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Abstract

For applications such as electronics for down-hole drilling and exploration, geothermal energy generation
and power electronics, there is a growing need for capacitors that have robust reliability at temperatures
of 150°C or above. Conventional X7R and X8R type ceramic capacitors are designed for applications up
to 125°C and 150°C, respectively. At temperatures above 150°C, these types of capacitors typically suffer
from degradation of reliability performance and severe reduction in capacitance, especially under DC bias
conditions. A Class-I COG dielectric has been developed using Nickel electrodes for high temperature
application up to 200°C and beyond. Due to its linear dielectric nature, this material exhibits highly stable
capacitance as a function of temperature and voltage. Multi-layer ceramic capacitors (MLCC) made from
this material can be qualified as X9G with robust reliability. These COG capacitors are showing robust
reliability at extreme temperature of 260°C (500 degrees Fahrenheit). We have also developed a
modified-X7R dielectric composition with nickel internal electrodes showing high reliability in this
Class-I1 dielectric at 175°C. This paper will report electrical properties and reliability test data on these
Class-1 COG and Class-11 ceramic capacitors at high temperatures of 150-200°C and above.
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1. Introduction use some X8R capacitors at temperatures above
For applications in harsh environment 150°C by appropriate voltage de-rating.

conditions, such as down-hole oil exploration, . . .

industrial electronics, military devices and avionics, . One commercially available solution for
etc., the maximum operating temperature are high temperature applications is KEMET’s base-
commonly 175-200°C or higher. These industries metal electrode (BME) COG MLCC. This BME COG
need capacitors that are robust and reliable at these typically uses a CaZrOs-based linear dielectric
high temperatures. However, at these temperatures, material. Compared to Class-11 dielectrics such as
dielectric  materials  either have significant the X7R/XSR/X8R materials, the COG dielectrics
capacitance variation with temperature, or exhibit have the advantages of high stability of capacitance
high dielectric losses, and hence, are not commonly over temperature and voltage, no aging of
available in the market [1-4]. Commercial COG and capacitance, no micro-phonic effects, and low
X7R dielectrics are usually designed for applications dielectric loss (DF). In addition, with the progress in
up to 125°C, while X8R dielectric is designed for BME technology, the maximum capacitance offering
applications up to 150°C. One approach for using the as well as reliability of this BME COG are greatly
X7R/X8R dielectric at temperatures above their improved compared to the traditional precious metal
design limit of temperature is by de-rating their rated electrode (PME) COG MLCC [6-7]. This paper will
voltages due to reliability concerns. For example, demonstrate the performance of BME COG MLCC at
some X7R dielectrics can be used at 150°C after 50% temperatures up to 200°C and compare it with PME
voltage de-rating [5]. Similarly, it may be possible to COG or X8R based MLCCs. Furthermore,
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development of high temperature Class-Il X7R
capacitors will be discussed which has a great
potential for offering higher CV values due to its high
dielectric constant of 2800-3000.

2. Electrical Performance at High Temperatures
2.1. BME CO0G MLCC vs. PME C0G MLCC

Traditional COG dielectric materials are
mainly based on the barium neodymium titanate
(BNT) system and are compatible with precious
metal electrodes (PME) such as Pd or Ag/Pd. To
provide a more cost effective solution, MLCC
manufacturers have mostly converted from PME to
BME (mainly Ni electrodes). The BNT material has
a dielectric constant (k) of ~70, while the k of
CaZrOs-based BME COG material is ~31. Although
the BME-COG system has a lower dielectric constant,
due to the advancement of materials and processing
technologies, the BME-COG materials can be
processed into MLCC with higher layer counts and
thinner layers. Thus, it is possible to use thinner
layers of CaZrOs-based materials compared to BNT,
and still obtain higher insulation resistance (IR) and
better reliability [6, 7]. Hence, for the same case size
and voltage rating, BME COG can offer much higher
capacitance than PME because of its thinner, but high
reliability dielectric layers [10]. For example, the
Highly Accelerated Life Test (HALT) reliability of
two 1206 case size 10nF MLCC samples (one is
PME COG and the other is BME CO0G) is shown in
Fig. 1. The dielectric thickness for the BME C0G
MLCC is 7.0 um, and that for the PME COG is 11.6
um. These two samples both passed the required QA
life test, which was performed at 125°C and twice
rated voltage for 1000 hours. In order to obtain
useful failure rate data for modeling, the HALT test
was conducted at 175°C and 400V. Figure 1 shows
that the BME 1206/10nF sample exhibits markedly
longer time-to-failure (TTF) values compared to the
PME version. The median time-to-failure (MTTF) at
HALT for PME 1206/10nF was 62.6 minutes, while
that for the BME1206/10nF was 869.6 minutes,
which is more than an order of magnitude of
improvement in MTTF. This HALT result indicates
that BME COG is a superior material for high
temperature applications than PME CO0G. The topic
of reliability of BME-COG is discussed further in a
later section on lifetime prediction study.

