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ABSTRACT

Base metal electrode (BME) multilayer ceramic capacitors (MLCCs) are widely used in aerospace, medical,
military, and communication applications, emphasizing the need for high reliability. The ongoing advancements in
BaTiOs-based MLCC technology have facilitated further miniaturization and improved capacitive volumetric density for
both low and high voltage devices. However, concerns persist regarding infant mortality failures and long-term reliability
under higher fields and temperatures. To address these concerns, a comprehensive understanding of the mechanisms
underlying insulation resistance degradation is crucial. Furthermore, there is a need to develop effective screening
procedures during MLCC production and improve the accuracy of mean time to failure (MTTF) predictions. This article
reviews our findings on the effect of the burn-in test, a common quality control process, on the dynamics of oxygen
vacancies within BME MLCCs. These findings reveal the burn-in test has a negative impact on the lifetime and reliability
of BME MLCCS. Moreover, the limitations of existing lifetime prediction models for BME MLCCs are discussed,
emphasizing the need for improved MTTF predictions by employing a physics-based machine learning model to
overcome the existing models’ limitations. The article also discusses the new physical-based machine learning model that
has been developed. While data limitations remain a challenge, the physics-based machine learning approach offers
promising results for MTTF prediction in MLCCs, contributing to improved lifetime predictions. Furthermore, the article
acknowledges the limitations of relying solely on MTTF to predict MLCCs’ lifetime and emphasizes the importance of
developing comprehensive prediction models that predict the entire distribution of failures.

Introduction

Multilayer ceramic capacitors (MLCCs) are widely used passive components in modern electronics , ubiquitous
in various devices spanning diverse industries. The quest for improved capacitive volumetric density through the thinning
of the active dielectric layer, however, raises pertinent concerns regarding MLCC reliability in the face of high electrical
fields and harsh operating conditions. This ongoing trend towards miniaturization presents formidable challenges,
encompassing the need for uniform dielectric composition, mitigation of electrode discontinuity and roughness, and
optimization of the manufacturing process. These intricacies collectively influence the reliability and lifetime of MLCCs
13, BaTiOs emerges as the dominant dielectric material utilized in high-capacitance MLCCs, offering exceptional
dielectric characteristics including high permittivity, low dielectric loss, and the capacity to adjust parameters across a
broad temperature range. BaTiO; has a perovskite crystal structure, where the Ba'? ion occupies the twelve-fold
coordinated A-site, the Ti™ ion occupies the octahedrally coordinated B-site, and the O ion occupies the anion site. The
dominant stoichiometric defect reaction in BaTiOjs is the Schottky reaction, which can be expressed as:

BaTiOy & Vi, + Vi +3Vy" (1)

Two distinct categories of BaTiOs-based MLCCs exist: precious metal electrode (PME) MLCCs and base metal
electrode (BME) MLCCs. PME MLCCs are manufactured by sintering in an ambient air atmosphere, incorporating
materials such as Ag, Pt, Pd, and/or Ag-Pd alloys as internal electrodes. Conversely, BME MLCCs require sintering under
low oxygen partial pressures, employing Ni or Cu electrodes *°. During the sintering process, which involves a reduction
step for BaTiOs3, it is crucial to prevent oxidation of the metal electrodes. To tackle this challenge, a re-oxidation anneal
is performed at lower temperatures and partial pressure, to minimize oxygen vacancies while preserving the integrity of
the metal electrodes ""'°. However, it should be noted that under such partial pressures and sintering temperatures, the
Schottky reaction must be in equilibrium with the oxygen reduction equation, which is given by:

1
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The concentration and mobility of oxygen vacancies, which are the primary mobile ionic defects in perovskite
oxides, play a crucial role in the reliability of MLCCs. They are controlled by a complex interplay of partial Schottky
reactions, compensation reactions, and reduction reactions >'!. When an electric field is applied, positively charged
oxygen vacancies migrate toward the cathode, passing through the ceramic grains. This electromigration causes the
accumulation of oxygen vacancies at grain boundaries, resulting in the separation of stoichiometric charge carriers and
the creation of a p-n junction across the dielectric layer and the blocking metal electrode causes depression of the Schottky



barriers >>!2°15, This gradual process leads to an increase in leakage current under the electric field, thereby compromising
insulation resistance and potentially paving the way for thermal or electrical breakdown.

