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Impact of firing temperature on insulating properties of Low
Temperature Co-fired Ceramics
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In this paper, results of investigation on the impact of firing temperature on insulating properties of Low Temperature Co-
fired Ceramics are presented. Dissipation factor, volume resistivity and breakdown electric field intensity were determined for
firing peak temperature in the range from 800 °C to 900 °C. The tests were performed for two commercial LTCC materials:
951 Green Tape (DuPont, USA) and SK47 (Keko, Slovenia). The results showed that the firing temperature had a significant
effect on the dielectric loss factor, volume resistivity and lifetime at applied high voltage. No clear tendency was observed for

dielectric strength in the analyzed firing temperature range.
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1. Introduction

Low Temperature Co-fired Ceramics (LTCC) is
an attractive material for fabrication of microelec-
tronic circuits with embedded passive components
like resistors, capacitors and inductors [1]. Thanks
to its very good electrical and mechanical proper-
ties as well as thermal and chemical stability, var-
ious fields of application are possible. The LTCC
is widely used for fabrication of microwave com-
ponents [2, 3], high temperature devices [4, 5], mi-
croreactors for harsh media [5, 6], various environ-
mental sensors [7-9] as well as specialized pack-
ages [4, 10]. The LTCC exhibits superior insulat-
ing properties, including high dielectric strength
and high volume resistivity [11, 12]. The proper-
ties make the material suitable for fabrication de-
vices that work at high potential difference between
its terminals, e.g. in miniaturized transformers with
high voltage insulation [12].

From the point of view of insulating proper-
ties and reliability aspects in devices working un-
der high voltage conditions, important stages of the
LTCC process are material selection and quality
of screen printing, lamination and firing processes.
Typical materials applied for metallization in the
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LTCC modules are thick-film pastes based on sil-
ver, gold and silver-palladium conductive phases.
The most common is silver, because of low resis-
tivity and low cost, however, the material is sus-
ceptible for diffusion during the firing process and
migration during operation [13]. As a result, during
the screen printing process, unintended contamina-
tion should be avoided in insulating areas, in or-
der to limit the leakage current at high electric field
intensity. Poor quality of lamination process can
also affect the insulating properties, resulting from
voids existence in the dielectric material. Neverthe-
less, even the best quality of mentioned processes
does not guarantee the best insulating properties.
The final structure of the material is formed dur-
ing firing process, especially during the final step
of the process, at the highest temperature. In gen-
eral, the porosity of the LTCC material decreases
with increasing maximum temperature of firing in
the range between 800 °C and 900 °C [14, 16].
The porosity of the LTCC material reaches almost
constant value of 1 % for firing temperature range
of 850 °C to 900 °C, while still 7 % porosity can
be observed after firing at 800 °C [14]. In spite
of reduction of porosity, density of the material
can also be reduced with increasing firing temper-
ature. The effect is the result of formation of low
density phases during the sintering process [15].
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The densification of the material can also be af-
fected by a temperature increase to the peak tem-
perature [17]. During the firing process, crystalline
phases are formed in the most common LTCC
materials, like e.g. 951 (DuPont) [14, 18], A6M
(Ferro) [15, 16], 41111-G (ESL) [17]. Higher fir-
ing temperature results in higher rate of crystalline
phase formation. During standard firing process of
951 ceramics with 15-minutes hold at the peak tem-
perature, crystallites are growing above tempera-
ture of 850 °C. In such conditions, the mass frac-
tion of crystalline phase is below 1 wt.%, whereas
at 875 °C and 900 °C the mass fraction of the
phase is at the level of 2 wt.% and 12 wt.%, respec-
tively [14]. Also an important factor is a hold time
at the peak temperature. If the time is extended to
few hours, the crystalline mass fraction is the same
for firing temperatures between 850 °C and 900 °C,
with the final value of about 20 wt.% [14]. More-
over, if the ceramic material is held at 800 °C for
100 h, the same final level of crystalline fraction
can be reached in the case of the 951 material [18].
Higher firing temperature and longer hold time lead
to the growing grain size in the LTCC material [15].

