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A R T I C L E I N F O A B S T R A C T 
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This paper presents a fast and comprehensive method for reliability prediction of 3D System-in-Package (3D 
SiP) technologies. The proposed approach accounts for both critical wear-out failure mechanisms and mission

specific profiles. A novel reliability assessment framework is introduced to address the limitations of traditional 
methods, which often overlook the variability in failure mechanisms and wear-out rates across different layers 
within the same mission profile. A key contribution of this work is the coupling between the mission profile 
and dominant wear-out rates, enabling simultaneous consideration of multiple failure mechanisms, such as those 
affecting through-silicon vias (TSVs) and solder joints, under real-time operating conditions. The framework offers 
a multilayer analysis that uses unified units for each layer and incorporates a precise thermal model, enabling the 
rapid prediction of thermal behavior throughout the system’s lifetime. Additionally, the proposed method can be 
easily integrated into circuit simulators and utilized as a real-time reliability estimator. This capability enables 
researchers and engineers to further investigate interactions between failure mechanisms across different layers 
of the SiP under realistic and dynamic operational conditions. By identifying the dominant failure mechanism in 
each layer, the method supports early-stage design decisions to mitigate potential reliability issues. The reliability 
estimation process involves selecting the mechanism with the shortest predicted lifespan for each layer and 
constructing the overall reliability curve using a series configuration of the reliability block diagram. Long-term 
mission profiles are translated into thermal loads through a cascaded Foster thermal network, with Monte Carlo 
simulations applied to determine the system’s failure distribution.

1. Introduction

System-in-package (SiP) technology allows the assembly of multiple 
dies in a single package. Integration is best achieved with 3-dimensional 
stacked dies connected using Through-Silicon Vias (TSVs) [1]. Their fea

tures make them suitable for applications that require compact modules 
integrating mixed-signal circuits and passive components, such as mo

bile phones and versatile sensor interfaces [2]. 
However, satisfying the SiP design specifications is challenging despite 
their promising features, especially for applications that require high re

liability and lower cost, geometrical scaling, high power density, and the 
operation of multiple dies at high frequencies with varying power con

sumption significantly affect the reliability of SiPs. Thermal gradients 
primarily cause these issues among layers and temperature fluctuations. 
Therefore, estimating the lifetime of SiPs has become a significant con
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cern in designing these complex systems with effective target lifetimes. 
Accordingly, enhancing tools that analyze reliability in a SiP’s design 
phase is mandatory, mainly when it works in harsh operating conditions.

The failure rate of an electronic product can be visualized by the 
so-called Bathtub Curve (BC). This graphical representation is made up 
of three stages: a decreasing failure rate results in the so-called infant 
mortality, a useful life represented by a constant failure rate caused by 
random failures, and a late lifetime behavior described by an increas

ing failure rate due to the wear-out processes [3]. Since wear-out plays 
a crucial role in determining an electronic product’s reliability and sus

tainability during long-term operation [4], this is the main concern of 
this paper. 
Several studies have analyzed the failure mechanisms of 3D stacks to im

prove their reliability [5--9,38]. It has been reported that solder joints 

https://doi.org/10.1016/j.rineng.2025.105965

Received 9 January 2025; Received in revised form 5 June 2025; Accepted 23 June 2025 

http://www.ScienceDirect.com/
http://www.sciencedirect.com/journal/results-in-engineering
http://orcid.org/0000-0002-1604-6674
mailto:toud05@uqo.ca
https://doi.org/10.1016/j.rineng.2025.105965
https://doi.org/10.1016/j.rineng.2025.105965
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rineng.2025.105965&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Results in Engineering 27 (2025) 105965

2

D.E. Touati, A. Oukaira, M. Ali et al. 

may cause reliability issues, and the selection of solder joints’ metallurgy 
type plays a decisive role in improving the lifetime of the package. The 
impact of solder joints on reliability has been investigated in several pre

vious research works [9--11,39]. 
In [9], simulations with ANSYS/LS-DYNA were carried out to predict 
the transient mechanical behavior of solder to evaluate the drop im

pact solder reliability of 3D-Integrated Circuits (ICs). Authors in [10] 
assessed the effects of thermal cycling on the lifespan of solder joints. 
However, tests based on drop impact reliability are not suitable for sys

tems that are subjected to high temperature fluctuations in actual field 
operation, since they cannot predict what the system will experience in 
real-life operation [27--30]. 
TSVs play a key role in 3D packaging since it offers high-density in

terconnections. However, it comes with reliability challenges [11,12]. 
Finite Element Analysis (FEA) is used to investigate the effect of tem

perature cycling on 3D TSV. Work reported in [11] showed that the 
most stress is located on the outermost corner of the TSV, which causes 
serious reliability issues for the package. New studies propose thermal 
cycling in a based model to enhance the reliability of 3D ICs [12]. It has 
been shown in [13] that electromigration failure in TSVs is a significant 
reliability concern in 3D IC packages.