To mitigate the electrical degradation caused by oxygen vacancies’ electromigration, various strategies can be
implemented. Material engineering approaches involve optimizing sintering conditions, controlling oxygen partial
pressures, and doping with rare earth elements (e.g., Dy, Y, and Ho) as well as metal cations like Mg or Mn. These
approaches have significant promising results in limiting the formation and mobility of oxygen vacancies, thereby
minimizing degradation phenomena 3*!%1617 Furthermore, interface engineering approaches, such as grain boundary
engineering and the utilization of interface layers, offer effective means to regulate the oxygen vacancies electromigration
and minimize their adverse effects »'%!1°, The design of internal electrode interface plays a critical role in governing
electron injection at the cathode, exerting a profound influence on the overall performance of BaTiO3-based MLCCs.

Impedance spectroscopy experiments on BME MLCCs have revealed distinctive components originating from
various regions, including the core, shell, grain boundaries, and the ceramic/internal electrode interface. Analyzing the
time-dependent behavior of leakage current reveals that tunneling through grain boundaries initially dominates, while the
decline in resistance at the ceramic/internal electrode interface due to oxygen vacancy accumulation becomes increasingly
pronounced as degradation progresses. Notably, it is observed that the influence of grain boundaries on oxygen vacancy
electromigration appears to be less significant when compared to the substantial impact of resistance at the
ceramic/internal electrode interface on degradation of the insulation resistance in BME MLCCs with thin active layers ’.

Internal electrode defects, including electrode discontinuity, roughness, and porosity, have a significant impact
on the electrical reliability of MLCCs. Poor electrode quality in MLCCs leads to elevated leakage current density,
shortened failure times, and reduced DC breakdown field strength 2°23. To enhance the overall reliability of MLCCs, a
deliberate effort must be made to improve electrode quality. A comparative analysis of MLCCs sintered at different rates
reveals that MLCCs subjected to fast fire rate of 3000 °C/h exhibit better electrode continuity. On the other hand, MLCCs
fired at a slower rate of 150 °C/h exhibit inferior electrode morphology, resulting in significantly higher electric field
enhancements and leakage current density 2!. The presence of nonplanar and discontinuous electrodes leads to local field
enhancements, and the relative morphologies of adjacent electrodes impact variations in the local dielectric thickness.
Furthermore, as the dielectric layer thickness decreases, the influence of extrinsic defects like electrode porosity and
roughness on electric field enhancement and leakage current density becomes more pronounced. Therefore, in the pursuit
of targeted insulation resistance levels during miniaturization, simultaneous improvements in electrode morphology and
continuity are of paramount importance.

Recent studies have also demonstrated that effectiveness of incorporating Cu or Sn into Ni internal electrodes to
mitigate leakage current degradation in BME MLCCs 24?°. Suzuki et al. 2 investigated the influence of MLCC current
leakage degradation on the distribution of electric fields within the internal electrodes and the degraded BaTiO; layer
using Kelvin probe force microscopy (KFM). Their findings support the observation that as the leakage current of MLCCs
increases over time, the electric field concentration moves from the cathode to the anode side. These findings are align
with those reported by Okamoto et al. 27, suggesting that the existence of the Ni-Sn internal electrode influences the
concentration of electric field on the anode side. Remarkably, MLCCs with the Ni-Sn internal electrode on the anode side
exhibit superior suppression of leakage current degradation compared to those positioned on the cathode side. A detailed
analysis of the leakage current measurements from the degraded MLCCs revealed the presence of tunneling, Schottky, or
Poole-Frenkel currents in the Ni and Ni-Sn internal electrodes, respectively. Furthermore, high-resolution transmission
electron microscopy confirms the presence of a Sn-rich interface layer at the contact between BaTiO3; and the Ni-Sn
internal electrode. This interface layer is critical in preventing leakage current deterioration in MLCCs 2425,

In light of the discussed challenges, it is critical to ensure the consistent production of high-quality BME MLCCs
and to conduct extensive quality assessment throughout the manufacturing process. This prospective article delves into
the critical aspects of quality assessment and lifetime prediction of MLCCs, shedding light on recent research studies,
existing challenges, and potential opportunities. It provides an extensive examination of the burn-in process, underscoring
its role as a fundamental quality control procedure and emphasizing its profound impact on the lifetime and reliability of
BME MLCCs. Additionally, this article advocates for the adoption of the thermally stimulated depolarization current
(TSDC) technique as a promising and efficient approach for expeditious quality assessment during BME MLCC
production. Furthermore, the article highlights the critical need for accurate and robust prediction of the failure time of
MLCCs. It addresses the limitations of existing MLCC prediction models, particularly in determining the mean time to
failure (MTTF). To overcome these limitations, a novel model is presented, one that seamlessly integrates the principles
of physics with advanced machine learning techniques. This innovative model not only surpasses the performance of
existing prediction models but also enables more precise predictions of failure times, effectively mitigating premature



