which is hard to
capture from the field. This is a main limitation to validate the PHM framework since it
requires multiple run-to-failure samples, collected in a controlled environment, to char-
acterize over the time the typical delamination behavior. To cope with this shortcoming,
we decided to rely on simulated data, and we created the experimental setup reported
in Figure 12.

Diagnostic

Delamination index

Material Properties I

Loading

Geomet i
™' conditions

Delamination Criteria IT

Material Properties II

Prognostic

Delamination index

1
1
1
1
1
1
Hybrid [ ! Delamination index Remaining Useful Life
—_ _c = -3
]
1
1
1
1
1
1
]

Stress sensors

PoF Model GT |_Delamination index
(ground truth)

Figure 12. Setup describing the PHM framework for validation.

In this setup, besides the diagnostic and prognostic modules, a new PoF model GT
(ground truth) is used to generate the stress sensor values and the ground truth delamination
index. The PoF model for diagnostics and the PoF model GT are different. The difference
between the models lies in the fact that they are created using different material properties
and geometry. As a consequence, they generate different delamination indexes. This
difference is fundamental since this allows us to represent a real scenario where the PoF
model simulation provides a delamination index which is different from the one actually
observed in the QFN.

The setup in Figure 12 is used to generate the validation dataset. This dataset is created
by executing 29 run-to-failure simulations. The input of each simulation is the loading
conditions, the QFN parameters, and the delamination criteria. These inputs can change
within and across the simulations as follows:

e Within the same simulation, the loading condition, geometry, and material properties
are the same, whereas the delamination criteria differ. The delimitation criteria are
varied to introduce a slight difference between the behavior described by the PoF
model GT and the PoF model. This choice is made because it is assumed that the
interface strength at every interface will vary because of surface roughness, porosity
in materials, and adhesion strength. Figure 13 shows an example of the variation in
the delamination criteria which will result in a different delamination index for two
samples with the same geometry.
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Across the simulations, the geometry is changed. During the development of the hy-
brid model, manufacturing tolerances are introduced in the simulations by changing
the crucial geometry parameters such as solder thickness and EMC thickness. For in-
stance, total QFN thickness (ideal thickness = 1.05 mm) varies between 1.005 mm
and 1.095 mm by assuming solder and EMC thickness tolerance of +5%. Variations
in the geometry combined together with variations in delamination criteria allow us
to create a unique delamination behavior in every sample while imitating real-life
uncertainties such as harsh environmental conditions and manufacturing defects.
Across simulations, the loading condition, defined via a temperature profile depicted
in Figure 14, is kept constant. The temperature profile starts at 185 °C to include the
effect of the EMC curing process. Temperature variations are introduced at dwell time
to mimic the real-life loading scenario. The thermal boundary condition is shown in
Figure 14 where the loading profile starts at 185 °C to simulate the effect of EMC curing,
and it is followed by thermal cycling. A thermal cycling profile of —40 °C to 125 °C is
chosen since it is typically used to test the thermal reliability of electronic packages
such as QFN and electronic assemblies. The stress sensors monitor the expansion and
contraction of the material caused by the temperature profile. During the simulation,
the stress values range between +25 MPa and -100 MPa.

300

N
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S

1=
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1%
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—— Delamiantion criteria for PoF model (GT)

Delamiantion criteria for PoF model (Diagnostic)

Figure 13. Variation in delamination criteria.

Time (sec)

Figure 14. Thermal loading profile.

The evolution of the delamination percentages differs across simulations; although, in

each case the delamination percentage is at least 90%. As a consequence, for the experiment,
it was decided that a delamination index of 90% corresponds to the end of life (EoL) of
the die (see Equation (1)). The validation dataset consists of the data generated from the
29 simulations. More specifically, from each simulation, the following data are retained:

Temperature profile.
Evolution delamination index predicted by the PoF model (which we call DI"°F).
Evolution delamination index generated by the PoF GT model (which we call DI™°F GT),
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e Evolution stress sensor values. These are four curves describing the evolution of the
four stress sensor values generated by the PoF GT model.

5.3. Validation

The validation of the diagnostic module is performed in two steps.

