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Abstract: A thick-film resistor can sense mechanical deformations in C-MEMS structures. The relatively low elastic moduli of LTCC 
ceramics, compared to alumina ceramics, would suggest an increased sensitivity of the sensing elements. Selected thick-film resistors 
(Du Pont 2041 and ESL 3414) were evaluated as piezo-resistors for force sensors. The resistors were screen printed and fired on various 
LTCC tapes (Du Pont 951, ESL 41020, Heraeus HL 2000, Ferro L8 and Heraeus CT 702) as well as on alumina substrates. The LTCC tapes 
were analysed by scanning electron microscopy, energy-dispersive X-ray analysis and X-ray powder analysis. The crystalline phases in 
the LTCC materials were determined. E electrical characteristics, i.e., sheet resistivities, noise indices and gauge factors of the thick film 
resistors, were measured. While there were variations in the other electrical characteristics of the resistors fired on different substrates, 
the gauge factors were rather independent of the substrate materials
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Karakterizacija debeloplatnih uporov kot 
senzorjev sile na različnih LTCC substratih 
Izvleček: Debeloplastni upori lahko služijo kot senzorji sile / deformacije na ali v večplastnih MEMS strukturah. Razmeroma nizki 
moduli elastičnost LTCC (Low temperature co-fired ceramics – keramika z nizko temperature žganja), če jih primerjamo s keramiko na 
osnovi Al2O3, vodijo do večjih občutljivosti senzorjev pri istih dimenzijah. Dva debeloplastna uporovna materiala – Du Pont 2041 in 
Electro Science Labs 3414 – sta bila tiskana in žgana na relativno inertnih Al2O3 in različnih LTCC podlagah. Testirani LTCC materiali so 
bili Du Pont 951, ESL 41020, Heraeus HL 2000, Ferro L8 in Heraeus CT 702. Z izjemo Du Pontovega 951 so vsi ti materiali brez svinca, 
medtem ko steklena faza v 951 vsebuje okrog 2 mol.% PbO. LTCC folije so bile analizirane z elektronskim vrstičnim mikroskopom, mikro 
anaslizo in rentgensko analizo. Določili smo faze, ki izkristalizirajo med žganjem. Izmerili smo električne karakteristike debeloplastnih 
uporov na različnih podlagah. Medtem, ko so plastne upornosti, temperaturne odvisnosti upornosti in indeksi šuma odvisni od podlag, 
na katerih so bili žgani upori, je faktor gauge – sprememba upornosti v odvisnosti od deformacije – v glavnem neodvisna od podlag.  

Ključne besede: debeloplastni upori, LTCC rentgenska praškovna analiza, mikrostrukture
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1 Introduction 

Fired thick-film resistors basically consist of a conduct-
ing phase in an insulating matrix, usually a silica-rich, 
lead-borosilicate-based glass. The ratio between the 
conductive and the glass phases roughly determines 
the specific resistivity of the resistor. During the firing 
cycle the conductive phases of the resistor materi-
als interact with the glass phase forming conductive 
networks through the sintered layers. In most modern 
thick-film resistor compositions the conductive phase 

is either ruthenium oxide or electrically conducting 
pyrochlores: mainly lead or bismuth ruthenates [1-3] 
with resistivities of 40 x 10-6, 150 x 10-6 and 270 x 10-6 
ohm.cm for RuO2, Bi2Ru2O7 and Pb2Ru2O6.5, receptively 
[2-4]. During the firing cycle the conductive phases of 
the resistor materials interact with the glass phase. The 
resistors are fired for only a short time at the highest 
temperature, typically 10 minutes at 850°C. 

Advanced microelectronic packages – ceramic mod-
ules – with a high density of interconnections and in-
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tegrated electronic components are, in many cases, 
realised by Low Temperature Co-Fired Ceramics (LTCC) 
technology, which is considered as one of the more ad-
vanced technologies for the fabrication of these pack-
ages. LTCC materials are sintered at low temperatures 
around 850oC or 900oC. In order to sinter to a dense 
and non-porous structure at these, rather low, temper-
atures, LTCC materials contain some (or a great deal of ) 
low-melting-point glass phase. LTCCs are mainly based 
on a mixture of crystallisable glass and ceramics: in 
most cases alumina [5-8].

Sensors for mechanical quantities are fundamental 
parts of MEMS, and screen printed and fired thick-film 
resistors can be used to sense the mechanical deforma-
tions in MEMS structures. The important characteristic 
of LTCC materials is a relatively low elastic modulus, 
which means an increased sensitivity of the sensing 
elements due to the larger deformation under same 
conditions as compared to alumina substrates. This is 
shown in Fig. 1. – calculated deflections of diaphragms 
with the same radii and thicknesses made with the alu-
mina and the LTCC at an applied pressure of 100 kPa. 