failures. Through the adoption of this physical-based machine learning approach, this article empowers the industry to
elevate the reliability and performance of BME MLCCs in real-world applications. This ensures that these essential
components consistently deliver optimal performance and reliability, meeting the stringent demands of modern
electronics across diverse sectors.

Quality Assessment of Base Metal Electrode Multilayer Ceramic Capacitors

The ongoing development in understanding of materials, processing techniques, and properties of BME MLCCs
has highlighted the critical importance of robust reliability analysis in long-term sensitive electronics. However, accurate
reliability assessment remains a challenging, time-consuming, and unpredictable task. The hazard rate curve, which
represents the instantaneous failure rate of components, plays an important role in the statistical reliability analysis of
electronic components and products. The bathtub curve is commonly recognized and used as the typical shape for hazard
rate curves in electronic components and products. Nevertheless, it is crucial to acknowledge the inherent uncertainties
associated with the actual shape of the hazard rate curve, as it cannot be definitively assigned a fixed form. These
uncertainties arise from the complex nature of failure mechanisms and the intrinsic variability in the occurrence of failures
over time. Further discussion on this topic will be presented in the subsequent section. The bathtub curve, as presented in
Figure 1, is divided into three sections: “infant mortality,” characterized by a decreasing failure rate at the initial stages;
“random failures” with a constant failure rate during the expected life; and “wear-out failures,” exhibiting an increasing
failure rate towards the end of the product's lifetime 3.
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Figure 1. Schematic of the bathtub curve.

While the general engineering goal for consumer products is to develop durable components with extended
lifetime within economic constraints, it is critical to prevent infant mortality failures in high-reliability applications such
as medical, aerospace, automotive, and military. To achieve this, it is crucial to implement a screening process that can
identify components with a high probability of failure, reducing the occurrence of infant mortality and the probability of
random failures during their normal lifetime without compromising overall reliability. The screening process for MLCCs
involves subjecting the components to elevated temperatures and voltages for a specified duration, commonly known as
a burn-in test 31,

In a recent study 32, the effect of the burn-in process, as prescribed by MIL-PRF-32535A ¥, on the reliability of
X7R BME MLCCs. According to the standard, the entire batch of capacitors must be tested at two or four times the rated
voltage, at a temperature of 125 °C for 168 or 21 hours respectively. Utilizing the thermally stimulated depolarization
current (TSDC) technique revealed that the burn-in test induces intragranular (ionic charge accumulation within
individual grains) and transgranular (ionic transportation across each grain) oxygen vacancy electromigration, which does
not relax after the screening process. This electromigration leads to a reduction in the protective effects of double Schottky
barriers at grain boundaries and electrode interfaces '°. Furthermore, results from highly accelerated life tests (HALT)
demonstrated that the required burn-in process not only fails to identify infant mortality failures effectively but also has
a negative impact on the reliability of BME MLCCs by creating a weak population 32, Notably, the results indicate that
intergranular electromigration of oxygen vacancies exerts a lesser impact on the lifetime and reliability of the components.

Previous studies have shown that the TSDC technique is a powerful tool for analyzing relaxation kinetics of
polarizable defects and detecting various defect mechanisms in insulator materials, including changes in local defect
dipole complexes, local electron trapping, and the development of ionic space charge, both intergranular and transgranular
3323439 Figure 2 provides a schematic representation of the typical TSDC experiment, where the sample is polarized at
a specific temperature (Tp) under a constant electric field (E;) for a duration, typically on the order of minutes.
Subsequently, the sample is rapidly cooled to a lower temperature (Ty), freezing the polarized defects. Depolarization



occurs when the dielectric is short-circuited to To, and the sample is heated, causing each polarization mechanism in a
metastable state to depolarize and generate a current. The leakage current resulting from the depolarization of relaxing
defects is measured using a PA meter under a constant heating rate *.
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Figure 2. Schematic of typical test conditions for a TSDC experiment, Reproduced from Ref. ** with the
permission of AIP Publishing.

