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bstract

he electrical and microstructural characteristics of 1 k�/sq thick-film thermistors with high positive temperature coefficients of resistivity, i.e.,
TC 5093 (Du Pont) fired either on “green” LTCC (low-temperature co-fired ceramics) substrates or buried within LTCC structures, were evaluated.
he thermistors were fired at different temperatures to study the influence of firing temperature on the electrical characteristics. The noise indices of

he surface resistors fired at temperatures between 850 ◦C and 950 ◦C were very low, around −30 dB. The TCRs of the evaluated PTC thermistors
ere over 3000 × 10−6/K. The dependence of the resistivity on the temperature between −25 ◦C and 125 ◦C was linear, with the values of R2 being
etter than 0.9999, regardless of the processing conditions. These results show that PTC thermistors co-fired on LTCC substrates can be used for
emperature sensors in MCM-Cs as well as in MEMS structures. However, when the thermistors were buried in the LTCC substrates, the LTCC

tructures delaminated during firing and blisters formed, leading to high sheet resistivities and high noise indices. This delamination is attributed
o the different sintering rates of the PTC and LTCC materials as well as to the expansion of the air bubbles captured in the viscous glass of the
TC material.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

Thick-film resistors are made by screen-printing thick-film
aste onto insulating, mainly alumina, substrates. After printing
nd drying, the thick-film pastes are fired in a belt furnace. Thick-
lm resistor pastes consist basically of a conducting phase, a

ead borosilicate-based glass phase and an organic vehicle. This
rganic material is burned out between 300 ◦C and 400 ◦C during
he high-temperature processing. The ratio between the con-
uctive and the glass phases roughly determines the specific
esistivity of the resistor. In most modern resistor composi-

ions the conductive phase is either RuO2 or ruthenates, mainly
ismuth or lead ruthenates.1–5 During the firing cycle all the
onstituents of the resistor material react with each other. The
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ain change during firing is the transition from a mixture of
lass grains and, usually, much finer grains of the conductive
hase in the thick-film paste, into conductive chains throughout
he sintered glass in the fired resistor. The resistors, however,
re only a relatively short time (typically 10 min) at the highest
emperature (typically 850 ◦C). Because of this, the reactions
etween the constituents of the resistor material do not reach
quilibrium, so that the characteristics of the fired materials are,
n a way, a compromise as a consequence of this frozen non-
quilibrium.6–8

The main requirements for “normal” thick-film resistors are
ong-term stability, relatively narrow tolerances of the sheet
esistivities after firing, low noise indices and, in particular, low
emperature coefficients of resistivity (TCR), which are, for most

ommercial resistor series, below 100 × 10−6/K. However, for
ome temperature-sensing or temperature-compensating appli-
ations resistors with a large, positive and linear temperature
ependence of resistivity are required. Thick-film thermistors

mailto:marko.hrovat@ijs.si
dx.doi.org/10.1016/j.jeurceramsoc.2006.08.005
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Fig. 1. (a) The ruthenate conductive phase in thick-film resistors decomposes
due to interactions with a glass phase into RuO2. Due to added copper oxide
the RuO2 crystallises in the form of needle-like grains. Schematically. (b) TEM
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ith positive TCRs (PTC) have a positive and linear temper-
ture dependence of resistivity, as described by the following
inear equation:

(T ) = R0(1 + aT ) (1)

here R0 (�) is the resistance at the reference temperature, T
he temperature (K) and a is the TCR (1/K).

PTC thick-film resistors are prepared by “loading” a high
oncentration of RuO2 into a glass phase. RuO2 has a rela-
ively low specific resistivity, 40 × 10−6 � cm, and a positive,
inear, metallic-like resistivity versus temperature dependence,
ith a TCR of 7000 × 10−6/K for single crystals and a few
000 × 10−6/K for sintered microcrystalline samples.9,10 Due
o the high concentration of RuO2, the sheet resistivities are
elatively low, between 1 �/sq and 10 �/sq. The majority of
hick-film PTC thermistors are in this resistivity range.