The insulation resistance (IR) of these two
samples of C0G1206/10nF were also measured in the
temperature range of —55°C to +200°C under a DC
bias of 25V, and are plotted in Fig. 2. Even with a
much thinner dielectric thickness, the BME CO0G
typically shows higher IR than the PME COG in the
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whole temperature range, especially at temperature
above 120°C. Due to its special composition and
formulation, the IR of the BME COG started to
increase beyond 120°C (instead of decreasing), which
resulted in more than two orders of magnitude higher
IR than that of the PME COG at 200°C. This
contributes to the robust reliability of the BME COG
at high temperatures.
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Figure 1. HALT for PME and BME C0G
1206/10nF MLCCs. (HALT at 175°C and 400V.)
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Figure 2. Dependence of IR on temperature with
25V DC bias for PME and BME C0G MLCC.

2.2. BME COG MLCC vs. X8R MLCC

The samples used for comparison are
KEMET BME CO0G MLCC (1206 case size, 100nF &
25V rated) and a commercially available X8R MLCC
(1206 case size, 220nF & 50V rated). The dielectric
thickness for the BME COG MLCC was 2.8 um, and
that for the X8R MLCC was 11.2 pm, which is
nearly four times thicker than the BME COG MLCC.

Figure 3 shows the relative capacitance
variation with reference capacitance at 25°C (AC/C)
versus temperature for BME COG MLCC and X8R
MLCC in the temperature range of —55°C to +200°C.
The BME COG MLCC exhibited extremely flat
response over the entire temperature range whether
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with 25V DC bias applied or without any DC bias.
The maximum temperature coefficient of capacitance
(TCC) from -55°C to +200°C was found to be 13.4
ppm/°C, which indicates that this dielectric material
is not only compliant with the EIA CO0G
specification, but also can be extended to the X9G
specification (capacitance variation from the
reference point of 25°C should be within 0 + 30
ppm/°C (or ACmax/C < 0.525%) over the temperature
range of —-55°C to +200°C). The X8R MLCC held its
capacitance reasonably well below 125°C. However,
at temperatures above 125°C, its capacitance
decreased sharply. This is because at temperatures
above the Curie point (125°C for BaTiOs-based
materials), the capacitance (C)-temperature (T)
dependence for ferroelectric material follows the
Curie-Weiss Law: C o k oc ®/(T-T¢), where k is the
dielectric constant, @ is the Curie constant, and T is
the Curie temperature. At 200°C, the capacitance of
X8R MLCC dropped by 50.1% without DC bias, and
by 52.1% while under 25V DC bias compared to its
capacitance at 25°C. Hence, the 220 nF X8R MLCC
had almost the same effective capacitance at 200°C
as the 100 nF BME COG MLCC. At temperatures
above 200°C, the capacitance of the X8R MLCC is
expected to reduce to values below 100 nF. Thus, for
high temperature applications, the actual capacitance
under the use conditions needs a serious design
consideration because of the severe capacitance
reduction with temperature (versus considering only
the nominal capacitance value at room temperature).
Another factor to note is that the actual electric field
applied in the BME COG MLCC was almost 4 times
higher than that for the X8R MLCC because of the
dielectric thickness difference. If the X8R capacitors
were under the same field strength as the BME CO0G
MLCC, their effective capacitance would have been
even lower.
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Figure 3. AC/C variation with temperature
and DC bias.

The measured dielectric loss or dissipation
factor (DF) of the BME COG and X8R MLCC
samples without DC bias in the temperature range of
—55°C to +200°C is shown in Fig. 4. The BME C0G
MLCC has a maximum DF of 0.016% over the
temperature range investigated. Such extreme low
dielectric loss is in good agreement with the D-E
curve analysis, which showed almost zero loop area
at high temperatures. The DF of the X8R MLCC
was 2.04% at 25°C and decreased with increasing
temperature because of the easier rotation of
ferroelectric domains at increasing temperatures.
However, the X8R MLCC still showed a DF of
0.87% at 200°C.

