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We face a variety of challenges including poverty, discrimination, infectious diseases, climate change and
conflict. To solve these issues, the Sustainable Development Goals have been proposed as a plan of action
for people, the planet and prosperity.

Among them, natural disasters caused by climate change and sea level rise due to rising temperatures are
more frequent and cause more bigger damage than in the past. As these are causing many problems such as
human health, food production capacity, resource conflicts, conflicts, migration, damage to infrastructure
and housing, and negatives effects on business, climate change is one of the biggest challenges.

In this situation, the importance of weather forecasting, climate change research, and early warning of
natural disasters are increasing, and the World Meteorological Organization, one of the specialized agencies
of the United Nations, provides international cooperation and coordination on the state and movement of the
Earth's atmosphere, the interactions with land and ocean, the weather and climate they generate, and the
distribution of water resources resulting from them. The basis of these activities is observational data
monitoring. This observation is using electronic devices (semiconductors, sensors, and passive components
such as multi-layer ceramic capacitors), and it is essential that they are accurate and long-term.

However, electronic devices are exposed to harsh environments such as high temperature in deserts and hot
and humidity environments in tropics and oceans. Therefore, the probability of failure is higher than in
normal environments.

For this reason, in harsh environments, a multi-layer ceramic capacitor (MLCC) used in electronic device
is often required to have a high reliability, that is, excellent electrical reliability. The realization of such
MLCCs is extremely important for the development of the world, society, and culture because it enables
accurate and long-term observation data.

However, regarding the electrical reliability of MLCCs, the mechanism of leakage current increase in high
temperature and humidity environments has not been clarified and needs to be discussed. If this mechanism
can be understood, MLCCs with excellent electrical reliability can be realized, and observation data can be
obtained accurately and for long term in harsh environments.

Therefore, in this study, to understand the mechanism of MLCC’s leakage current increase in high
temperature and humidity environments using hydrogen isotope as a tracer of water vapor and hydrogen, the
cause of leakage current increase in high accelerated stress test (HAST) has been presumed, and water vapor
infiltration into MLCCs, hydrogen infiltration into BaTiOs-based dielectrics for MLCCs, and hydrogen ion
migration in BaTiOs-based dielectrics have been clarified. This paper consists of the following four parts.

(1) Presumption of the cause of leakage current increase in MLCC under highly accelerated temperature and
humidity stress test

HAST is generally a test standard to evaluate electrical reliability in a short time under high temperature
and humidity environments. In this test, pure water ('"H,0O) is supplied to the test chamber, and the
temperature in the chamber is raised to 100 °C or higher to form a high temperature and humidity
atmosphere in the chamber. The leakage current is evaluated by applying a voltage to a MLCC in the
atmosphere.

Therefore, for the purpose of presuming the cause of increased leakage current in MLCCs under HAST,
HAST and model samples of MLCC were used to understand the relationship between the increase in the
leakage current and the crack, and to identify and investigate the area where the leakage current increased
(failure area).

The leakage current increased when the water vapor easily infiltrated from the anode side of MLCC to the
inside of MLCC. In initial stage of increased leakage current, structural defects of cracks or electrochemical
migration to cracks where the internal electrode element ionizes and diffuses into dielectrics have been
presumed to be low possibility of cause increased the leakage current.

The detailed observation of the failure area revealed that the increase in the leakage current could not be
explained by the difference in the grain diameter of the dielectrics and the distribution of rare earth elements.
Therefore, it has been presumed that the cause of increased leakage current was not due to the microstructure
or composition distribution.

From the above results, the cause of increased leakage current in MLCC under HAST is that water vapor
('"H20) infiltrates into the MLCC, and electrolysis of HO undergoes at the interface between the inner
electrode on the anode side and the dielectric layer, and hydrogen ion (H") is generated. It is presumed that
the hydrogen ion (H*) infiltrates into the dielectric layer on the side and causes the increased leakage current.

(2) Infiltration of water vapor into MLCCs under HAST
To clarify the infiltration of water vapor into MLCC, HAST using *H,O as a hydrogen tracer was
conducted, and the presence of trace (*H) related to water vapor was investigated by SIMS analysis which



can detect isotopic hydrogen in the area where the leakage current did not increase (normal area) and near
the area where the leakage current increased (failure area).

H ions were detected near the failure area, while the concentration of 2H ions in the normal area was found
to be at the background level. Therefore, it has been concluded that the infiltration of water vapor into
MLCCs could be clarified.

(3) Hydrogen infiltration into BaTiOs-based dielectrics for MLCCs under HAST and possibility of hydrogen
ion migration

To clarify whether cracks caused by infiltration of water vapor, electrochemical migration of inner
electrodes into cracks, or hydrogen ion infiltration into dielectrics, and to further indicate the possibility of
hydrogen ion migration, HAST using ?H,O as a hydrogen tracer and SIMS analysis were used to observe
failure area in detail.

The cracks or electrochemical migration of the inner electrode was not observed at the failure area, and
deuterium infiltration (3H) into the dielectrics was clarified at the area.

Based on the previous results, the deuterium infiltration into dielectrics, the charge of deuterium in the
material, the possibility of deuterium ion migration in the material, and the mechanism of increased leakage
current in MLCC under HAST have been presumed, and the possibility has been shown. The possibility of
deuterium ion migration is presumed the cause of increased leakage current in MLCC under HAST. Since it
has been also reported that the hydrogen ion H* in the dielectric lattice acts as a donor, it is presumed that the
deuterium ion 2H* exists in the lattice. Therefore, another cause of increased leakage current is considered to
be an increase in the electron concentration.

(4) Hydrogen ion migration in BaTiOs-based dielectrics under high temperature, high humidity, and electric
field bias

To clarify the diffusion and migration of hydrogen ions (drift by electric field) in addition to the charge of
hydrogen ions (*H*, 2H") in BaTiOs-based dielectrics used for MLCC, it was investigated how *H ions as
tracers were affected by electric field and temperature in the dielectrics.

It was concluded that the deuterium in the dielectrics existed as >H*, because the stronger electric field
strength caused the longer distance of deuterium ion migration from the anode-side inner electrode to the
cathode-side inner electrode. It was also found that the distance of deuterium ion migration increases at
higher temperatures.

The mechanism behind the migration of deuterium ions in BaTiOs-based dielectrics is fundamentally
similar to that diffusion mechanism proposed in previous studies that hydrogen ions combine with the
oxygen at the oxygen site, change their bonds, diffuse through the interstitial sites in the dielectrics.

And it is concluded that the electric field applied to the BaTiOs-based dielectrics causes the displacement of
Ti ion, O ion, and Ba ion, increasing the space between the interstitial sites, thereby promoting the diffusion
and migration of deuterium ions.

There are no research cases that have been clarified to this level. The results of this research are the world's
first discovery and knowledge to deepen and conclude to a level that has not been reported in the past. These
achievements lead to the creation of electronic devices with superior electrical reliability even in harsh
environments and have an extremely important impact on the further development of the world, society, and
culture.