In the first step, the most suitable machine learning regression model for the DD model
is identified by performing a two-fold cross-validation ten times. Figure 15 illustrates how
the DD model can be trained for one-fold validation. The candidate models tested are linear
regression, random forest, and gradient boosting, and SVM regression, i.e., the commonly
used machine learning algorithms for regression problems, which are less demanding in
terms of data training size. At the end of the validation, to compare the performance of the
regression models, the MSE is computed. Equation (6) shows the MSE associated with the

i-th simulation as follows:
n

. 1 R
MSE() = ) (5~ ;) ©)
i=1
where y; and §; represent the ground true and predicted delamination index for i-th
simulation; # is the total number of data points in the i-th ground truth simulation. At the
end of this step, the best performing algorithm is selected as a regression model of the
DD model.

1
l test

e DD
— DD model &»

29

training

]

Simulations 1 to 29

¢ temperature

* stress sensors
Simulations 16 to 29

* DIPFGT (ground truth)

Figure 15. Example of training and testing of the DD model via two-fold cross validation. The DD
model is trained using ground truth, temperature, and stress sensors from half of the simulations.
The other half of simulations, with the exception of the ground truth, are used for testing. The output
DIPP 1 represents the DI curve computed by the model when it receives the test simulation 1 as input.

In the second step, the most suitable machine learning regression model for the hybrid
model is identified by performing a revisited ten-fold cross-validation ten times. For each
fold, five steps are followed as follows:

1.  From the validation dataset, 1/10 of the simulations (i.e., 3 simulations) are used as
tests. The remaining 26 simulations are split equally into training A and training B.

2. The 13 simulations of training A are used to train a single DD model. This model is
then used to transform each test simulation data (i.e., the stress sensors and tempera-
ture) in a test delamination index which we call test DIPP. Figure 16 shows how the
first test simulation can be transformed by the DD model in test DIPP 1.

3. The 13 simulations in training B are used to train 13 DD models using a leave-one-
out approach. More specifically, 12 simulations are used to train a DD model, and
the 13-th simulation is used to generate its associated DI. Figure 16 illustrates how
simulation 14 can be transformed by the DD model 14 in the training delamination
index which we call DIPP 14.

4. The hybrid model is trained using the 13 Dls generated by the DD and PoF models.
In this case, the same models are evaluated: linear, random forest, gradient boosting,
and SVM regression models.

5. The model is used to combine test DIs generated by the DD and PoF models. The out-
put of the model is the adjusted delamination index. The latter can consist of a
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weighted sum of the DD and PoF’s DIs if the model is implemented as a linear re-
gression. For other models, the DD and PoF’s DIs can be combined in more complex
manners. Figure 16 shows for the first simulation, how the test Dls associated with
the DD and PoF models generate the adjusted delamination index which we call
DIHybrid 1. Tt is worth noting that by keeping the simulations in training A and B
separate, the test and training DIs of the hybrid model pass through DD models
which are not trained using common simulations. The latter prevents the training
simulations from influencing the shape of the testing and training DIs, which may
potentially lead to overly optimistic performance metrics due to the common type of
reshaping introduced.

Simulations 1 to 13
* temperature

* stress sensors
Simulations 4 to 13
* DI PFGT (ground truth) Hybrid

O

Simulations 14 to 29
* temperature DI™F 14
* strain sensors

* DIPFGT (ground truth)

<
&
£
5

DD DIPOF | 8
DD Model DIV 1

Simulations 1 to 3
DIPoF

test

Model

4 —====== | DI’ 14

DD Model 14 T
ol

DiHybrid |
————

training B
training

29 1 DIPP 29

— | DD Model 29

training

@— —
>

Simulations 14 to 29
DIPoF

Figure 16. Example of training and testing of the hybrid model. The hybrid model is trained using DI

curves generated from simulations in training B, whereas it is tested using DI curves generated from

simulations in training A. The output DI¥%"% 1 represents the DI curve computed by the hybrid

model when it receives as input the testing DI curves. The latter two testing curves are generated by
the DD and PoF models when the test simulation is 1.

At the end of the validation, the performance of the PoF, DD, and hybrid models are

compared by computing the MSE.

To validate the prognostic module, a leave-one-out cross-validation is performed

following these steps:

1.

From the validation dataset, the data associated with the i-th simulation are retained
and used to generate the curve test DI. Figure 17 illustrates how the first test simulation
can be transformed by the hybrid model in test DI'¥%"i 1. The remaining simulations
are used to compute via hybrid models the N-1 DI curves which will form the library
of DI curves (see Section 4.2.1). These hybrid models are trained using a leave-two-out
approach. More specifically, the hybrid model j (which generates the library DI curve
j) is trained using all other DI curves except for the j-th and i-th ones. A similar
approach is used for training the DD model within each hybrid model.

