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Abstract:

Various mid-K and high-K barium titanate based laboratory
compositions were studied to understand the conduction and
failure mechanisms in multilayer ceramic capacitors (MLCs).
These studies were utilized to establish the failure modes, the
cause of failures, and determine the voltage and temperature
acceleration factors. Current voltage plots were evaluated to
study the endurance of the various ceramics under stress.
These observations were employed to develop test conditions to
screen commercial parts with one to two orders of magnitude
lower failure rates and study production processes and
types of ceramic materials to further improve the reliability
of ML.Cs to the ppm level or better.
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Summary

Multilayer ceramic capacitors prepared from
various mid-K and high-K barium titanate-based
laboratory compositions were studied to understand
the conduction and failure mechanisms. For these
laboratory ceramics, two types of failure modes, called
avalanche breakdown or ABD and thermal runaway or
TRA, were found. The ABD type failures were caused
by extrinsic flaws such as delaminations, cracks and
thin spots, and TRA type failures were attributed to
intrinsic type imperfections such as electronic
disorders, grain boundaries and the presence of a
second phase. The voltage acceleration studies yielded
voltage exponent values in the range of 2 to 4, and the
temperature acceleration was best described by a
pseudo activation energy for the process. Current-
voltage plots were evaluated to study the endurance of
the various ceramics under stress.

These observations were employed to develop test
conditions to screen parts with one to two orders of
magnitude lower failure rates. Employing the
understanding obtained from the above studies, the
control of production processes and ceramics allowed
further improvement of mean time to failure by
another order of magnitude. These studies thus clearly
provide a means to improve reliability of MLCs to the
ppm level or better.

Introduction

Increasing densities of capacitors on printed circuit
boards are requiring further improvements in the
reliability of these components. Capacitor
manufacturers commonly use rated or higher voltage
under low impedance conditions for evaluating
capacitors, and in turn define the reliability of these
parts. The desire to improve the reliability of
multilayer ceramic capacitors (MLCs) to the parts per
million level or better has prompted the investigation
of the actual conduction and failure mechanisms of
these capacitors.

Minford' and Prokopowicz and Vaskas? have
addressed the accelerated life testing of capacitors at

elevated temperature and voltage but have not
evaluated the conduction and failure mechanisms of
the parts studied. In this paper results of various
ceramics prepared in the laboratory will be reported,
and these results will be used to demonstrate
techniques to improve the reliability of commercial
MLCs.

Experimental Procedure

Various mid-K and high-K barium titanate-based
ceramic materials were used to manufacture ML.Cs
using the conventional tape processes.” Except where
indicated, all samples had a dielectric thickness of
25 pm (1.0 mil). The life test and conductivity
measurements were done by a continuous current
monitoring technique. The leakage current of a test
sample was monitored by an electrometer from which
the output was recorded on a strip-chart recorder.
Fifty samples were used in each test group.

Results and Discussion

In the following text, four sections will report the
results of ML.C samples prepared in the laboratory for
understanding the features of various conduction and
failure mechanisms. These results will then be
modeled to demonstrate their actual application in
producing a commercial ceramic now being used.

Failure Modes

Of about 1,000 samples of various ceramics tested so
far, two types of failures have been observed in the
dielectric. One is an abrupt burst of current which
results in an immediate breakdown (henceforth
referred to as avalanche breakdown, or ABD). The
other failure is a much more gradual increase of
leakage current which leads to self-heating and its
subsequent failure (henceforth referred to as thermal
runaway, or TRA). A typical current-time recording is
shown in Figure 1 for ceramic A. The gradual increase
of leakage current is a necessary condition for the
thermal runaway process but not for the avalanche
breakdown process.
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Figure 1. Leakage Current as a Function of Time Under
High Temperature and High Voltage Stresses

It should be noted that at very high voltages (= four
times rated voltage) and/or at very high temperatures
(= 140°C), current bursts are much more prevalent in
units exhibiting the avalanche breakdown process
compared to units exhibiting the thermal runaway
failure mode. These current bursts are postulated to
result from yielding of weak spots or flaws in the
dielectric. The earlier the current burst occurs, the
more likely the early failure of a unit. Extensive
examination of various dielectric materials at lower
voltages and/or lower temperatures shows no
indication or presence of any of these current bursts.