In addition, the impact of jumps in junction temperature (thermal 
cycling) on reliability lifetime was investigated in [14,15]. In Yang et al. 
[14] a one-year mission profile was converted into thermal load. Then 
Monte-Carlo simulation was applied to estimate the failure probability 
of a photovoltaic (PV) inverter. To evaluate the reliability of the DC

to-DC converter, authors in [15] use Monte-Carlo simulations to assess 
uncertainties induced by the mission profile and statistical parameters 
of the lifetime model. Although these two studies are based on mission 
profile and distributed failure rate, they consider only one failure caused 
by thermal cycling.

Various failure mechanisms in either solder or TSV, caused by high 
heat flux produced at dies, threaten the reliability of 3D SiP. It is im

portant to develop a new lifetime model that considers various failure 
mechanisms at critical layers of the 3D SiP and carries out a statistical 
analysis showing the impact of each failure mechanism on the reliability 
of the 3D SiP.

Despite significant advancements in reliability analysis for 3D ICs 
and SiPs, most existing studies focus on individual failure mechanisms, 
often limited to thermal cycling effects, without addressing the concur

rent and compound impact of multiple mechanisms such as electromi

gration in TSVs and fatigue in solder joints. Moreover, there remains 
a lack of unified, real-time reliability assessment frameworks that can 
simulate actual operating conditions by tightly coupling mission pro

files with layer-specific wear-out rates. Current approaches also often 
fall short in capturing the complex interactions between temperature 
dynamics, mechanical stress, and electrical load across heterogeneous 
layers. To fill this research gap, this paper proposes a novel, fast, and 
comprehensive reliability prediction method for 3D SiPs that integrates 
multiple critical wear-out mechanisms, such as those affecting TSVs and 
solder joints, within a unified framework. The key contributions of this 
work are as follows: Coupling of mission profiles and dominant wear-out 
mechanisms: The method introduces a direct link between real-world 
mission profiles and the dominant failure mechanisms in each layer 
of the SiP, enabling simultaneous consideration of multiple, coexisting 
reliability threats under actual operating conditions. Layer-specific reli

ability modeling: The framework identifies the most vulnerable layers in 
the system and computes their wear-out rates based on realistic thermal 
behavior, using unified units and modeling approaches for consistent 
cross-layer analysis. Integration into circuit simulation environments: 
The proposed method can be easily incorporated into standard circuit 
simulation tools and employed as a real-time temperature estimator, fa

cilitating deeper analysis of interaction effects between different failure 
mechanisms during actual use conditions. Statistical reliability estima

tion through Monte Carlo simulation: The method converts year-long 
mission profiles into thermal loads via a cascaded Foster thermal net

work, then performs Monte Carlo simulations to estimate the statistical 
distribution of failures based on the weakest link (minimum lifespan) in 
a reliability block diagram.

This paper proposes a novel 3D SiP reliability assessment method to 
address the abovementioned challenges. Starting from the mission pro

file for one year of the system studied, the proposed approach converts 
it into thermal load using the thermal circuit-based model in reasonable 
simulation time. Then, Monte Carlo simulations are performed to obtain 
statistical parameters that combine the lifetime distributions of failure 
mechanisms in TSV and solder joints.

This paper introduces a fast reliability prediction method for 3D 
System-in-Package (3D SiP) that considers critical wear-out failure 
mechanisms and mission profiles. This method mitigates the lack of cou

pling between the mission profile and the dominant wear-out rate for 
each layer determining the reliability of 3D SiPs. The paper will also 
propose an effective and comprehensive framework to analyze multi

layered SiP reliability over their lifetime. This framework adopts unified 
units for each layer in the system, leveraging an accurate thermal model 
to facilitate rapid predictions of SiP thermal behavior. The method iden

tifies the dominant failure mechanism in each layer to aid designers in 
preemptively addressing damages caused by failures early in the design 
process. It relies on selecting the mechanism that causes the minimum 
lifespan for each layer and plotting the reliability curve according to 
the reliability block diagram’s series configuration. The long-term mis

sion profile is converted to thermal load using a cascaded Foster thermal 
network, followed by Monte-Carlo simulations to determine the overall 
failure distribution.