The comparison of insulation resistance (IR)
was quite revealing between the BME COG and X8R
MLCC, as shown in Fig. 5. From room temperature
to 200°C, the IR of BME COG MLCC measured at
25V changed from 1.22 TQs to 28.3 GQs. The X8R
MLCC sample used in this study was originally rated
at 50V for applications below 150°C. In these IR
measurements, a voltage of only 25V DC was
applied. Even then, the IR of X8R MLCC decreased
more than 3 orders of magnitude to 6.3 MQs at
200°C. This resulted in an R*C product (capacitance
times IR) of only 0.67 MQeuF at 200°C, which
should be of great concern for the majority of high
temperature applications. Thus, the X8R MLCC
would need to be de-rated in voltage rating for high
temperature applications above 150°C, while the
BME COG capacitors are expected to hold their
capacitance, DF as well as IR reasonably well over
the temperature range of —-55°C to +200°C as shown
in this study.
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Figure 4. %DF dependence on temperature
without DC bias.
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Figure 5. Dependence of IR on temperature

with 25V DC bias.

The dielectric breakdown strength of the
BME COG and X8R MLCC samples was also
investigated, and results are shown in Fig. 6. From
room temperature to 150°C, the breakdown strength
of BME COG MLCC only dropped from 233
Volts/um to 207 Volts/um, while that for the X8R
MLCC dropped from 103 Volts/um to 55 Volts/um,
which was a reduction of 46%. At 150°C, the
breakdown strength of BME COG MLCC is 3.7 times
higher than the X8R MLCC. Breakdown test for
X8R MLCC could not be conducted at temperatures
above 150°C due to its high leakage. The high
breakdown strength of BME COG capacitors make
them more attractive for energy storage applications
[8-10].

3. Lifetime Prediction at High Temperatures

One of the key parameters for high temperature
applications is the long term reliability. As reported
earlier [6, 7], unlike the typical BaTiO3; based BME
X7R/X5R dielectric materials, oxygen vacancy is not
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Figure 6. Dielectric breakdown strength at
room temperature and 150°C.
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a concern for reliability in BME COGs based on
CaZrOs. In order to estimate the lifetime in high
temperature applications, a highly accelerated life test
(HALT) study was conducted. The HALT data under
various temperature and voltage conditions was used
to extrapolate the reliability of the capacitor at typical
use conditions. The detailed principle and
procedures of this kind of study have been well
reported [11-13], and will be only summarized in this
paper. An empirical equation by Prokopowicz and
Vaskas (P-V equation), shown in equation (2), is
employed to correlate the reliability behavior under
accelerated test conditions to operating conditions.

b (Vo) gl B[ L_ 1) 4
t, \V kT,

-abs 2abs

where:

ti = time to failure under conditions i,

Vi = voltage under condition i,

n = voltage stress exponential,

E. = activation energy for dielectric wear out,

k = Boltzmann’s constant (8.62x107° eV/K),

T; = absolute temperature for condition i.

The P-V equation can be simplified to

equation (3):

1 E
t=A—exp| = 3)
7o)
where A is the time constant. Equation (3) can also be
put into the following nature log form for easy

experimental data multi-regression.
Ln[t] = Ln[A] = nLn[V] + I% @)

Typically, the time (t) used for reliability
modeling is the median time to failure (MTTF). By
running HALT at multiple combinations of voltages
and temperatures, the median time to failure data at
each combination can be obtained from the time-to-
failure data distribution fitting if more than 50% of
the parts failed during testing. Using the multi-
regression tool in a commercial software package,
parameters such as A, n, and E, can be determined.
Thus, from equation (3), a lifetime can be predicted
under given wuse conditions (voltage V and
temperature T).

Three BME COG MLCC part types, 0402-
101-50V, 0603-471-50V and 0805-222-50V were
tested under HALT conditions at 4 temperatures
(125°C, 150°C, 175°C, and 200°C) and 6 voltages
(300V, 400V, 450V, 500V, 550V, and 600V) for 200
hours. The maximum temperature (200°C) and
maximum voltage (600V) used in this study were
limited by the equipment capability. A sample size
of 20 pieces was used in each HALT run. HALT
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time-to-failure (TTF) was recorded when IR at test
temperature dropped below 4.28 MQ.