Moreover, the TSDC technique offers valuable insights into the physical origin of each relaxation peak, thereby
enabling to assess the quality of MLCCs and their ability to resist the electromigration of oxygen vacancies. By analyzing
the temperature dependence of the peak's maximum (Tw) and its response to the electric field during constant rate heating,
as demonstrated inFigure 3. When the relaxation current is related to trapped charges, the Ty, tends to decrease.
Conversely, if space charge is the underlying cause of the TSDC current, the T, exhibits an increase 3%, It is worth
noting that the TSDC experiment usually requires minutes compared to the minimum 21 hours of the burn-in test.
Consequently, the TSDC technique can serve as a sensitive and effective quality control process to assess the quality of
MLCCs. By identifying suitable TSDC experiment conditions, MLCCs can be screened without inducing
electromigration of oxygen vacancies, particularly across grain boundaries. Consequently, component quality can be
assessed based on resistance to oxygen vacancy electromigration without jeopardizing component’s reliability.
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Figure 3. Evolution of TSDC peaks in BME X7R MLCCs (1206 case size, 1 pF, and voltage rating of 50 V)
with increasing dc bias voltage, samples were poled at a temperature of 200 °C for 20 min and heated at a rate of 8§ °C/min.



Lifetime Prediction of Base Metal Electrode Multilayer Ceramic Capacitors

In industries that demand high reliability, it is crucial to minimize sudden failures due to safety concerns, the
financial implications of failure, and the inability to repair components or devices. As a result, accurate prediction of the
lifetime of electronic components holds significant importance. MLCCs warrant particular attention in this regard, as they
serve as the primary passive components in hybrid circuits and are responsible for approximately 30 percent of failures
observed in electronic systems. HALT is a conventional method used to assess the degradation process and lifetime of
MLCCs [61-66]. This stress test method is widely applicable for both development and quality control purposes. In
HALT, MLCCs are subjected to significantly higher temperatures and voltages than those encountered in normal
operating conditions to accelerate the testing process. The lifetime of MLCCs under normal operating conditions can be
extrapolated from the failure times of components obtained through HALT. Two common models are commonly
employed to estimate the MTTF of MLCCs: the Eyring model as an empirical model and the tipping point model as a
physical-based model. The Eyring model is expressed as:

t, V\" E,r1 1
=) el (m 7)) ®)
where ¢; and ¢, are the MTTFs measured at voltages V; and V> and at corresponding temperatures 7; and 7>,
respectively. The parameters n and E, represent the electric-field acceleration factor, and activation energy of mobility
governing the degradation process, respectively. While this empirical model provides adequate accuracy, the factor n is
unphysical and varies depending on the test conditions 33%*!. The determination of n values requires statistical analysis
of a limited number of tests, and they typically remain constants that are independent of temperature and applied voltage
in PME MLCCs. However, n values are not constant in BME MLCCs, limiting lifetime predictions and necessitating
extensive testing to determine the non-linearities of n. Care must be taken not to overstress an accelerated lifetime test to
extremes that induce multimode failures that are not applicable to MLCCs under their operating conditions *°. To address
the limitations of the Eyring model, the tipping point lifetime model was introduced. This physical model assumes the
critical space charge density accumulation at the cathode interface and considers local fields “2. The lifetime of MLCCs
in the tipping point model can be predicted using the following equation:

= Peric [exp (— i) sinh (%> ]_1 (4)
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where 7. and p.., represent the predicted lifetime and the critical space charge density at the cathode interface,
respectively. a, 9, N, g, T, E,, and E,,, are the characteristic hopping distance, characteristic jump frequency of the oxygen
vacancy, oxygen vacancy concentration, oxygen vacancy charge, polarization temperature, the activation energy of the
barrier height controlling diffusion, and applied electric field, respectively *>#. Morita et al. ! modified the tipping point
model by incorporating a depolarization field for low electrical fields.

