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Abstract:

The need for ceramic capacitors with optimal electrical performance at high temperature,
200°C and above has grown in recent years. A novel ceramic provides excellent electrical
characteristics over the temperature range 200°C to 350°C. It is found to have a dielectric
constant of 4000 across this high temperature range. This paper discusses electrical
parameters and the reliability performance of this ceramic, including a dissipation factor of
<1%, from 200°C to 350°C. Life test results at high temperatures are demonstrated.

Introduction:

The requirement for a multilayer ceramic capacitor (MLCC) capable of continuous operation
at temperatures of 200°C and higher has existed for some time. One such application is in
instrumentation used in down-hole measurements of oil/gas and geothermal wells. In the past
few years the demand for oil has driven producers to tap deeper and deeper deposits. Deeper
deposits mean higher operating temperatures. For many years the norm was 150°C. Now,
many tools are required to perform at 175°C to 200°C. There is also active development for
tools that will operate up to 250°C. It is not difficult to imagine operation at 275°C to 300°C
in a year’s time. Temperatures in geothermal wells can reach 400°C, with 325°C being the
typical maximum. These MLCC’s may need to operate for up to five years at these
temperatures if used in the control system of geothermal wells (1). However, the market for
MLCCs for use in this application is limited.

Other high temperature applications for MLCC’s include aviation and automotive. For
aviation systems, equipment is being designed to operate at temperatures of 300°C, or higher
(2). Automotive applications, while severe, may not have temperature requirements as high
as those in down-hole or aviation applications. Engine and transmission temperatures are
typically less then 200°C. For wheel mounted components, such as those in ABS sensors,
the temperatures can range from 150°C to 250°C, but less than 300°C (3). Most automotive



applications are typically less than 150°C as evidenced by recent patent applications (4, 5)
that specifically mention automotive as one of the intended applications.

There are several on going efforts to develop high-temperature ceramic capacitors capable of
meeting the operating temperature requirements required for down-hole, aviation and
automotive applications. The primary efforts appear to be directed at automotive
applications since this market is much larger then either of the other two markets mentioned.

A review of what products are currently available shows that most offerings are for ceramic
capacitors designed to operate at maximum temperatures of either 150°C or 200°C. If the
capacitors are EIA Class II, the capacitance drop off at 200°C can be as high as 45%. An
early effort to develop a ceramic dielectric capable of operating at 200°C was a lanthanum-
modified lead zirconate titanate (PLZT) developed by the late Dr. Galeb H. Maher (6, 7, 8,
9). This dielectric system showed considerably less variation in capacitance at 200°C than
barium titanate based dielectric systems (10). Capacitors built with this PLZT dielectric
formulation met the EIA characteristic X9S (-55°C to 200°C, AC £22%).

On going efforts by manufacturers of MLCC, suppliers of ceramic dielectric formulations
and universities continue to work towards developing high temperature (> 200°C) dielectric
formulations. This work is focused on systems such as barium titanate-barium scandium
oxide, bismuth metal oxide-lead titanate and others. Performance characteristics for high
temperature ceramic capacitors with operating temperatures ranging from 150°C to over
450°C are shown on TRS Technologies’ website (11). These dielectrics were developed for
characteristics similar to Y5V except the peak capacitance is shifted from a temperature
range of 10°C to 40°C to temperature ranges of 150°C to 350°C or 300°C to 500°C. This
paper reports on a capacitor built with a proprietary dielectric formulation designed to
operate over a broad temperature range of 200°C to 350°C with a dielectric constant that is
essentially flat at these temperatures.

Experimental:

Evaluated in this study were multilayer ceramic chip capacitors built with a tape casting
system in a standard EIA 0805 chip size. These capacitors were built using a proprietary
dielectric formulation and had a nominal room temperature capacitance value of 0.004 pF
and were rated at 12 Vdc. The design of these capacitors was 10 layers of active dielectric at
0.8 mils thick. All of the capacitors were tested at room temperature for the following
electrical parameters:

¢ Initial capacitance and dissipation factor at 1 Vrms and 1 KHz
e Dielectric withstanding voltage at 2.5 times rated DC voltage (30 Vdc)
e Insulation resistance at rated DC voltage (12 Vdc)



A matrix of seven groups of these capacitors was life tested according to the following:

Temperature Test Voltages
°C 12 Vdc 25 Vdc 50 Vdc
250 *

The leakage current of each MLCC was monitored during the test by measuring the voltage
across a 100 KQ resistor in series with the capacitor. A capacitor was considered a failure
when there was a 50% increase of voltage across the resistor.