The Du Pont 5093 PTC thermistors with a sheet resistiv-
ty of 1 k�/sq are currently the thermistors with the highest
heet resistivity values commercially available, to the best of
he authors’ knowledge. The high resistivity is achieved with

aterials that are not based on ruthenium oxide, but on ruthen-
tes with an addition of copper oxide.11,12 It is known that at
igh enough temperatures and/or long enough firing times the
uthenate conductive phase in most ruthenate-based thick-film
esistors decomposes due to interactions with a glass phase into
uO2 and, for example, PbO or Bi2O3 in the case of lead ruthen-
te or bismuth ruthenate, respectively.8,13

Because of the added copper oxide, the RuO2, which is
ormed due to the decomposition of the ruthenate phase in the
093 PTC thermistors during firing, crystallises in the form
f needle-like grains, which produce the conducting network
hrough the glass matrix. This is a result of a specific crystal-
ographic relationship between the CuO and the RuO2,14 and
s shown schematically in Fig. 1a. The microstructure of the
093 thermistor fired for 10 min at 850 ◦C is shown in Fig. 1b.15

he needle-like RuO2 grains are denoted “R”, and the SiZrO4
articles are denoted “SZ”.

Ceramic multi-chip modules (MCM-Cs) are multilayer sub-
trates with buried conductor lines, which means that they
ave a high density of interconnections. An additional advan-
age of the smaller size and higher density is the ability to
ntegrate screen-printed resistors, or occasionally, capacitors
nd inductors. These screen-printed components can be placed
ither beneath the discrete components on the surface of the
ultilayer dielectric or buried within the multilayer structure.
ow-temperature co-fired ceramic (LTCC) materials, which are
intered at the low temperatures typically used for thick-film
rocessing, i.e., around 850 ◦C, are widely used for the pro-
uction of MCM-Cs, especially for telecommunications and
utomotive applications. To sinter to a dense and non-porous
tructure at these, rather low, temperatures, it has to contain
ome low-melting-point glass phase. LTCCs are either based on

rystallisable glass or a mixture of glass and ceramics; for exam-
le, alumina, silica or cordierite (Mg2Al4Si5O18).16–20 The glass
ould presumably interact with, for example, thick-film resistors
eading to changes in the electrical characteristics. Some of the

c
9
r
o

icrograph of 5093 thermistor, fired for 10 min at 850 ◦C. Elongated RuO2

articles are denoted “R” and SiZrO4 particles are denoted “SZ”.15

esults for the resistor/LTCC combinations and the influences
n the electrical characteristics can be found in.21–24

Thick-film resistors with high TCRs are of interest as tem-
erature sensors in MCM-Cs as well as in MEMS (Micro Elec-
ro Mechanical Systems).25–28 The thick-film PTC thermistors
ere developed for firing on alumina substrates. Therefore, their

ompatibility and interactions with the rather glassy LTCC sub-
trates, leading to changes in the electrical characteristics, need
o be evaluated. The aim of this research was to study the char-
cteristics of thick-film PTC 5093 thermistors fired either on or
uried within Du Pont LTCC 951 substrates, and to obtain some
nderstanding of the development of the thick-film thermistor’s
icrostructural characteristics and electrical characteristics, i.e.,

heet resistivity, beta factor and noise, during the firing pro-
ess. The thermistors were fired at temperatures from 850 ◦C to

50 ◦C, and also for a relatively long time (3 h) at 950 ◦C to allow
eactions to reach or at least to come close to equilibrium. The
btained results would be also usable for application were the
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Fig. 2. The X-ray diffraction spectra of the PTC 5093 thermistors dried at
150 ◦C, and co-fired on the LTCC substrates for 10 min at 850 ◦C, 875 ◦C, 950 ◦C
and 3 h at 950 ◦C on LTCC substrates The spectrum of ruthenium oxide, denoted
“
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the PTC film infiltrated the LTCC substrate to a depth of around
20 �m.
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TCC structures are fired at higher temperatures than standard
50 ◦C. The characteristics of PTC thermistors fired at different
emperatures on alumina substrates15 are used as a reference.
he nominal TCR of the PTC 5093 is 2750 ± 250 × 10−6/K.