Our recent study > demonstrated that the tipping point model appears to be more systematic and predictable
across all testing conditions compared to the Eyring model. However, it is worth emphasizing that both models heavily
rely on extensive experimental data, which can be resource-intensive and time-consuming to acquire. Furthermore, the
investigation into the factors contributing to the significant variation in error when predicting MTTF values using different
models revealed noteworthy insights. The Eyring model's sensitivity to the number of experimental data points used for
fitting and the values of "#" and "E," played a substantial role in influencing its predictive accuracy. Specifically, the
Eyring model's performance deteriorated when extrapolating to conditions that the applied voltage were considerably
different from the fitted data for BME MLCCs. In contrast, the variation in error observed in the tipping point model was
primarily attributed to the dominant failure mechanism. An interesting finding was that when the most aggressive
condition (highest voltage at each specific temperature) in the dataset was excluded, there was a notable reduction in the
average error and standard deviation of MTTF predictions for the tipping point model. This implies that the tipping point
model performs admirably as long as the dominant failure mechanism remains consistent and is the electromigration of
oxygen vacancies. However, its accuracy diminishes when the dominant failure mechanism undergoes a shift, as
illustrated in Figure 4.

It is important to acknowledge that while the bathtub curve is commonly used for hazard rate curves in electronic
components, its actual shape varies due to uncertainties 2%?>#45_ Some researchers have proposed that the hazard rate
curve exhibits a roller-coaster-like shape, reflecting latent failures and the involvement of multiple failure mechanisms in
electronic components “¢4’. Therefore, it is essential to have a comprehensive understanding of the hazard rate curve and
its variability when conducting reliability analysis for BME MLCCs. By considering the complex nature of failure
mechanisms, incorporating the roller-coaster behavior, and accounting for distinct failure rates, researchers and engineers



can develop more accurate reliability models and strategies to ensure the long-term performance and durability of
electronic components.
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Figure 4. Schematic of failure rate and failure distributions of MLCCs, adapted from Ref. 8,

A more precise physical-based machine learning model has been recently developed to predict the MTTF of
MLCCs under various temperature and voltage conditions. This model addresses the limitations of limited experimental
data by expanding the dataset. Using a transfer learning framework, our model leverages the underlying physics from
existing models to improve accuracy and stability across different test conditions, even with limited data. However, it is
important to note that the size of our data is relatively small, and further research and validation are required to enhance
the model's performance and identify dominant failure mechanisms in different regimes. Furthermore, the current
approach primarily focuses on voltage and temperature as the main features for predicting MLCC lifetime. Incorporating
additional stress factors like mechanical stress and humidity could enhance the model's predictive capabilities and provide
a more comprehensive understanding of the reliability of MLCCs *.

In the realm of MLCC reliability analysis, researchers frequently rely on the MTTF value as a key metric to
estimate the lifetime of MLCCs under operating conditions, using models such as Eyring or tipping point models 4?49,
However, it's important to recognize that relying solely on MTTF presents limitations. MTTF alone does not encompass
the entirety of the failure time data distribution, leading to inaccuracies in lifetime predictions and the possibility of
unexpected failures. To achieve more precise lifetime predictions, it is imperative to account for the influence of voltage,
temperature, and humidity on the complete failure time distribution. By incorporating the full spectrum of failure times,
researchers can attain a more comprehensive grasp of MLCC lifetime, ultimately resulting in more reliable lifetime
predictions. A crucial avenue of research in this field pertains to predicting the variance of the distribution as an additional
component in comprehensive reliability analysis. This approach seeks to provide a more robust evaluation of MLCC
lifetime, thus empowering better decision-making in terms of reliability and risk management.

SUMMARY

Multilayer ceramic capacitors (MLCCs) are essential components of modern electrical devices. Preventing
failures caused by infant mortality and sudden breakdowns that pose safety concerns in industries that demand high
reliability is critical. therefore, it is critical to implement quality assessment procedures during MLCC production without
jeopardizing the reliability of MLCCs. Furthermore, accurate prediction of the lifetime of MLCCs is extremely valuable
in preventing sudden failures. To address these challenges, the TSDC approach is proposed as a powerful technique for
quickly assessing the quality of MLCCs. This approach provides useful insights into mobile defects and resistance of
MLCC to oxygen vacancy electromigration, facilitating in determining the existence of potential flaws. Furthermore,
existing models for predicting the lifetime of MLCCs have limitations. A physical-based machine learning approach is
highlighted to address these limitations. This approach not only improves the accuracy of existing lifetime prediction
models but also serves as a foundation for developing new models capable of providing precise predictions regardless of
the failure mechanisms involved. Furthermore, incorporating relevant stress factors in these models allows for a
comprehensive understanding of the failure time distribution. Ultimately, by leveraging the TSDC technique for quality
assessment and employing a physical-based machine learning approach for accurate lifetime prediction, the electronic
industry can improve the reliability of MLCCs, mitigate safety concerns, reduce financial losses, and facilitate more
efficient repair processes.
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