In addition to the life test matrix, various other electrical parameters were measured to
provide a better understanding of the performance of this new, high temperature ceramic
dielectric. The parameters measured include:

e  The variation of capacitance and dissipation factor with temperature.

e Leakage current as a function of temperature.

e  Variation of capacitance with DC voltage and temperature.

e  Ultimate breakdown voltage.

Results and Discussion:

Results of the initial electrical tests follow:

Capacitance @ 1 KHz and 1 Vrms 0.004 +.0002 pF

Dissipation Factor @ 1 KHz & 1 Vrms 45 £0.1%
DC Flash (30 Vdc) 0 failures
Insulation Resistance (12 Vdc) 160 GQ

The variation of dielectric constant with temperatures between -55°C and 350°C is shown in
Figure 1. As can be seen from this curve, the dielectric constant increases rather sharply
from  -55°C to 150°C, at which point it is essentially flat, increasing slightly to 300°C.
Above 300°C it begins to drop off as it approaches 350°C. However from 150°C to 350°C
the dielectric constant does not drop below 3500.
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Figure 1. Variation of dielectric constant with temperature measured at 1 KHz and
1 Vrms.

The dissipation factor as a function of temperature is shown in Figure 2. From a maximum
value of 4.8% at room temperature, the dissipation factor decreases very rapidly with
increased temperature reaching a minimum value of less then 0.2% at 200°C before it
increases slightly to 0.4% at 350°C.

PRESIDIO COMPONENTS INC.
HT Dielectric

DF vs. Temperature
5.00%

4.50% \

4.00%

350% \
3.00% \

S 250% \
2.00%
1.50% \
1.00%
0.50% \\—__—/

0.00%
0

DF (%)

50 100 150 200 250 300 350
TEMPERATURE (C)

Figure 2. Variation of the dissipation factor with temperature when measured at 1
KHz and 1 Vrms.

The leakage current as a function of temperature is shown in Figure 3. The RC (QF) product
is shown in Figure 4. For temperatures above 125°C, there is no industry requirement for



what the insulation resistance should be. Therefore, if the same reasoning is used for this
paper that was used in a previously referenced paper (10) on a PLZT dielectric system for
use at 200°C the RC (QF) product at 350°C should be .001 QF’s. This value was arrived at
by taking one tenth of the insulation resistance requirement from the previous temperature as
shown in the following table:

Temperature Insulation Resistance
°C QF
25 1,000
125 100
150 100
200 10
250 1.0
300 0.1
350 0.01

This does not seem like a viable approach to determining what the insulation resistance
should be at the temperatures of interest. This value will probably have to be determined
empirically. It will all depend on what the maximum leakage current can be for the circuit to
still function as designed. As can be seen from Figure 3, the maximum leakage current is
less then 1.0 pA at 350°C. The RC product at 350°C is 0.37 MQ-uF, which is two
magnitudes greater the theoretical RC product determine in the table above.

Samples were tested for the ultimate breakdown voltage (UBV) at room temperature. Each
MLCC was flashed starting at 50 Vdc and continued to slowly increase the voltage until the
sample failed. The current was limited to 50 milli-amperes. The average breakdown voltage
was 612 Vdc, with the minimum breakdown voltage 588 Vdc and the maximum breakdown
voltage 630 Vdc.
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Figure 3. Variation of leakage current over the temperature range of 25C to 350C.
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Figure 4. Variation of the RC time constant over the temperature range of 25C to
350C.