A normal failure probability plot of a laboratory
prepared ceramic A tested at 140°C, 400 VDC is
shown in Figure 2. These test conditions are highly
accelerated to ease the evaluation of the parts, and the
results should be carefully evaluated before making
any conclusions about the reliability of these parts.
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Figure 2. Normal Failure Probability Plot of Ceramic
A with Both ABD and TRA Failures

A large deviation from a normal distribution indicated
in the figure also signifies two different failure modes.
If one plots the population of each failure mode into a
separate figure, one would see a normal distribution®
in each case as shown in Figures 3 and 4, respectively.
Each of them has a distinct mean time to failure
(MTTF), and the shorter MTTF always corresponds to
the group failing by the avalanche breakdown process
(within statistical error) because TRA sets the upper
limit.
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Figure 3. Normal Failure Probability Plot of Ceramic

A with ABD Failures Only
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Figure 4. Normal Failure Probability Plot of Ceramic
A with TRA Failures Only

The two failure modes, however, may not be
observed at all test conditions. A higher temperature
normally favors the occurrence of a thermal runaway
type of failure, while a higher voltage normally favors
the avalanche breakdown failure. The region of test

*Not always the case for ABD as infant mortality may
be present.



conditions where these two failure modes coexist may
vary greatly from one ceramic to another. Ceramic A
was found to have a coexisting range at the lower ends
of temperature and voltage which made it an ideal
ceramic for our study.

Dielectric Imperfections and
Failure Modes

In general, imperfections in ML.Cs can be grouped
in two categories: intrinsic and extrinsic. The intrinsic
type may include various electronic disorders,
dislocations, grain boundaries, and the presence of a
second phase. The extrinsic type imperfections include
porosity, delaminations, thin spots, eracks, local
contamination and voids. To identify the relationship
between dielectric imperfections and failure modes,
several experiments were designed and the following
general observations were made:

a. Dielectric with a higher percentage of porosity has
a higher degree of avalanche breakdown and a
shorter MTTE.

b. Dielectric capacitors with a higher percentage of
one or more of the identifiable extrinsic flaws show
a higher percentage of avalanche breakdown.
Within a group of capacitors failing by ABD, one
may find a small group of infant mortality which
usually contains major physical flaws.*

c. Dielectric materials more susceptible to the failure
by thermal runaway are the materials which show a
significant increase of leakage current due to a
charge injection under the stresses of voltage and
temperature. The injected charge carriers usually
have a well-defined activation energy. For ceramic
A, they were identified to be the oxygen vacancies
and the detailed results have been reported earlier.’

From these observations the cause of avalanche
breakdown is attributed to extrinsic flaws, and the
thermal runaway process is attributed to the intrinsic
characteristics of the ceramic. However, there are test
conditions where all units in the group fail by thermal
runaway only, and there are other test conditions
where all units in a similar group fail by avalanche
breakdown only. Therefore, the distinction between
“Intrinsic” and “extrinsic” is relative. As shown later,
for example, for the commercial ceramics tested at
85°C or 125°C (regardless of test voltage), no thermal
runaway type of failure has been observed. In this
case, “extrinsic” can be considered as the infant
mortality and “intrinsic” for the rest of the group.

Failure Accelerated by Voltage
and Temperature

According to the empirical equation modeled by
Prokopowicz and Vaskas,? the mean time to failure, t, is

related to the test voltage, V, and temperature, T, by:

b= e [ (1)

where Es is the pseudo activation energy and the
subscripts refer to test conditions 1 or 2, respectively.
A voltage stress exponent, n, was reported as 2.7 and
the pseudo activation energy, Es, as 0.90 eV for the
mid-K ceramic. Minford' found n to be 2.46 + 0.23 and
Estobe 1.19 + 0.05 eV for a high-K ceramic.