Differences in the LTCC microstructure result
in different mechanical and electrical properties
of the material. For example, a maximum flexu-
ral strength is observed for higher firing tempera-
tures [14]. The dissipation factor and the dielectric
constant of the LTCC decreases with firing tem-
perature, however above 850 °C the values are al-
most constant in case of A6M material [16]. Nev-
ertheless, even a few degrees of temperature differ-
ence can affect the dielectric properties, especially
at high frequency [19].

In this paper, results of investigation on the im-
pact of firing temperature on insulating properties
of Low Temperature Co-fired Ceramics are pre-
sented. The dissipation factor, volume resistivity
and breakdown electric field intensity were deter-
mined for firing peak temperature in the range be-
tween 800 °C and 900 °C. Time to breakdown was
also determined at various elevated temperatures.
The tests were performed for two LTCC materials:
951 Green Tape (DuPont, USA) and SK47 (Keko,
Slovenia).

2. Test samples

Test samples were made of two commercially
available LTCC tapes: 951 Green Tape (DuPont,
USA) and SK47 (Keko, Slovenia). Both materials
had a thickness of 165 pm before firing, in order
to assure enough mechanical strength during the
process and tests. However for breakdown tests at
room temperature, the thickness of 114 um was
chosen, because of 15 kV voltage limit of applied
high voltage supply (CA6555, Chauvin Arnoux,
France). First, the green tapes were laser cut to
squares of 50 x 50 mm?. A proper alignment mark-
ers for precise two-sided metallization alignment
were also cut on the substrates. The silver paste
6145 (DuPont) was screen printed consecutively
on both sides of the samples as electrodes. In the
center of the substrate, the round-shaped electrodes
with diameter of 4 mm after firing, were made.
Prior to firing, the single layer tapes were pressed
under 20 MPa at 70 °C for 5 minutes, as in a
typical LTCC process. The pressing was impor-
tant for final properties of the LTCC material, be-
cause it could influence densification and shrink-
age of the material. Finally, the samples were fired
at different peak temperatures: 800 °C, 812 °C,
825 °C, 837 °C, 850 °C, 862 °C, 875 °C, 887 °C
and 900 °C. The temperature was held for 20 min-
utes. The only difference between the applied fir-
ing time-temperature profiles was the peak tem-
perature, whereas the rate of temperature changes
was the same, according to firing schedule recom-
mended by 951 Green Tape manufacturer.

3. Measurement

The insulating properties were determined in
different conditions. Measurement of the dissipa-
tion factor as well as the breakdown voltage, were
carried out at room temperature. Measurement of
the volume resistivity and the accelerated aging
tests were performed at elevated temperature. The
applied test setup is presented in Fig. 1. The tem-
perature of the hotplate was controlled by a temper-
ature controller. The temperature of the sample was
measured using a thermocouple. The hotplate acted
as a contact to the bottom electrode of the sample
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and the top electrode was contacted with a pres-
sure probe. The megaohmmeter CA6555 (Chau-
vin Arnoux, France) was used as a high voltage
source. The device allowed measuring of applied
voltage and current simultaneously. Temperature of
the hotplate and test voltage were controlled and
the data from the devices were acquired using a
software prepared in LabView environment. The
setup was applied for all measurement requiring
high voltage. Example of the sample during the test
is shown in Fig. 2. The dissipation factor was de-
termined using the RLC bridge (4263A, Hewlett
Packard) at 100 kHz, using a dedicated sample
holder with pressure probes configured as a Kelvin
probe.

Silver electrodes

LTCC sample

Pressure probe

Thermocouple

High voltage
supply
CAB555

Thermometer

Hotplate

Fig. 1. Setup applied during the measurements.

Fig. 2. Sample in test setup.

4. Results
4.1.

First, the dissipation factor was determined for
three samples and mean values for three samples

Dissipation factor

were calculated for each firing temperature. The
results are shown in Fig. 3. For both tested LTCC
materials the factor reached almost constant values
above 850 °C, however small changes are visible
with increasing firing peak temperature. The results
are similar to literature data obtained for AGM ma-
terial [16].
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Fig. 3. Dissipation factor at room temperature mea-
sured at 100 kHz.