The rest of this paper is organized as follows: Section 2 describes a 
framework for evaluating the proposed SiP reliability metric, including 
converting a mission profile into thermal load and reliability modeling. 
Section 3 presents simulation results and a discussion. Finally, Section 4
presents the conclusions.

2. The proposed reliability analysis approach

Reliability analysis and lifetime prediction of a 3D SiP requires de

tailed knowledge of the structure of the SiP and the used thermal model’s 
ability to predict the dissipated power and estimate the transient temper

ature of the layers based on a given power profile. In addition, physical 
lifetime models are needed to describe the lifespan due to various fail

ure mechanisms in fragile parts such as TSVs and solders. 
We present an approach shown in Fig. 1 to predict the lifespan and as

sess the reliability of a 3D SiP. 
The proposed approach starts by defining the mission profile of the 

studied 3D SiP shown in Fig. 2. In the structure depicted in Fig. 2, the 
dissipated power of each chip was determined and stored in the lookup 
table (LUT). The recorded data are then fed into the thermal circuit to 
predict the long-term thermal loads of the layers. The thermal loads 
obtained in the previous step (phase 1) are irregular. However, failure 
mechanism models, particularly thermal cycling, are related to several 
static parameters, such as the number of cycles at a certain amplitude. 
To obtain these parameters, the Rainflow algorithm [17,36] is applied 
to thermal loads. The Rainflow-counting algorithm, developed by Tat

suo Endo and Masanori Matsuishi in 1968 [16], is a widely recognized 
method in fatigue analysis. It is used to convert a load sequence of vary

ing stress into a set of constant amplitude stress reversals, allowing the 
estimation of fatigue damage and the life of materials under cyclic load; 
thus, the layers’ temperature cycles and associated numbers can be de

termined. The defined loads are then used as input data to predict the 
TSV and solder failure models. Therefore, the impact of temperature 
on TSV and solder lifetime can be determined. This paper assumes that 
failure mechanisms in TSVs or solders follow Weibull distributions [18]. 
The Weibull model describes the mean time to failure of each layer. In 
the last phase, the mean time to failure distributions obtained in the 
previous step are unified by Monte Carlo simulations.
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Fig. 1. Steps of the proposed framework for reliability assessment of SiPs. 

Fig. 2. Structure of the studied SiP and its thermal impedance configuration. 

2.1. Prediction of the thermal behavior of SiP

The structure of the studied 3D SiP package is shown in 2. It com

prises two sets of vertically stacked dies and various layers to ensure 
the connection between the dies and the reliability of the package. Two 
mounted heat sinks cool the package. The heat flux generated by dies 
due to power losses flows through different thermal paths. It causes heat

ing of all layers contained in the package and thermal gradients due to 
various layers’ thermal conductivity and capacitance. To estimate the 
temperature of target layers, we propose a model shown in Fig. 3. The 
transient thermal impedance between two consecutive layers is modeled 
as a lumped RC Foster circuit. The power losses from the dies are used 
as inputs to the thermal model, and the response to these inputs repre

sents the transient thermal impedance between two layers, as described 
by the following equation.

Fig. 3. Multi-layered thermal circuit. 

Fig. 4. Thermal branch with ℎ𝑡𝑐 boundary conditions. 

𝑍𝑡ℎ𝐿1−𝐿2(𝑡) =
𝑇𝐿1 − 𝑇𝐿2
𝑃𝑙𝑜𝑠𝑠

=
3 ∑
𝑘=1
𝑅𝑘(1 − 𝑒

𝑡 
𝜏𝑘) (1)

Where 𝑍𝑡ℎ𝐿1−𝐿2(𝑡) is the thermal impedance between layer 1 and 2, 𝑇𝐿1
and 𝑇𝐿2 are the transient temperatures of layer 1 and 2, respectively, 
𝑃𝑙𝑜𝑠𝑠 describes the power dissipation in dies, 𝜏𝑘 is the thermal time con

stant of 𝑘𝑡ℎ term, and 𝑅𝑘 is the thermal resistance between layer 1 and 
2.