Figure 7(a) shows the HALT time-to-failure
distributions for part type 0805-2200 pF-50V under
various temperature and voltage conditions.
Following the steps described above, a time constant
A, voltage exponential n, and the activation energy Ea
were obtained by multi-regression and are listed in
Table I. The R-Sq. of this regression was 94.7%. By
substituting values of A, n and E. parameters back
into equation (3), MTTF can be calculated for various
use conditions. Some of these use conditions are
listed in Table Il as examples. At 150°C and 50V,
the predicted lifetime is over 52.6 million years, and
even at 200°C and 50V, the predicted median lifetime
is 1.48 million years. This supports the robust
reliability of these BME COG type ceramic
capacitors.

HALT testing was also conducted on part
types 0402-100 pF - 50V and 0603- 470 pF - 50V at
several combinations of temperatures and voltages.
As shown in Fig. 7(b), there were not enough failures
under even the most severe HALT conditions used up
to 200 hrs of test time. While this is a strong proof of

the robust reliability of these BME COG capacitors
under the accelerated test conditions, these tests still
could not cause the required number of failures (50™
percentile) needed to model the median-time-to-
failure (MTTF) data. Thus, their HALT distribution
fitting cannot be performed. This also indicates that
it is not necessary to de-rate the voltage rating for the
BME COG MLCC tested in this study for high
temperature applications, which is a clear advantage
over the MLCCs based on X7R/X8R dielectrics.
This also distinguishes the benefit of these BME C0G
capacitors compared to most other competitive
capacitor offerings that require 50% or even 75% de-
rating during applications at high temperatures such
as 175°-200°C. It is important to mention that BME
COG chips of various case sizes, capacitance and
rated voltages have been tested through long term life
tests at 125°C (4000hrs), 150°C and 200°C (2000hrs)
without any failures or degradation of electrical
characteristics such as capacitance, %DF or
insulation resistance.

Table I. Multi-regression Results for HALT-TTF P-V Model for 0805- 2200 pF 50V

Part Type A (mins)

n |Eaev)| R

C0805C222J5GAB | 1.30E+14

9.0 1.23 94.7%

Table 1. Lifetime Prediction from MTTF Model for 0805-0805- 2200 pF 50V

Part Tvoe CAP Rated Ti?r?“g?;to?e Application MTTF
yp (nF) | Voltage p(oc) u Voltage (Years)

o5 50 7.47E+13

25 3.91E+16

50 4.39E+08

125 25 2.29E+11

50 5.26E+07

C0805C222J5GAB | 2.20 50 150 %5 2.75E+10
50 7.98E+06

175 25 4.17E+09

50 1.48E+06

200 25 7.73E+08
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Figure 7(a). HALT distributions at various test conditions for 0805- 2200 pF 50V.
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Figure 7(b). HALT distributions at various test conditions for 0603-470 pF-50V.

4. Ultra-High Temperature Testing at 260°C
These high-temperature COG capacitors are
now being tested at even higher temperatures of
260°C (500 degrees Fahrenheit). With their superior
insulation resistance characteristics (low leakage
current) and stability of the dielectric, the high-
temperature COG exhibits high values of insulation
resistance in the tera-Ohm ranges at the high
temperatures of 260°C and under rated voltage of
bias. Figure 8 shows the insulation resistance of
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high-temp COG capacitors of C0G-1206/5.6nF after
Life Test at 50V and 260°C for 1000 hours. It is
clearly evident that these COG capacitors hold high
values of insulation resistance and passed the life test
without any failures or degradation of electrical
characteristics such as capacitance, %DF or
insulation resistance. This demonstrates that these
high-temperature COG capacitors have great potential
for applications at and up to 260°C (500 F). A broad
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range of capacitor products from this COG family are
currently being tested through life testing at 260°C.

Life Test at 260°C and 50V for 1000hrs
High-Temp COG 1206/5.6nF

10000
Variable

LN, = 1000 hrs

Percentile
- B BEEZBIB 8RR 8

PSS S

Insulation Resistance, M.Ohm

Figure 8. Insulation resistance (IR) plot after Life
Test of High Temperature COG 1206-5.6nF
capacitors at 50V and 260°C for 1000 hours.