4.2. Volume resistivity

The volume resistivity was determined at ele-
vated temperature in order to reduce the impact of
air humidity during the measurements. The leakage
current was determined consecutively at 200 °C,
150 °C and 100 °C, to exclude leakage current
caused by moisture adsorbed on the sample sur-
face. The same three samples as for dissipation fac-
tor measurement were analyzed during the test. The
measurements were carried out at a constant elec-
tric field intensity of 5 kV/mm inside the material
to reduce conduction through air and the surface of
the sample. After the electrical measurements, di-
mensions of the samples were determined, includ-
ing thickness of the insulator as well as an exact
surface area of the electrode.

The volume resistivity p was calculated accord-
ing to formula 1:

EA
==

where: E — electric field intensity inside dielectric
material, A — surface area of the planar sample,

()
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I — leakage current through the material. The re-
sults are presented in Fig. 4a. and Fig. 4b. for 951
and SK47 sample, respectively. For both materi-
als the maximum values were obtained for samples
fired in temperatures from 825 °C to 875 °C. The
results can be connected with the microstructure of
the samples. For firing temperature below 825 °C,
porosity could affect the resistivity. For the temper-
atures above 875 °C, growing of grain size could
reduce the resistivity. The effect could be explained
by shorter mean paths of current flow through the
material with greater grains than in the materials
with smaller grains. Additionally, differences be-
tween the resistivity of the grown crystalline phases
and an amorphous composition of ceramic particles
in glass matrix could be important. Beside this, the
resistivity could be affected by migration of silver
from the electrodes into the LTCC material during
firing process [20]. It is obvious, that the migration
and diffusion of silver during the firing process de-
pends on temperature. As a result, the volume re-
sistivity could be reduced.

4.3. Dielectric strength

The dielectric strength was determined at room
temperature for prepared samples with thickness
of about 100 um after firing. Because of expected
scatter of results, four samples were prepared for
the tests for each firing temperature. The electric
field intensity at breakdown is shown in Fig. 5.
The results do not show a clear trend of the dielec-
tric strength with changing firing peak temperature.
However, the minimum values were recorded for
the firing temperature of 900 °C.

4.4. Accelerated aging tests

Accelerated aging tests were also performed
for the series of the LTCC samples fired at differ-
ent temperatures. Both materials exhibited different
behavior under such tests, hence the long-term ag-
ing process was made at electric field intensity of
20 kV/mm at temperatures of 200 °C and 250 °C
for SK47 and 951, respectively. The leakage cur-
rent during aging is shown in Fig. 6a and Fig. 6b,
for SK47 and 951, respectively. In case of the sam-
ples made of SK47, the leakage current was mono-
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Fig. 4. Volume resistivity for DuPont 951 (a) and Keko
SK47 (b) fired at different peak firing tempera-
tures and measured at different temperatures and
electric field intensity of 5 kV/mm.

tonically increasing during the test, independently
on firing temperature. It could be connected with
electromigration of silver during the process, re-
sulting in increasing leakage current. For the sam-
ples made of 951, decreasing of the leakage current
was observed. This result suggests that no degra-
dation of the dielectric properties occurred, but it
could be connected with desorption of a water from
the surface during aging. The breakdown could re-
sult also from the electromigration of silver, how-
ever it occurred in the spots of the sample, where
defects or inhomogeneity due to the LTCC tape
production or the technological process existed.
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Fig. 5. Breakdown electric field intensity for DuPont
951 and Keko SK47 fired at different peak fir-
ing temperatures.

According to the performed aging process, time
to breakdown of the LTCC samples was determined
for all of the material and firing temperature con-
figurations. The results are compared in Fig. 7a and
Fig. 7b, for SK47 and 951, respectively. Despite the
higher aging temperature applied for the 951 sam-
ple, the material exhibited much longer lifetime.
Example of the sample after aging test is shown
in Fig. 8, where the breakdown place is marked.
Usually, the breakdown occurred near the edge of
the electrode. In that place, the highest electric field
density existed during the tests as well as different
structures of the material could be formed during
sintering in the regions with and without the elec-
trode. Current flow through the surface of the sam-
ple resulted in dendrites growth around the elec-
trode, as visible in Fig. 8. The dendrite structures
had grown thanks to water chemically adsorbed on
the ceramics surface, facilitating the electromigra-
tion process [13]. The water, chemically adsorbed
on metal-oxide ceramics can exist up to relatively
high temperatures even at 300 °C, whereas physi-
cally adsorbed water can be completely removed at
a temperature below 100 °C [21].