However, in real life, the SiP may experience various external con

ditions, such as nonlinear cooling techniques and changes in ambient 
temperature. These conditions are considered boundary conditions and 
profoundly impact the model’s accuracy [32] and the reliability of the 
SiP, as we will present in the reported results. The RC thermal parame

ters are derived and expressed as a function of boundary conditions to 
ensure prediction accuracy. Fig. 4 shows the case of one thermal branch 
in which the RC thermal parameters have been expressed as a function 
of the heat transfer coefficient (htc) [35]. In Fig. 4, the term ‘cst’ de

notes a scenario where the thermal resistance and capacitance remain 
constant, irrespective of variations in the heat transfer coefficient (htc), 
which characterizes the nonlinear cooling of the package and is repre

sented as h for conciseness, acknowledging space limitations.

The transient thermal behavior of each layer in the studied pack

age was extracted from COMSOL Multiphysics® by fitting Equation (1). 
To extract transient impedance, the RC thermal parameters should be 
obtained first. Fig. 5 shows the transient temperature performance of 
our proposed model implemented in Simulink® and the Finite Element 
Method (FEM) in the COMSOL tool. The transient temperature curve 
estimation of die 2 for different levels of loss power shows a good agree

ment. It is worth mentioning that the FEM simulation in COMSOL took 
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Fig. 5. FEM validation of the proposed thermal circuit. 

Fig. 6. Thermal load over time : (a) TSV2, and (b) TSV1. 

about 3 hours to converge and required a huge amount of memory, up 
to 3.4 GB (proportional to the simulated time, which is relatively short 
here).

In contrast, the proposed model took about 4 seconds to evaluate 
and consumed only 2.3 MB. These considerable savings in computing 
time and memory are crucial when considering the package’s long-term 
thermal behavior prediction. Also, Fig. 5 shows that the layer undergoes 
thermal cycling, and peaking can lead to serious long-term reliability 
issues.

In the proposed approach, knowledge of the mission profile of the 
studied package is required throughout the entire operation. In this re

spect, an offline calculation of the dissipated power of each chip was 
performed to create a look-up table (LUT). Then, the dissipated power 
values during 12 months of operation were injected into the thermal 
circuit to be translated into thermal profiles of the layers. Fig. 6.a, and 
Fig. 6.b show the thermal loading profiles of TSV2 and TSV1 for a spe

cific operating time duration. To provide a clearer view of the data, 
Fig. 7.a and Fig. 7.b zoom in on a 30-second segment of these profiles, 
highlighting the temporal variations within this narrower time frame.

2.2. Cycle counting

By applying the mission profile to the thermal circuit in the previ

ous step, the temperature of junctions, TSVs, and solder joints can be 
obtained. However, the temperature profiles are variable and irregular 
due to the package’s operating conditions, as seen in Fig. 4, and 5. In 
this case, it is desirable to have a cycle-counting algorithm to identify 
statistical parameters of the irregular temperature-load profiles. Thus, 
relevant information such as the number of cycles, mean cycle temper

ature 𝑇𝑚 and amplitude ΔT can be obtained and applied to selected 
failure mechanism models of solders and TSVs. We use the Rainflow

counting algorithm to divide the thermal load profiles of solder joints 
and TSVs into regular thermal cycles. Fig. 8 shows the application of the 
Rainflow method to the temperature load profile shown in Fig. 6. 

2.3. SiP failure mechanisms

Empirical models have been applied to predict the layers’ Mean time 
to failure (MTTF) for a one-year mission profile. According to Ikonen et 
al. [31], these models are easy to apply because they do not require 
prior knowledge of the semiconductor material’s physical properties. 
3D SiP is considered one of the most vulnerable semiconductor pack

aging types. Its layers are made with materials of different electrical 
and thermal properties assembled to form various failure mechanisms. 
However, some failures are more dominant than others over particular 
layers. As in Arrhenius’s equation, semiconductor-based packages’ reli

ability and time to failure are tightly linked to operating temperature. 
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Fig. 7. Thermal load over 30 seconds: (a) TSV2, and (b) TSV1. 

Fig. 8. Application of the Rainflow algorithm on the thermal load of TSV1. 

The latter should be represented in terms of MTTF to assess the reliable 
lifetime of the studied package. Many models in the literature were re

ported to estimate MTFF due to a failure mechanism. In this paper, we 
apply straightforward models on TSV and solder to predict their lifetime 
to failure.