The RUL is computed for the curve test DI any time that the DI has a step increase
of 0.1. The 0.1 threshold for computing the RUL is decided taking into account two
aspects. On the one hand, if the threshold is too high, then the selectable step changes
are too few, and this would hinder the possibility of highlighting the presence of a
trend in the forecast performance. On the other hand, if the threshold is too low, then
the selectable step changes may become too many. As a result, it would become more
challenging to abstract a trend across the test curves. At the end of the validation,
to evaluate the accuracy of the forecasted RUL, the relative error (RE) and absolute



Electronics 2024, 13, 642

15 of 21

relative error (I RE|) are used. These metrics are chosen since they are commonly
used for performance measures of the RUL. Equation (7) reports how RE is computed:

_ EoL — EoL

RE
EoL

(7)

where EoL and EoL represent the true and predicted EoL.

| e ] Ditybrid |

. | Drsbria o test

RUL 1

Arexqy

Ditybrid 29

29
@_ Diagnostic Prognostic

Simulations 1 to 29

* temperature

* stress sensors

* DIPFGT (ground truth)
o DIPoF

SoAIND [

Figure 17. Example of training and testing of the prognostic module. Each hybrid model j is trained
using all other DI curves except for the DI curves j-th and 1. The output RUL 1 is provided by the
prognostic module when it receives as input the testing DI curve DI¥"% 1. The latter is generated
by the diagnostic model when it receives as input the test simulation 1.

6. Results and Discussion

This section evaluates to what extent the instantiated methodology is suitable for the
diagnostics and prognostics of the health index of a QFN package.

6.1. Diagnostic

This section investigates the performance of the PoF, DD, and hybrid models in
monitoring the level of the package delamination. As a first step, the number of available
run-to-failure simulations is evaluated to verify whether it is sufficient for training the
DD model.

Figure 18 reports the learning curve of the gradient boosting regression model used
for the DD model. In this figure, once the training size goes above 10, it is possible to
notice that both learning curves become flat. This means that (i) adding more samples
would have only a little impact on the performance of the model, and (ii) the model is not
overfitting. The learning curves of the other models (reported in the Appendix A) exhibit
similar behaviors confirming that even with a limited number of run-to-failure simulations,
there exist multiple machine learning algorithms suitable for training a DD model robust
against overfitting.

4 —=— Train

? —*= Test
b‘% 0.001
=

Training Size

Figure 18. Learning curve of the gradient boosting regression model used for implementing the DD
model. The green and blue curves represent the mean MSE for the test and train set, respectively.
The transparent area corresponds to one standard deviation above and below the mean value.
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Figure 19 reports the performance of the DD model when implemented using different
machine learning regression models. Among the models, the gradient boosting is the best
performing one, and for this reason, it is selected to implement the DD model. As a second
step, we replicate the previous analysis to select the machine learning regression model for
the implementation of the hybrid model. Figure 20 reports the performance of the hybrid
model when implemented using different machine learning regression models. In this case,
the gradient boosting and linear models are the best performing ones. By comparing their
learning curves in Figures 21 and 22, it is possible to observe that the linear regression model
is already robust against overfitting once trained with three or more samples. Furthermore,
in Figure 20, if we use the median values as reference points, it is possible to observe
that multiple regression models (e.g., linear regressor, gradient boosting regressor) have
lower MSE than the PoF and DD models. This result suggests that the hybrid model for
monitoring the health index of the package is able to achieve better performance than the
ones obtained by the PoF and DD models alone.

=
+ 5 commee

MSE

0.002 !
0001
300u
600u
400p

Linear Regressor Random Forest Regressor Gradient Boosting Regressor Support Vector Regressor

Figure 19. The diagnostic performance achieved by the different regression models (linear, random
forest, gradient boosting and SVM) used for implementing the DD model.
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PoF Data driven Linear Regressor Random Forest Regressor Gradient Boosting Regressor Support Vector Regressor

Figure 20. The diagnostic performance achieved by the PoF, DD, and hybrid model. Linear, random
forest, gradient boosting, and SVM regression models are considered for the hybrid model.
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Figure 21. Learning curve of the gradient boosting regressor used for implementing the hybrid model.
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Figure 22. Learning curve of the linear regression model used for implementing the hybrid model.