Figure 1: The deflections of diaphragms made with the 
alumina and the LTCC at an applied pressure of 100 kPa. 

The change in the resistance of a resistor under an ap-
plied stress is partly due to deformation, i.e., the chang-
es in the dimensions of the resistor, and partly due 
to an alteration in the specific resistivity as a result of 
changes in the microstructure of the material [9]. The 
gauge factor (GF) of a resistor is defined as the ratio 
of the relative change in the resistance (ΔR/R) and the 
strain (Δl/l):

GF = (ΔR/R) / (Δl/l)    (1)

Geometrical factors alone result in gauge factors of 
2–2.5. Gauge factors higher than this are due to mi-
crostructural changes, i.e., changes of the specific con-
ductivity. The GFs of thick-film resistors are mostly be-
tween 3 and 15. 

Thick-film resistors are often integrated on the top of, 
or within, multilayer LTCC structures. However, most 

thick-film resistor materials are developed for firing 
on relatively inert alumina substrates. Therefore, the 
compatibility and interactions with the rather glassy 
LTCC substrates, leading to changes in the electrical 
characteristics, need to be evaluated [10-12]. Another 
factor could be the difference in the shrinking rates of 
resistors and LTCC tapes, if they are fired together on 
the surface or buried within green LTCC structures. This 
is shown in Figs. 2.a. and 2b. – sintering curves of the 
“normal” Du Pont resistor 5093 and the Du Pont LTCC 
951, and the microstructure of the buried resistor after 
firing. In Figs. 3.a and 3.b the sintering curves and the 
microstructure of a buried resistor Du Pont CF-041 that 
was developed for compatibility with LTCC materials 
are shown [13]. The “normal” thick-film resistors start to 
shrink at temperatures around 100K to 150K lower than 
the LTCC materials, while in the case of resistors that are 
compatible with LTCC, both materials start to shrink at 
similar temperatures, i.e., at 650oC 

Figure 2:.a. Sintering curves of Du Pont thick film re-
sistor 9053 and Du Pont LTCC 951; b. Thick-film resistor 
(Du Pont 5093) buried within LTCC (Du Pont 951) struc-
ture. Different sintering rates lead to deformation. 

For strain sensors, two thick-film resistors, i.e., 2041 
(Du Pont, nominal resistivity 10 kohm/sq.) and 3414-B 
(Electro Science Labs. nominal resistivity 10 kohm/sq.) 

a.

b.



8

were evaluated. The 2041 resistor was chosen because 
of its low noise [14], whereas the 3414-B was devel-
oped as a material with a high gauge factor, especially 
for use in strain gauges [15]. The resistors were screen 
printed and fired on five LTCC tapes, i.e., Du Pont 951, 
ESL 41020, Heraeus HL 2000, Ferro L8 and Heraeus CT 
702. The resistors were also fired on rather inert alumi-
na substrates. 

As mentioned above, the electric characteristics of the 
resistors could deteriorate. Therefore, the main pur-
pose of the paper will be an evaluation of the electri-
cal characteristics of the resistors fired on alumina and 
different LTCC substrates. The sheet resistivities, noise 
indices, temperature coefficients of resistivities (TCRs) 
and gauge factors were measured. 

LTCC DP 951, which contains between 2 and 3 mol. % of 
PbO is, at least from the data in the open literature, the 
“workhorse” in electronic packaging. The HL-2000 is a 
well-known “zero shrinkage” material. “Zero shrinkage” 

does not mean that there is no shrinkage during firing. 
However, while “ordinary” LTCC tapes shrink in longitu-
dinal and vertical directions, the HL-2000 shrinks only 
in “z” direction, while the “x” and “y” dimensions stay 
more or less the same. 

The important “electrical” characteristics for all the eval-
uated LTCC materials (taken mainly from data sheets) 
are rather similar as, after firing, all the LTCC materials 
consist of a glass phase, a ceramic filler and a phase or 
phases that crystallise during firing. To summarise; the 
dielectric constants are between 7 and 8, the insulation 
resistivities are between 1012 and 1013 ohm.cm and the 
break-down voltages are between 1000 V/25 um and 
1500 V/um. These very similar reported results are rea-
sonable, as more or less all LTCC materials are based on 
a mixture of glass and ceramic phase. 