2.3.1. Electromigration

Electromigration (EM) is the movement of metal atoms in metals 
under high temperatures and large current densities, which can lead 
to thermal runaway and a short or open-circuit failure. EM is one of 
the significant reliability problems in semiconductor-based packages. 
EM may occur in solder joints [19--21] or TSVs [22,23]. As mentioned 
before, a metric that allows us to predict the lifetime reliability of a 
package is the mean time to failure. Black’s equation, shown in Equation 
(2), describes the MTTF for EM.

𝑀𝑇𝑇𝐹𝐸𝑀𝑠𝑜𝑙𝑑𝑒𝑟,𝑇𝑆𝑉 =𝐴𝐽−𝑛𝑒(
𝐸𝑎
𝐾𝑇 ) (2)

In the above equation, J, K, and T represent the current density, Boltz

mann constant, and absolute temperature in Kelvin, respectively. The 
parameters 𝑛 and 𝐸𝑎 represent the current density power factor and ac

tivation energy of EM, respectively. These two parameters depend on 
many factors, including current density, geometry, etc., which can be 
obtained experimentally. 𝐴 is a constant fitting parameter.

2.3.2. Stress migration

Stress Migration (SM), known as thermomechanical stress, is another 
dominant failure mechanism of semiconductor-based packages in TSV. 
SM is induced by mechanical stress due to a mismatch of the Coefficient 
of Thermal Expansion (CTE) between layers and operating temperature. 
The following empirical model is used to predict the MTTF due to SM: 
[27]

𝑀𝑇𝑇𝐹𝑆𝑀𝑇𝑆𝑉 =𝐴𝜎−𝑛𝑒(
𝐸𝑎
𝐾𝑇 ) (3)

Where 𝜎 is the thermo-mechanical stress due to the mismatch between 
CTE of TSV and silicon die, and is given by:

𝜎 ∝ (𝑇0 − 𝑇𝑇𝑆𝑉 )(𝐶𝑇𝐸𝑆𝑖 −𝐶𝑇𝐸𝑇𝑆𝑉 ) (4)

Where 𝑇0 is the temperature of the metal at deposition, and 𝑇𝑇𝑆𝑉 is the 
absolute temperature of interest, which reflects the cumulative thermal 
variations experienced by the TSV. It is derived from the Rainflow cycle 
counting algorithm, and serves as a critical parameter in assessing stress 
migration failure. By substituting eq. (4) in eq. (3), we get the final 
expression of the model for determining 𝑀𝑇𝑇𝐹𝑆𝑀𝑇𝑆𝑉 , as shown in 
eq. (5).

𝑀𝑇𝑇𝐹𝑆𝑀𝑇𝑆𝑉 =𝐴|𝑇0 − 𝑇𝑇𝑆𝑉 |−𝑛𝑒(
𝐸𝑎
𝐾𝑇 ) (5)

2.3.3. Thermal cycling (TC)

Results from the expansion and contraction of layers due to heating 
and cooling of the package lead to fatigue accumulation in every tem

perature cycle. After several cycles, the stress caused by Thermal Cycling 
(TC) can induce mechanical fatigue, eventually leading to package fail

ure. A failure mechanism related to TC causes damage to all layers of 
the package. However, according to McPherson et al. [24], Frank et al. 
[25], essential damage is induced by TSV and solder joints. In this re

search, only the effects of TC in TSV and solder joints are considered, as 
they are the main causes of package failure, for the sake of simplicity. 
The number of cycles to failure 𝑁𝑓 is modeled by the Co�in-Manson 
equation, expressed as follows:

𝑁𝑓 = 𝑎(Δ𝑇𝑙𝑎𝑦𝑒𝑟)−𝑞 (6)

Where a and q are empirically determined constants, depending on ma

terial properties and test conditions, and 𝛿 T layer is a jump in the 
temperature within the cycle.

Equation (6) indicates that an increase in the layer’s temperature 
imposes a higher failure rate, which results in a lower MTTF. Hence, 
the failure mechanism model due to thermal cycling could be defined 
as follows: [26]

𝑀𝑇𝑇𝐹𝑇𝐶𝑇𝑆𝑉 ,𝑠𝑜 =𝐴(Δ𝑇𝑙𝑎𝑦𝑒𝑟)
−𝑞 (7)
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In the above equation, 𝐴 is constant depending on the material. 
The above models cannot be directly applied to estimate the lifetime 
of the target layer or system because they do not provide failure dis

tributions due to the arbitrary process variation over time (parameters 
related to MTTF equations, such as temperature and electrical param

eters). This paper models the lifetime distributions using the Weibull 
distribution for three failure mechanisms.