The voltage acceleration for ceramic A failed by
thermal runaway is shown in Figure 5. The trend of
the data does not indicate a constant slope. If a “best
fit” eurve is drawn, the tangent of the curve would
vary from about -2 at 150 volts to about -4 at 400 volts.
This suggests that a constant exponent, n, in the term

()

Vi

is not a true representation of the voltage acceleration
factor. Minford' also saw an exaggerated acceleration
at high voltage (400 volts). The non-linearity in the
voltage acceleration exponent explains the reasons for
the inconsistency in the values reported by various
previous investigators. A value of 3 is normally
accepted in the industry of ceramic capacitors.
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Figure 5. Voltage Acceleration of Ceramic A Failed by TRA

The acceleration by temperature is shown in an
Arrhenius plot of MTTF in Figure 6. Two groups of
ceramic A were evaluated here. For the failure by
TRA, the pseudo activation energy is 1.87 eV for
Group 1 and 1.96 eV for Group 2. For the failure by
ABD, the pseudo activation energy is 1.49 eV for
Group 2 and undetermined for Group 1 due to an
extremely low failure population by this mechanism.
These values of pseudo activation energies are much
higher than any other values reported earlier. The



large discrepancy is not in the accuracy of measure-
ments, but the uncertain physical meaning of the
definition of the pseudo activation energy. The MTTF
cannot be described as a simple activation process
which involves overcoming a certain energy barrier.
It is determined from the accumulation of various
degradation processes which depend on the
combination of various imperfections described earlier.
Therefore, the MTTEF, although thermally activated,
does not have a clear physical meaning as related to
the activation energy at this time. This is because of
the complicated nature of degradations from various
imperfections. This complication resulted in a large
discrepancy of pseudo activation energies from one
material to the other. Even two identical lots of a
material prepared at different times can produce a
significant discrepancy. With a large uncertainty in
value and physical meaning, it is only appropriate to
call it a pseudo activation energy.
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Figure 6. Arrhenius Plot of MTTF of
Ceramic A Tested at 400 VDC

Current-Voltage Relationship

Current-voltage measurements are commonly used
to characterize the nonohmic behavior of various
electronic devices such as diodes and varistors. The
concept of the measurement, when applied to the
dielectric at high temperatures, can provide some
useful information concerning the dielectric endurance
under the stress.

Three mid-K dielectric materials were especially
prepared in the laboratory for this study. All
ingredients were the same except for a different grade
related to the purity of BaTi0s; used in each dielectric
material. Figure 7 shows the results of current-voltage
measurements at 250°C plotted as the conductance
(i/V) versus voltage. At this temperature, all these
ceramics are nonohmic near the low voltage end. The
trend is ohmic as the voltage is increased. However,
ceramic 1 reverses the trend as the voltage exceeds

250 volts. This reversal of the trend indicates the
weakness of the ceramic to withstand the stresses.
Current monitored life test at 250°C, 450 volts
certainly shows that ceramic 1 is the weakest ceramic
of the three. It fails by TRA with a mean time to
failure of 2.3 hours, whereas ceramics 2 and 3 fail by
ABD with MTTF of 24.5 hours and 36 hours,
respectively.
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Figure 7. Conductance (i/V) as a Function of Voltage of Three
Ceramics Tested at 250°C. Dielectric Thickness was 45 pm

Triple firings of ceramic materials 1 and 2,
respectively, resulted in additional grain growth. Their
conductances versus voltage are shown in Figure 8.
Noticeable increase of conductance was observed in
each ceramic, especially in ceramic 1. The increase of
conductance suggests shorter life for these ceramics.
And, indeed, ceramic 1 was found to fail by TRA with
a MTTF of 0.75 hour and ceramic 2 failed by ABD with
a MTTF of 21.6 hours tested at 250°C, 450 VDC.

Improvement of Reliability

The knowledge generated from the accelerated life
test and current-voltage study can be used to improve
the intrinsic life of the ceramic capacitors and, at the
same time, eliminate the extrinsic failures.