2 Experimental 

The LTCC substrates were made by laminating three 
layers of LTCC tape at 70°C and a pressure of 20 MPa. 
The laminated green tapes were fired with the firing 
profiles required by the data sheets. The maximum fir-
ing temperatures were between 850°C and 900°C. The 
thick-film resistors printed on LTCC and alumina sub-
strates were terminated with Pd/Ag conductors and 
fired at 850°C. The dimensions of the resistors for mi-
crostructural analyses and X-ray diffraction (XRD) anal-
yses, which were printed and fired without conductor 
terminations, were 12.5 × 12.5 mm2. 

The samples – green and fired LTCC tapes – were in-
vestigated by X-ray powder diffraction analyses (XRD) 
with a Philips PW 1710 X-ray diffractometer using Cu 
Ka radiation. A JEOL JSM 5800 scanning electron mi-
croscope (SEM) equipped with an energy-dispersive X-
ray analyser (EDS) was used for the overall microstruc-
tural and compositional analyses of the LTCC samples 
and the cross-sections of the resistors fired on different 
substrates. Prior to an analysis in the SEM, the samples 
were coated with carbon to provide electrical conduc-
tivity and to avoid any charging effects. Note that the 
boron oxide, which is also present in the glass phase 
of LTCC tapes, cannot be detected in the EDS spectra 
because of the low relative boron weight fraction in the 
glass and the strong absorption of the boron Ka line 
during the EDS analysis in the glass matrix. 

The sheet resistivities were measured. The current 
noise indices were measured in dB on 100-mW load-
ed resistors using the Quan Tech method (Quan Tech 
Model 315-C). TCRs were calculated from resistivities 
measured between 25oC and 125oC. 

Figure 3: a. Sintering curves of Du Pont thick film re-
sistor CF-041 and Du Pont LTCC 951; b. Thick-film resis-
tor (Du Pont CF-041) buried within LTCC (Du Pont 951) 
structure. Sintering rates of resistor and LTCC materials 
are comparable and the structure is not deformed. 

a.

b.
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The changes of resistivity as a function of substrate de-
formation (gauge factors) were measured with a sim-
ple device [16,17] . The ceramic substrate is supported 
on both sides. The load is applied to the middle of the 
substrate with a micrometer and this induces a tensile 
strain in the resistor. The magnitude of the strain is giv-
en by equation (2) [18]:

ε  = Δl/l = (d * t * 6)/L2    (2)

d = deflection (m)
t = substrate thickness (m)
L = distance between support edges (m) 

The gauge factors are calculated using equations (1) 
and (2) from the strain and resistivity changes. The test 
structures with resistors (the bending test) are shown 
in Fig. 4. For the measuring set-up used to obtain the 
results reported later, the distance between the sup-
port edges was 40 mm.

Figure 4: Test structure for resistivity vs. deformation 
evaluations. Five black squares are thick film resistors 
with dimensions 1.6x1.6 mm2.   

3 Results and discussion 

3.1 LTCC materials 

The X-ray spectra of the green and fired LTCC tapes 
Du Pont 951, ESL 41020, Heraeus HL-2000, Ferro L8 
and Heraeus CT 702 are shown in Figs. 5.a, 5.b, 5.c, 
5.d and 5.e, respectively. The unfired tapes are a mix-
ture of glass and crystalline phase. In all the tapes the 
main crystalline phase is the alumina. The Heraeus CT 
702 tape also contains a small amount of anatase, and 
the Ferro L8 tape small amounts of the anatase and 
the quartz. After the firing the peaks of other phases 
that crystallized from the glass phase can be observed. 
The main phases are the anorthite (calcium or barium 
alumo silicates) and the celsian (barium alumo silicate). 
The crystalline phases in unfired and fired LTCC tapes 
are summarized in Table 1. 

The EDS analyses of the LTCC tapes are presented in 
Table 2. All the LTCC materials, with the exception of 
Heraeus HL-2000, also contain Co2O3, which is added tp 
produce a blue colour in the fired tapes. As the con-
centrations of cobalt oxide are below 0.5 mol.% they 

Figure 5: a. X-ray spectra of Du Pont 951 LTCC before 
and after firing. The peaks of alumina and anorthite are 
denoted “A” and “An”, respectively; b. - X-ray spectra of 
ESL 41020 LTCC before and after firing. Unidentified 
peak is marked by “?”; c. X-ray spectra of Heraeus HL-
2000 LTCC before and after firing. Unidentified peak is 
marked by “?”; 

a.

b.

c.
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are not included in the Table. Most are lead-free, while 
the Du Pont 951 contains 2 mol.% (around 8 wt.%) of 
lead oxide. The main oxides are alumina (from 35 to 65 
mol,%) and silica (from 25 to 40 mol.%). Heraeus HL-
2000, Ferro L8 and Heraeus 702 also contain a small 
amount of titania, presumably to “assist” in the glass 
crystallization during firing.  