2.4. SiP reliability modeling and computing

As mentioned before, in this paper, we assume that all failure mech

anisms have Weibull distribution. Thus, we can estimate the reliability 
of any layer in the package. The reliability function is defined as the 
probability of surviving until the specified lifetime, with the Weibull 
distribution computed as follows:

𝑅(𝑡) = 𝑒−(
𝑡 
𝜂
)𝛽

(8)

Where 𝜂 is the scale parameter that depends on process variations, t is 
the current time, and 𝛽 is the slope parameter of the Weibull distribu

tion. Since 𝜂 varies in each time interval obtained by the cycle-counting 
algorithm due to the changes in the temperature of layers, the reliabil

ity at the 𝑞𝑡ℎ interval can be calculated from time 0 up to time 𝑡 using 
the following formula:

𝑅(𝑡) = 𝑒
−( 𝜏1
𝜂1

+...+
𝜏𝑞−1
𝜂𝑞−1

+
𝑡−
∑𝑞−1
𝑖=1 𝜏𝑖
𝜂𝑖

)𝛽
(9)

Where 𝜏𝑖 is the duration of the 𝑖𝑡ℎ interval obtained by the Rainflow 
algorithm, and 𝜂𝑖 is the Weibull scale parameter computed in this inter

val time by using the formula of mean time to failure associated with 
Weibull distribution [28]:

𝜂𝑖 =
𝑀𝑇𝑇𝐹𝑖

Γ(1 + (𝛽)−1
(10)

In the proposed framework, for each failure mechanism applied to a 
specific layer, we generate time samples following a Weibull distribution 
for Monte-Carlo analysis as follows:

𝑇𝑆 = −
𝜂𝑖

(𝑙𝑛(1 − (𝜒))𝛽
(11)

where 𝜒 is a random number generated from a uniform distribution be

tween 0 and in the interval [0,1]. This method estimates the lifetime 
distribution of each layer in the package due to each failure mecha

nism. Then, for each layer, we select the failure whose MTTF value is 
minimal, as shown in Fig. 9, to calculate the system’s total reliability. 
In reliability engineering, the Weibull distribution is a preferred choice 
for modeling failure data due to its flexibility and ability to represent 
various failure behaviors. It has proven useful in depicting failures at

tributed to wearout [37].

In this work, it is assumed that the SiP malfunctions if one of the 
layers fails. Therefore, the whole reliability of SiP can be obtained as 
follows:

𝑅𝑆𝑖𝑃 =
4 ∏
𝑘=1 
𝑅𝐿,𝑘 (12)

Where 𝑅𝐿,𝑘 is reliability in layer 𝑘 due to failure 𝐿 its MTTF in that 
layer is minimal.

3. Experimental results and analysis

The results obtained in this study are based on the system shown in 
Fig. 2 and the mission profile of the versatile sensor interface. Two case 
studies were conducted to show the impact of failure mechanisms on 
the reliability of solder and TSV. A reliable comparison and validation 
of the proposed framework require extensive infield failure data and 
trustworthy information about the cause of damage and its location. This 

Fig. 9. Pseudocode of the algorithm for selecting the failure cause min lifetime 
distribution.

prior knowledge is not trivial to obtain. We evaluate the reliability of a 
typical System-in-Package (SiP) to demonstrate the effectiveness of the 
proposed framework for reliability assessment. The choice of SiP is moti

vated by its susceptibility to multi-mechanism failures and its sensitivity 
to environmental conditions. To address this, we apply the Physics-of