. Experimental

The LTCC substrates were made by laminating three layers
f LTCC tapes at 70 ◦C and at a pressure of 200 bar for the
urface PTC thermistors. For the buried thermistors two layers
ere laminated. The conductive Ag/Pd tracks were printed and
ried on the laminated LTCC substrates. After this the 5093
TC thermistors were printed and dried. For the buried resis-

ors, which were printed on the laminated two-layer substrates,
he upper tape with the laser-cut openings (for the electrical

easurements) was pressed into the two-layer structures and
aminated again under the same conditions. The prepared sam-
les were co-fired at maximum temperatures of 850 ◦C, 875 ◦C
nd 950 ◦C for 10 min, and at 950 ◦C for 3 h. The firing pro-
les also included a 1-h-long “pause” at 450 ◦C to burn-out the
rganic materials from the LTCC tapes. Cold (from −25 ◦C to
5 ◦C) and hot (from 25 ◦C to 125 ◦C) TCRs were calculated
rom resistivity measurements at −25 ◦C, 25 ◦C, and 125 ◦C.
he current noise was measured in dB on 100-mW loaded resis-

ors using the Quan Tech method (Quan Tech Model 315-C).
The dimensions of the resistor layers for the microstructural

nalysis and the X-ray diffraction (XRD) analysis, which were
rinted and fired without conductor terminations on the top of
TCC substrates, were 12.5 mm × 12.5 mm. For the microstruc-
ural investigation the samples were mounted in epoxy in a
ross-sectional orientation and then cut and polished using stan-
ard metallographic techniques. A JEOL JSM 5800 scanning
lectron microscope (SEM) equipped with an energy-dispersive
-ray analyzer (EDS) was used for the overall microstructural

nd compositional analysis. Boron oxide, which is also present
n the glass phase, cannot be detected in the EDS spectra because
f the low relative boron weight fraction in the glass and the
trong absorption of the boron K� line during EDS analysis
n the glass matrix. Dried thermistors (150 ◦C) and thermistors
red at 850 ◦C were analysed by X-ray diffraction (XRD) anal-
sis with a Philips PW 1710 X-ray diffractometer using Cu K�
adiation.

For the sintering studies of the LTCC and PTC materials
he organic phase of the LTCC tapes and the PTC paste was
issolved in acetone. The obtained powders were pressed into
ellets with a diameter of 6 mm and a height of 3 mm. The dimen-
ional changes were measured in a heating-stage microscope.
he heating rate was 10 K/min.

. Results and discussion

The X-ray diffraction spectra of the PTC 5093 thermistors
ried at 150 ◦C, and co-fired for 10 min at 850 ◦C, 875 ◦C, 950 ◦C

nd 3 h at 950 ◦C on LTCC substrates are shown in Fig. 2. The
pectrum of ruthenium oxide, denoted “RuO2”, is also included.
he peaks of the ruthenate phase and the copper oxide in the
ried films are denoted “Ru” and “Cu2O”, respectively. After

F
L

RuO2”, is also included. The peaks of the ruthenate phase and the copper oxide
n the dried films are denoted “RU” and “Cu2O”, respectively.

ring the peaks of ruthenate and Cu2O disappear and the peaks of
uO2 appear. The decomposition of ruthenate and the formation
f the RuO2 during firing are due to the interaction between the
lass phase and the ruthenate in the PTC 5093 thermistor (see
ection 1).

Cross-sections of the PTC 5093 thermistors fired on LTCC
ubstrates for 10 min at 850 ◦C and for 3 h at 950 ◦C are shown in
igs. 3 and 4, respectively. The LTCC substrate is on the right.
fter firing at 850 ◦C the PTC layer is densely sintered with

mall white and black inclusions. The EDS microanalysis of the
ight-coloured spots shows a high concentration of Ru and Cu,
hile the black inclusions are a silica-rich phase. The LTCC
aterial is composed of a glassy matrix (grey phase) and an

lumina filler (dark phase). After firing for 3 h at 950 ◦C the dark
nclusions in the PTC layer disappear. In the reaction layer at
he interface between the PTC and the LTCC elongated crystals
ich in alumina and silica appear. The PbO-rich glass phase from
ig. 3. Cross-section of the PTC 5093 thermistor, fired at 850 ◦C on LTCC. The
TCC substrate is on the right.
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ig. 4. Cross-section of the PTC 5093 thermistor, fired 3 h at 950 ◦C on LTCC.
he LTCC substrate is on the right.