4. High-Temperature-X7R Class-11 Dielectric

Although the high-temperature  C0G
capacitors discussed in previous sections have been a
greatly successful product, this dielectric has a
dielectric constant of 32.5. There will always be a
need for higher capacitance MLCCs in electronics for
surface and sub-surface downhole drilling and
geothermal energy applications especially for
temperatures up to 175C. Recently, a modified-X7R
dielectric compatible with nickel internal electrodes
has been developed to design robust reliability in this
Class-Il dielectric at high temperatures such as
175°C. This new dielectric has a dielectric constant
of ~3000.

During the past two decades, the majority of
research and development in the field of ceramic
capacitors has focused on understanding and
improving BME ceramic capacitors with respect to
their raw materials, processing and equipment for
improved dispersion, build-up and thermal treatment,
as well as to improve reliability performance. Figure
9(a-c) demonstrates some of the key improvements
employed in the raw materials and microstructure
design for the high reliability BME X7R ceramic
dielectric. Depending on the design thickness of the
dielectric, Barium Titanate (BaTiO3) powders of high
crystallinity and narrow particle size distribution
were chosen for the dielectric (available down to
150nm, 200nm, 250nm size, etc.). Special
combinations of dopant chemistries and a precisely
controlled firing process were developed to achieve
high reliability in this modified-X7R system at high
temperatures. ~ Highly  sophisticated  milling,
dispersion and coating techniques allow molecular-
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and nanometer-level dispersion of dopant elements
and additives within the BaTiOs-based ceramic. This
helped in achieving a core-shell type microstructure
in the ceramic dielectric with a core of high
crystallinity barium titanate, and a uniform grain size
within the fired or sintered ceramic dielectric.

(b) Tailored Microstructure
TEM Image

(a) High Crystallinity BaTiO;

X-Ray diffraction peak |

split indicating

tetragonality |
/\

‘{Bwvz,al

Tot/an

“ 445 45 455 46 465
20(CuKa)ldeg R

(c) Core-Shell Microstructure

Figure 9 (a-c)

Some of the key material design
features for improving the
microstructure, performance
and reliability of BME MLCC

Shellis rich
in dopants

Figure 10 shows a time-to-failure plot of highly
accelerated life test (HALT) on X7R 0603-0.1uF
capacitors rated for 25V. This test was performed at
175°C for 92 hours with 300V, 400V, 450V and
500V applied voltages. No failures occurred during
the HALT test at 300V (12X rated voltage) after 92
hours. Figure 11 is the life test plot for these
capacitors at 175°C, with an applied voltage of 50V.
After 1000 hours of testing, no failures occurred, and
there was no evidence of degradation in the
insulation resistance (or leakage current) of the
capacitors. The HALT and life test data demonstrate
that this modified-X7R dielectric material is very
robust for applications at high temperatures such as
175°C. Testing continues at temperatures up to
200°C to evaluate this modified-X7R Class-1I
ceramic further for applications in extreme
environments.
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Figure 10. HALT testing time-to-failure (TTF,
minutes) plot for Modified-X7R 0603-0.1uF
capacitors (rated at 25V) at 175°C for 92 hours
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Figure 11. Insulation resistance (IR) plot after
Life Test of Modified-X7R 0603-0.1uF capacitors
(rated 25V) at 50V and 175°C for 1000hrs hours

5. Summary

(1) The CaZrO3 based BME COG dielectric material
showed robust performance for high temperature
applications. At temperature up to 200°C, it meets
the EIA X9G specification (capacitance variation
from the reference point of 25°C should be within 0 +
30 ppm/°C (or ACwmax/C < 0.525%) over the
temperature range of —55°C to +200°C) and exhibits
good long term reliability.

(2) The CaZrOs-based BME COG chips of various
case sizes, capacitance and rated voltages have been
tested through long term life tests at 125°C (4000hrs),
150°C and 200°C (2000hrs) without any failures or
degradation of electrical characteristics such as
capacitance, %DF or insulation resistance.

(3) Traditional BaTiOs-based X7R and X8R
dielectrics suffer from severe capacitance reduction,
insulation resistance deterioration, and breakdown
voltage reduction at high temperatures above 150°C.
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The newly developed modified-X7R Class-Il ceramic
with a dielectric constant of ~3000 showed robust
reliability at high temperatures such as 175°C, and is
capable of extending the capacitance offerings by 10
to 20 times compared to the high-temperature-BME-
COG capacitors.
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