Failure (PoF) models to both solder joints and TSVs, as these are the most 
vulnerable components in the SiP structure. The SiP under study con

sists of two stacks, each containing two dies, along with additional layers 
such as TSVs and solder joints. The thermal model for the system is de

picted in Figs. 2 and 3. In the first stage of the proposed framework, the 
mission profile of the versatile sensor interface is input into the power 
compiler to calculate the power consumption. A testbench with a dissi

pated power of 106 vector is used, and the resulting power data are fed 
into the thermal circuit shown in Fig. 3 to calculate the thermal distribu

tion of the SiP. As described earlier, the thermal distribution obtained at 
this stage is irregular and requires refinement through cycle counting. 
To achieve this, we applied MATLAB’s Rainflow Counting algorithm to 
extract key statistical parameters, including the mean temperature, the 
number of cycles, and the temperature amplitude of cycles for both the 
solder and TSV layers. Upon calculating the statistical parameters for 
the entire mission profile, the Mean Time to Failure (MTTF) for each 
time step is estimated by applying the relevant failure mechanisms. At 
each time step, the four previously described failure mechanisms are 
applied to both solder joints and TSVs. Subsequently, Monte Carlo sam

pling is employed to generate a comprehensive set of lifetime samples 
for these components. These sampled data are then fitted to a Weibull 
distribution to characterize the reliability and predict the failure be

havior of the system. In our first experiment, the ambient temperature 
was set to 25 °C. In the second, more practical experiment, the ambi

ent temperature is allowed to vary in accordance with environmental 
conditions. To account for a range of potential operating environments, 
we selected a set of standard environmental conditions for the analy

sis. In the second experiment, designed to reflect practical conditions, 
the ambient temperature varies according to environmental factors. To 
encompass a range of potential operating environments, we selected a 
set of standard environmental conditions. Through iterative testing, we 
determined that a time step of 3 minutes strikes an optimal balance 
between simulation accuracy and computational efficiency. Increasing 
the time step beyond 3 minutes adversely affected prediction accuracy, 
while reducing it further did not significantly enhance the predicted 
lifetime but substantially increased simulation time. The mission profile 
has been transformed into thermal loads according to the method ex

plained in Section 2.1. The regular loading, obtained by the Rainflow 
algorithm, on TSV1 and TSV2 is shown in Fig. 10. The regular thermal 
loading profiles for solder layers 1 and 2 are shown in Fig. 11.

The obtained results show that the minimum MTTF of the TSV is 
caused by stress migration (SM), while the minimum MTTF of the sol

der is due to thermal cycling (TC). The lifetime distributions generated 
by Monte-Carlo simulations for these two cases are shown in Figs. 12

and 13, respectively. MTTFs for each layer under different failure mech
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Fig. 10. Thermal load: (a) TSV1, and (b) TSV2. 

Fig. 11. Thermal load: (a) Solder1, and (b) Solder2. 

Fig. 12. Lifetime distribution of TSV2 due to Stress Migration (SM). 

anisms are shown in Fig. 14. All failures affect the layers at various 
degrees.

The second stack, shown in Fig. 14, contains TSV2 and solder2. It 
has a relatively short lifetime compared to the first stack because it is 
exposed to a thermal load with very high peaks and large temperature 

Fig. 13. Lifetime distribution of Solder 2 due to Thermal Cycling (TC). 

Fig. 14. MTTF of layers due to different failure mechanisms with constant am

bient temperature.

Fig. 15. Reliability of SiP and TSV and solder layers with constant ambient 
temperature.

cycles. These results also show that SM and EM greatly affect all layers; 
however, SM has a greater impact on the layers than EM. It is also im

portant to note that both layers of solder in the two stacks are impacted 
more by TC, while those of TSV are affected much more by SM, even 
though the four layers are subjected to different thermal loads.

The reliability of SiP depends on the reliability of each layer (solder 
joints and TSV layers), and any layer malfunction causes system failure. 
Fig. 15 shows the reliability of both the layers and the SiP. The first stack 
in this figure (solder1 and TSV1) is more reliable than the second stack 
(solder2 and TSV2), due to the higher thermal load applied to the sec
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Fig. 16. Ambient temperature: (a) Entire profile, and (b) Over the first 100 
minutes.

ond stack. In addition, the reliability of the whole SiP is lower than the 
reliability of each individual layer, indicating that the reliability of each 
layer has a dominant impact on the overall SiP reliability. The previous 
experiment assumes that the ambient temperature is constant. However, 
the mission profile depends on the workload and the ambient tempera

ture. Therefore, we carried out another experiment in which the ambient 
temperature varied between -2 °C and 42 °C, as shown in Fig. 16. The re

sults obtained from this second experiment (Fig. 17), (Fig. 18) show that 
the change in the ambient temperature affects both the solder and TSV 
layers, but it impacts soldiers more than TSVs. Despite this effect, the 
dominant failure mechanism across all configurations remains stress mi

gration (SM), with a greater impact on the TSVs. The reliability of the 
whole SiP is shown in Fig. 18. As we can see, the system is less reliable 
than in the case of fixed ambient temperature shown in Fig. 15. The 
ambient temperature cycles dominate the reliability of all layers and, 
hence, reduce the reliability of SiP.