The knowledge of the lifetime at different
temperatures made possible to predict the life-
time at other temperatures, for example at room
temperature. In general, time to failure of a di-
electric material T depended on applied voltage,
temperature and specific parameters of examined

KEKO SK47, aging at 200 °C, 20 kV/mm
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Fig. 6. Leakage current during accelerated aging test of
the LTCC samples made of SK47 (a) and 951
(b) materials.

material according to formula 2 [22, 23]:

T=Aexp <_Ea> exp(—7YEy) ()

kT

where: A is a constant, E, — activation energy, k —
Boltzmann constant, T — temperature, y — electric
field acceleration factor, Ef — electric field intensity.

Assuming a constant electric field intensity, the
formula 2 simplifies to 3:

—-E,
T:Bexp( T >

3
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Table 1. Aging activation energy and estimated lifetime at 150 °C.

Firing peak temperature 800 °C 825 °C 850 °C 875 °C 900 °C
Ea (eV) SK47 0.66 0.82 0.68 0.75 0.99
DP951 2.16 2.44 2.79 1.82 1.33
150 ¢ (h) SK47 32 105 33 13 9
DP951 2.9-10° 2.4-10° 8.4-107 8.6-10° 1.9-10*

B SK47 at 200 °C, 20 kV/mm

Lifetime (h)

800 825 850 875

Firing peak temperature (OC)

(a)

I DPY51 at 250 °C, 20 kV/mm

Lifetime (h)
[\e] w B W [
f=) f=) j=) (=) (=)
1 1 1 1 1

(=]
1

(=)
I

800

825

850 875 900

Firing peak temperature (°C)

(b)

Fig. 7. Lifetime of samples made of SK47 (a) and 951
(b) under specified aging conditions.

where: B is a constant. The lifetime (time to failure)
of the samples fired at different temperatures was
determined at selected temperatures in the range
between 200 °C and 300 °C. The results are shown

Fig. 8. Example of sample after aging test.

in Fig. 9a and Fig. 9b for SK47 and 951, respec-
tively.

An activation energy of dielectric degradation
process was calculated based on the obtained re-
sults and is shown in Table 1. Additionally, the pre-
dicted lifetime of the ceramic dielectric at 150 °C
was estimated and compared. The samples made
of SK47 exhibited poor lifetime, so the material
is not suitable for high voltage devices. In case
of 951 material, the samples fired at peak firing
temperatures between 825 °C and 875 °C exhibit
satisfactory lifetime for operation at temperature of
150 °C, which is maximum operating temperature
for standard active electronic components [24].

S. Summary

Insulating properties of two LTCC mate-
rials were determined. The dissipation fac-
tor strongly depended on peak firing tem-
perature, however the value was almost con-
stant for the samples with peak firing tem-
perature above 850 °C. The volume resistivity
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Fig. 9. Breakdown time vs. aging temperature for SK47
(a) and 951 (b).

reached maximum value for firing temperature
between 825 °C to 875 °C. The mentioned depen-
dencies were explained based on the material mi-
crostructure properties. No clear influence of fir-
ing peak temperature on the breakdown electric
field intensity was observed because of the scat-
ter of the results. The measurements showed lower
breakdown voltage for samples made of SK47
in comparison with 951 ones. The samples, af-
ter resistance vs. temperature measurements, were
also taken for aging tests, however the samples
made of SK47 were affected by previously con-
ducted tests, probably because of migration of sil-
ver between electrodes at elevated temperature.
For the samples made of 951, such deterioration

of insulating properties was not observed and the
samples exhibited stable properties after consecu-
tive tests at elevated temperature. Calculated life-
time of the samples made of 951 was much longer
than that of SK47 material, hence the 951 material
could be more suitable for high-voltage application
at elevated temperature. In addition, all results of
the investigation showed the best properties of ma-
terial 951 for those samples that were fired at a peak
temperature of 850 °C, which is also recommended
by the manufacturer.
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