During the firing of the buried PTC thermistors the struc-
ures delaminated forming the cavities between the upper and
ower LTCC tapes. This also resulted in the deformation of the

TCC tapes. The microstructure of the sample fired for 10 min
t 850 ◦C is shown in Fig. 5a. The light layers on the inner sur-
aces of the cavity are PTC films. Some cracks appear at the
TC/LTCC interface and in the PTC film. The microstructure

ig. 5. (a) Cross-section of buried PTC 5093 thermistor, fired at 850 ◦C. The
tructure delaminated during firing. (b) Microstructure of buried PTC 5093 ther-
istor, fired at 850 ◦C. Higher magnification.
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Fig. 6. Sintering curves of the LTCC 951 and PTC 5093 materials.

f the PTC film shown at higher magnification in Fig. 5b is
imilar to the microstructures of the films fired on the top of
he LTCC substrates. However, the thickness of the buried PTC
lm is around half that of the thickness of the films on the LTCC
ecause the single layer separated into two layers on the bottom
nd the top of the cavity.

The EDS analysis of the PTC layers fired on the top of the
TCC and buried within the LTCC tapes, fired for 10 min at
50 ◦C and 3 h at 950 ◦C, showed that the concentrations of most
f the analysed elements are similar in all the samples. The main
xception is the concentration of alumina. The concentration of
l2O3 for the samples fired for 3 h at 950 ◦C is nearly three

imes higher (8 mol% versus 3 mol%) than in the samples fired
or 10 min at 850 ◦C. This indicates the diffusion of Al2O3 from
he LTCC into the PTC takes place at higher temperatures and
uring longer firing times.

The sintering curves of the LTCC and the PTC materials are
hown in Fig. 6. A possible explanation for the blistering of the
amples with buried PTC thermistors is as follows. The LTCC
tarts to sinter at around 650 ◦C. The final shrinkage is 13% at

◦
50 C. The PTC powder starts to sinter at a temperature that
s approximately 100 K lower. The sample contracts by 9% at
00 ◦C and then starts to expand with increasing temperature.
he microstructure of the PTC pellet that was heated to 780 ◦C in

ig. 7. The microstructure of the PTC material heated to 780 ◦C in the heating-
tage microscope.
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ig. 8. The logarithm of sheet resistivities vs. firing temperatures for PTC 5093
hermistors co-fired either on or buried within LTCC structures. Results for
hermistors fired on alumina substrates15 are added.

he heating-stage microscope is shown in Fig. 7. The microstruc-
ure shows sintered PTC material with entrapped pores up to
alf a millimetre in size. The pores were formed when the air
as captured in a viscous glass phase. Different shrinkage rates
as mention before, the PTC starts to sinter at a temperature

hat is approximately 100 K lower – led to delamination of the
TCC structures. At temperatures over 720 ◦C the glass in the
TC material softens and starts to expand, presumably due to

he air trapped in the pores. The glass phase also adheres to the
ower and upper LTCC tapes. The entrapped air expands with the
ncreasing temperature and inflates the cavity that was probably
ormed during the early stage of PTC and LTCC sintering due to
elamination. At 780 ◦C the LTCC material is densely sintered
nd is, therefore, an additional barrier for the air trapped in the
avity.

The sheet resistivities, the cold (−25 ◦C to 2 ◦C) and hot
25 ◦C to 125 ◦C) TCRs, and the noise indices of the PTC 5093