4. Discussion

A reliable comparison and validation of the proposed framework re

quire extensive infield failure data and trustworthy information about 
the manufacturing process, the cause of damage, and its location. This 
prior knowledge is not trivial to obtain [34].

Table 1 compares the proposed framework with other similar works. 
In Fu et al. [32], the MTTF of SiP is estimated by using the coupling 
between the thermal distribution developed using the software ANSYS 
Multiphysics. Thus, the parameters of the physics-of-failure (PoF) mod

els are extracted with ANSYS and applied as inputs to calculate the 
lifetime of different failure mechanisms. Although this method is ac

Fig. 17. MTTF of layers due to different failure mechanisms with varying am

bient temperature.

Fig. 18. Impact on SiP reliability of TSV and solder layers with varying ambient.

curate, it is slow and fails to converge, especially when considering the 
instantly dynamic variation of the temperature and workload in long

run conditions. Moreover, as discussed in Section 1, the assumption of 
linear damage accumulation does not hold. The works reported in [33] 
and [34] focus on fitting failure distributions. The Monte Carlo simula

tion method randomly samples the failure density function of any failure 
mechanism acting on a given layer or point of the system. It obtains the 
time-to-failure of this given layer caused by the given mechanism. To fit 
the data generated by Monte-Carlo simulation, authors in [33] proposed 
the MaxEnt PDF fitting algorithm. While in [34], the authors used the 
Bayesian network to select the best distribution fit among the lognormal, 
Weibull, and gamma analytical models. In our proposed work, the accu

rate thermal model permits us to include the mission profile in reliability 
studies. Thus, the PoF models can count any variation in the operating 
system conditions in the lifecycle of the SiP. The samples generated by 
the Monte-Carlo simulation are fitted by the Weibull distribution. We 
chose this distribution because it is most often used to study the reliabil

ity of electronic devices and because it is versatile. Besides, as shown in 
Figs. 12 and 13, the data is wellfitted by the Weibull distribution. While 
the proposed framework provides valuable insights into the reliability of 
System-in-Package (SiP) technologies, its performance in real-world sce

narios remains unverified. To enhance the framework’s applicability and 
accuracy, future work should focus on developing adaptive models that 
can update reliability predictions in real-time based on evolving pro

cess data from manufacturers. This approach would enable continuous 
validation and refinement of the framework under practical operating 
conditions.
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Table 1
Performance Summary and Comparison.

Ref. Reliability 
model

Concern Metric Considerations

Fu G System-level, 
PoF

Stress selecting for 
virtual qualification test

Constant failure rate no

Wan B System-level, 
PoF

PoF sampling and 
simulation method, and 
data fitting with MC

Lifetime distribution no

Sun B System-level, 
PoF

Combination of PoF 
data with Bayesian 
model

Lifetime distribution no

This 
Work

System-level, 
PoF

Thermal variation and 
uncertainties

lifetime distribution 
and reliability metric 
based on minimal 
MTTF

Mission profile, 
temperature 
variation, and 
world

5. Conclusion

This paper proposed a novel 3D SiP reliability assessment method to 
mitigate the problems resulting from the lack of coupling between the 
mission profile and the dominant wear-out rate for each layer, deter

mining the reliability of 3D SiPs. As part of that method, an effective 
and comprehensive framework tailored for analyzing multi-layered SiP 
reliability insights over the lifetime of SiP is proposed. This framework 
adopts unified units for each layer in the system. Leveraging an accurate 
thermal model, the proposed framework facilitates rapid predictions of 
SiP thermal behavior. Additionally, The proposed method emphasized 
identifying the dominant failure mechanism in each layer, thus aiding 
designers in preemptively addressing damages caused by failures early 
in the design process. Furthermore, the framework’s adaptability allows 
for seamless integration of additional sources of failures and layers, en

hancing its versatility across various systems. Our findings underscore 
the significant impact of ambient temperature on the reliability of SiPs, 
particularly affecting solder joints, thereby highlighting the importance 
of considering environmental factors in assessing SiP lifetime.
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