The variation of capacitance and dissipation factor with temperature with 0 Vdc and 20 Vdc
applied bias, measured at 1 KHz and 1 Vrms. The capacitance remained nearly constant
over the entire temperature range of 25°C to 350°C. The maximum change in capacitance
between 0 Vdc bias and 20 Vdc bias appears to have occurred at 275°C and is less then 5%.
The dissipation factor also exhibited a small change between 0 Vdc and 20 Vdc bias in the
temperature range of 25°C to approximately 175°C. Above 175°C the dissipation factor is
essentially constant with the applied bias having no effect.
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Figure 5. Variation of capacitance and dissipation factor with temperature and
applied DC bias measured at 1 KHz and 1 Vrms.

In Figure 6, the variations of the dielectric constants are compared for a formulation that
meets the Military BX requirements (AT -55C to +125C, AC +15% with O Vdc bias, AC
+15%, -25% with rated Vdc bias), one that meets the EAI X7R requirements (AT -55C to
+125C, AC £15%) and this new high temperature (HT) dielectric formulation for which there
are no industry standard requirements. As can be seen, both the X7R and BX dielectric
constants relatively high and flat over the temperature range from -55C to + 125C compared
to the HT dielectric constant which is increasing rather sharply. Above 125C both the BX
and X7R dielectric constants drop sharply to 200C after which they continue to drop at less
of a rate to 350C. The HT dielectric constant continues to rise to 150C at which point it is
essentially constant to 350C.
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Figure 6. Variation of capacitance over the temperature range of -55C to 350C for
a BX, X7R and the HT dielectric formulations.




Summary:

The electrical properties of a new, high temperature proprietary dielectric system are
presented.

The variation of dielectric constant is essentially flat over the temperature range of
150°C to 350°C.

The dissipation factor is less then 0.5% above 160°C.

The ultimate breakdown voltage of these capacitors is 612 Vdc.

The capacitance with and without bias voltage is nearly constant over the entire
temperature range of 25°C to 350°C.

The bias voltage has essentially no effect on the dissipation factor for temperatures
above 175°C.

References:

1.

10.

11.

Parmentier, Bernard, Vermesan, Ovidiu, Beneteau, Lionel, “Design of High
Temperature Electronics for Well Logging Applications”, High-Temperature
Electronics Network, Oxford England, 2003, pp 77-83

Irwin, P.C., Tan, D. Q., Cao, Y., Silvi, N., Carter, M., Rumier, M., Garet, C.,
“Development of High Temperature Capacitors for High Density, High
Temperature Applications”, SAE International, 11/11/2008, 2008-01-2851.
Johnson, W., Evans, J. L., Jacobsen, P., Thompson, J. R., Christopher, J., “The
Changing Automotive Environment: High-Temperature Electronics”, IEEE
Transactions on Electronics Packaging Manufacturing, Vol. 27, No. 3, July 2004
Jun Mishikawa, “Dielectric Ceramics and Multi-Layer Ceramic Capacitor”, Patent
Application Publication US 2008/024253 A1, October, 2008.

Kazushigo Ito, Haruya Hara, Toshihiro Iguchi, Shigeki Sato, Akira Sato and
Takashi Kojima, “Laminated Ceramic Capacitor”, U.S. Patent Application
Publication 2008/0253060 A1, October, 2008.

Galeb H. Mabher, “Ceramic Capacitor Having a Silver-Doped Dielectric of (Pb,La)
(Zr, T1)O3 and Glass”, U.S. Patent 4,027,209, 1977.

Galeb H. Maher, “Ceramic Capacitor Having a Bismuth-Containing Silver-Doped
Dielectric of (Pb,La) (Zr, Ti)O3”, U.S. Patent 4,135,224, 1979.

Galeb H. Mabher, “Ceramic Capacitor Having a Dielectric of (Pb,La) (Zr, Ti)O3 and
BaTi03,” U.S. Patent 4,219,866, 1980.

Galeb H. Maher, “Method for Making a High K PLZT Ceramic Capacitor”, U.S
Patent 4,324,750, 1982.

Reginald L. Hofmaier, Galeb H. Maher, George A. Shirn, “PLZT — A Dielectric For
High Temperature Application”, Proceedings of the 38™ Electronic Components
Conference, Los Angeles, CA, May, 1988, pp 101-108.
http://www.trstechnologies.com/Products/specialty_capacitors.php





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