6.2. Prognostic

This section investigates the performance of the prognostic model in forecasting the
remaining useful life of the package. For the analysis, only the linear regression model is
used for the hybrid model.

Figure 23 presents the boxplots of the |RE| for the first four step changes of each
test curve. In this figure, by focusing on the median values, it is possible to observe a
downward trend which highlights that the forecasts become better over time. The reason
behind these results depends on the selection process of the top five reference curves. In the
first step change, where the highest median value of 14% is reached, the test curve has a
limited time span. Consequently, the test curve does not hold yet a recognizable pattern
that can be exploited for the retention of the most suitable reference curves, namely the
ones which eventually evolve into the test curve. This issue tends to reduce once the test
curve has more step changes, i.e., recognizable patterns, which increases the chances to
retain look-alike reference curves.

0.4 .
0.35 0.139 O
5 0.3
0.25
0.2
0.15

Step 1 Step 2 Step 3 Step 4

Figure 23. Evolution of the prognostic performance for the first four step changes of each test curve
using Equation (3).

To better understand the improvement in performance forecast over time, Figure 24a
provides, for each single test curve and for each step change, the associated RE based on
Equation (3). In this figure, it is possible to notice that for 33 out of 103 forecasts, i.e., 32% of
the cases, the RE is above 0, namely the forecast goes beyond the real end of life. Since late
forecasts may represent major problems (e.g., for safety-critical applications), Figure 24b
shows the RUL forecast using a more conservative estimation based on Equation (4). In this
case, only 13% of the forecasts are delayed, and yet, the highest median value of RE, for the
first four step changes of each test curve, reaches just 18%. To the best of the authors
knowledge, this is the first study to evaluate a hybrid method for an RUL forecast at
the package level. While further analysis with field data is needed, our results provide
a reference point of the accuracy level in the RUL forecast for the package. This is a
fundamental first step to verify to what extent hybrid-based methods for the RUL forecast
can provide actionable information to implement a predictive maintenance strategy.
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Figure 24. Evolution of the prognostic performance for each step change of each test curve. The y-axis
reports the test curves, whereas the x-axis reports the time stamps uniformly binned (in time windows
of 41 time stamps). The color and number of each square highlight to what extent the RUL forecast
is delayed or early. The red circle reports the true end of life of the package. Figure (a) reports the
prognostic performance using Equation (3); figure (b) reports the prognostic performance using
Equation (4).

7. Conclusions and Future Work

In the electronic domain, techniques for prognostic and health management typically
rely on either physics-based or data-driven models. Despite the advantages of combining
both models, only a limited number of studies explored hybrid models, and none of them
have applied these models for RUL forecasting at the package level. For this reason, this
study delves into the potential of hybrid modeling for PHM of electronic systems. The key
contribution of this research is the introduction of a novel framework for diagnostics and
prognostics of the health index of an electronic system using as a case study a QFN package
subject to delamination.

This study proves that, even with a limited number of run-to-failure simulations,
hybrid modeling can be used to improve the original diagnostic capabilities of data-driven
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and physics-of-failure models alone. For prognostics, this study addresses the existing
research gap by establishing a performance benchmark for the estimation of the remaining
useful life of the package. While the preliminary results are promising, the next step of
this study is to validate the methodology on real field data to ensure its robustness and
performance accuracy. More specifically, we aim to collect more extensive datasets which
include normal behavior data, data under various failure conditions, and data coming from
different electronic components.
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Appendix A. Learning Curves

This section reports the learning curves for all machine learning regression models
tested for the DD and hybrid models.
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Figure Al. Learning curves for the regression models tested for implementing the DD model.
The green and blue curves represent the mean MSE for the test and train set, respectively. The trans-
parent area corresponds to one standard deviation above and below the mean value. Figure (a)
represents the Linear regression model; figure (b) represents the Random Forest regression model;
figure (c) represents the Support Vector regressor.
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Figure A2. Learning curves for the regressors tested for implementing the hybrid model. The green
and blue curves represent the mean MSE for the test and train set, respectively. The transparent area
corresponds to one standard deviation above and below the mean value. Figure (a) represents the
Random Forest regression model; figure (b) represents the Support Vector regression model.
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