To use life test or burn-in as a screening technique,
first we need to establish an effective test condition.
Figure 9 shows a typical normal probability plot of life
test failures of laboratory sample ceramic A at 400 V,
125°C. A clear separation of two populated groups is
shown. If one does the burn-in at the condition for 1
hour and keeps the survivors, one would have a better
than 90% elimination of the infant mortality. When
tested at twice rated voltage and rated temperature, it
is found that survivors have a failure rate of at least
one to two orders of magnitude lower compared to the
control lot. Table 1 shows the percentage of infant
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Figure 9. Normal Probability Plot of Life Test Failures
of Ceramic A Tested at 400 VDC, 125°C

TEST VOLTAGE (VDC)

GROUP # |50 (512 hrs) | 100 (64 hrs) | 200 (8 hrs) | 400 (1 hr)

1 0 2 4 22
2 3 10 16 36
Table 1. Percent of Extrinsic Failure for Life Test at 125°C
at Various Test Voltages

mortality of two groups of the laboratory prepared
ceramic A lots tested at 125°C with four voltages. The
time required to eliminate the infant mortality is
shown in the parentheses of each test voltage (cubic
law of voltage acceleration was used.) It is seen that a
higher percentage of capacitors are susceptible to
extrinsic failure and a much shorter time is needed as
the test voltage is increased. A higher percentage of

infant mortality eliminated would mean a lower failure
rate for the survivors.

By using life test as a source of feedback, great
improvement of the ceramic body and its control of
production process can be achieved. Figure 10
indicates such an improvement as a commercial
ceramic derived from the understanding of the various
imperfections mentioned earlier and the various types
of BaTi0; materials employed in the base ceramic. An
improvement of the MTTF by at least two orders of
magnitude is obvious. This information, coupled with
the voltage and temperature accelerated conditions,
can be further used to improve the reliability to better
than ppm levels.
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Figure 10. Normal Probability Plot of Life Test Failures
of a Control Group Free of Physical Flaws,
Tested at 400 VDC, 125°C

Conclusions

The main emphasis of this paper is on the
understanding of various conduction and failure
mechanisms which can in turn be used to further
improve the reliability of MLCs. Various ceramics
were prepared in the laboratory, and our experiments
carried out on MLCs prepared from these ceramics
show that:

a. Two types of failure, called the avalanche
breakdown or ABD and thermal runaway or TRA,
respectively, have been observed in various
dielectrics. High voltages normally favor the ABD
type of failure, and high temperatures normally
favor the TRA type of failure. The two types of
failure modes may coexist depending on the test
conditions and the type of ceramic studied.

b. In general, imperfections in ceramics may be
classified into (i) intrinsic which include electronic
disorders, dislocations, grain boundaries, etc., and
(i) extrinsic such as porosity, delamination, cracks,
ete. From various experiments in these two groups,
it was shown that ABD type failure is attributed to



extrinsic flaws and TRA type failure is caused by
intrinsie characteristies of the ceramic.

c. It was also shown that the acceleration factors for
voltage involve an exponent n which ranges from
about 2 to about 4, and the accepted industry
standard is 3. The acceleration factor for
temperature may be described by a pseudo
activation energy whose physical meaning is
uncertain because it is a result of various
degradation processes which in turn depend on the
combination of various imperfections.

d. Current-voltage measurements may be used to
obtain useful information about the dielectric
endurance under the stress. Experiments on three
laboratory ceramics with BaTi0; powders of varying
degrees of purity show MTTF which vary by more
than an order of magnitude, and the processing
conditions, such as sintering temperature, change
this MTTF.

e. The above information was used to obtain test
conditions to screen parts which have failure rates
of one to two orders of magnitude lower. In addition,
information regarding the types of ceramic and the
control of the production processes can be obtained
to improve the MTTF by one to two orders of
magnitude, and an example was shown.

The above observations clearly demonstrate the
importance of understanding the conduction and
failure mechanisms to improve the reliability of MLCs
to better than ppm level.
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