◦ ◦ ◦
hick-film thermistors fired for 10 min at 850 C, 875 C, 950 C
nd 3 h at 950 ◦C either on the surface or buried within LTCC
ubstrates are shown in Table 1. The results for the thermistors
red on alumina substrates15 are added. The sheet resistivi-

h
o
(
t

able 1
heet resistivities, cold (−25 ◦C to 2 ◦C) and hot (25 ◦C to 125 ◦C) TCRs, noise indi
50 ◦C and 3 h at 950 ◦C either on the surface or buried within LTCC substrates

firing (◦C) Substrate R sheet (k�/sq) Co

50 LTCC surface 0.18 30
LTCC buried 3.27 23
Al2O3

15 0.85 25

75 LTCC surface 0.08 32
LTCC buried 2.15 24
Al2O3

15 2.9 23

50 LTCC surface 0.08 32
LTCC buried 0.41 24
Al2O3

15 37 23

50, 3 h LTCC surface 0.4 23
LTCC buried 1.5 14
Al2O3

15 /a /

a Resistivities too high to measure.
ig. 9. The noise indices vs. firing temperatures for PTC 5093 thermistors co-
red either on or buried within LTCC structures. Results for thermistors fired
n alumina substrates15 are added.

ies and noise indices versus firing temperatures are shown in
igs. 8 and 9, respectively. In Fig. 9 the thermistors, fired on

he surface or buried within the LTCC structures and fired on
lumina substrates, are denoted “LTCC”, LTCC bur. and “Cer.”,
espectively. Note that the noise indices are shown in “dB” in
able 1 and in “uV/V” in Fig. 4. These two units are related by

he simple equation:

oise (dB) = 20 × log noise

(
uV

V

)

he sheet resistivities of the PTC thermistors fired at 850 ◦C
n LTCC substrates are lower than the nominal resistivity of
k�/sq. At the same firing temperature the resistivities of the
uried thermistors are around one order of magnitude higher
han the thermistors co-fired on top of the LTCC. They also

ave higher noise indices. These results are a consequence
f the delamination cracks observed in the microstructure
Fig. 5a). The TCR values of the surface resistors are higher
han 3000 × 10−6/K, with the exception of the films fired for

ces of the PTC 5093 thick-film thermistors fired for 10 min at 850 ◦C, 875 ◦C,

ld TCR (×10−6/K) Hot TCR (×10−6/K) Noise (dB)

75 3055 −32
80 2355 18
40 2560 −11

40 3250 −33
50 2430 3.7
80 2400 3.0

60 3240 −32
00 2350 −10
00 2350 20

20 2380 −4.2
90 1450 3.2

/ /+
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h at 950 ◦C. The TCRs of the buried resistors are compara-
le with the values obtained on alumina substrates, i.e., around
400 × 10−6/K. However, note that the resistivity versus tem-
erature dependences are in all cases remarkably linear, with the
alues of R2 being better than 0.9999, regardless of the process-
ng conditions. The noise indices of the PTC thermistors co-fired
n the surface of the LTCC ceramics are lower than the values
n the alumina substrates and also lower than those of the buried
hermistors. The differences in the electrical characteristics of
he PTC thermistors fired on the LTCC substrates compared with
he results on the alumina substrates can be attributed to the inter-
ction between the PTC films and the glassy LTCC substrates
uring firing.

. Conclusions

Because the thick-film thermistors with a high positive TCR
ere developed for firing on inert alumina substrates their com-
atibility with (rather glassy) LTCC substrates was evaluated.
he PTC 5093 thermistors with high sheet resistivities (1 k�/sq)
ere printed and co-fired either on the surface of the LTCC

ubstrates or buried within the LTCC structures. The thermis-
ors were fired at temperatures from 850 ◦C to 950 ◦C, and
lso for a relatively long time (3 h) at 950 ◦C to study the
nfluence of firing temperature on the electrical characteris-
ics. The results showed that the buried resistors co-fired in the
TCC structures cannot be used for practical applications. Dur-
ng firing, blisters formed and the LTCC tapes mechanically
eformed.

The sheet resistivities of the PTC 5093 thermistors co-fired on
TCC are lower than for samples prepared on alumina. The noise
ndices of the surface resistors fired at temperatures between
50 ◦C and 950 ◦C are very low, around −30 dB. The TCRs
f the thermistors are over 3000 × 10−6/K. The dependence of
esistivity versus temperature between −25 ◦C and 125 ◦C is
inear, with the values of R2 being better than 0.9999, regardless
f the processing conditions. These results suggest that PTC
hermistors co-fired on LTCC substrates could be used for a
ery precise temperature sensor in MCM-Cs as well as in MEMS
tructures.
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