Table 2: Composition of LTCC materials (mol.%)

DP 951 ESL 41020 Her. 2000 Ferro L8 Her. 702
1/2 Na2O 2
MgO 4
1/2 Al2O3 53 39 52 65 34
SiO2 36 39 31 26 40
1/2 K2O 3
CaO 4 12 8 1 4
TiO2 3 1 3
ZnO 2 5
BaO 8 3 7 7
PbO 2

3.2 Thick-film resistors 

Two typical microstructures of thick-film resistors fired 
on LTCC substrates are shown in Figs. 6.a (2041 on ESL 
41020 LTCC) and Fig. 6.b (3414 on ESL 41020 LTCC). The 
resistor layers are on top of the LTCC substrates. The 
light grains are the conductive phase and the darker 
matrix is a glass phase. In both cases the light phase 
at the resistor/LTCC interface is rich in the PbO, which 
diffused from the resistor layer into the LTCC substrate 
during firing. However, this “reacted” layer is thicker in 
the case of the 3414-B resistor, which means more ex-
tensive interactions and therefore a more significant 
influence on the resistors’ characteristics.

The electrical characteristics of the thick-film resistors 
on alumina and different LTCC substrates, i.e., sheet 
resistivities, TCRs, noise indices and gauge factors of 
2041 and 3414 resistors are summarized in Table 3. The 
sheet resistivities, noise indices and gauge factors are 
graphically presented in Figs. 7, 8 and 9, respectively. 
Note that the noise indices in Table 3 are given in (dB), 
while in Figure 8 they are presented in (uV/V). These 
two units are related with a simple equation: 

noise (dB) = 20  log noise (uV/V)    (3) 

The sheet resistivities of the 3414 resistors are more 
“dependent” on the types of LTCC substrates than the 
resistivities of the 2041 resistors. I all cases sheet resis-
tivities of resistors on LTCC substrates are higher, some-

Figure 5: d. X-ray spectra of Ferro L8 LTCC before and 
after firing. Al2O3 is denoted “A”, TiO2 “T”, calcium alumo 
silicate “C”, BaTiO3 “B”, quartz “S”and celsian (barium alu-
mo silicate) “C”; e. X-ray spectra of Heraeus CT-702 LTCC 
before and after firing. Al2O3 is denoted “A”, TiO2 “T” and 
barium alumo silicate “B”. 

d.

e.

Table 1: Evaluated LTCC materials and XRD analyses of crystalline phases in unfired and fired tapes.

LTCC Unfired tapes Fired tapes
Du Pont DP 951 Alumina Alumina, anorthite
ESL 41020 Alumina Alumina, celsian, gahnite
Heraeus HL-2000 Alumina Alumina, anorthite
Ferro L8 Alumina, quartz, anatase Alumina, quartz, anatase, celsian
Heraeus 702 Alumina, anatase Alumina, anatase, anorthite 
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times significantly higher. The presumed reason for this 
is the diffusion of a  glass phase from LTCC substrates 
into resistor films during firing resulting in a dilution of 
conductive phase in resistors.  Also, the noise indices 
of the 3414 are significantly higher. However, the val-
ues of the gauge factors are for both resistors more or 
less independent of the substrate materials. The gauge 
factors of the 3414 thick-film resistors were higher (be-
tween 15 and 19) than the gauge factors of the 2041 

Figure 6: Microstructure of 2041 thick film resistor fired 
on ESL 41020 LTCC; b. Microstructure of 3414 thick film 
resistor fired on ESL 41020 LTCC 

a.

b.

Table 3: Electrical characteristics – sheet resistivities, noise indices, TCRs and gauge factors – of the 2041 and 3414 
thick-film resistors fired on alumina and different LTCC substrates.

Resistor 2041 Resistor 3414
Substrate R 

(kohm/sq.)
N.I. 
(dB)

TCR 
(x10-6/K)

GF R 
(kohm/sq.)

N.I. 
(dB)

GF

Al2O3 9.0 -21.0 15 10.5 3.0 -4.2 19.1
DP 951 11.0 -20.0 20 9.8 9.3 5.0 18.8
ESL 41020 15.5 -15.1 55 9.7 14.7 7.1 17.9
HL 2000 15.8 -14.5 50 10.9 19.5 -7.9 17.5
Ferro L8 16.1 -18.7 -40 9.6 17.5 3.2 16.7
CT 702 14.9 -18.4 -15 8.2 6.6 -2.1 11.6

Figure 8: Noise indices of 2041 and 3414 thick film re-
sistors fired on alumina and LTCC substrates 

Figure 7: Sheet resistivities of 2041 and 3414 thick film 
resistors fired on alumina and LTCC substrates 

Figure 9: Gauge factors of 2041 and 3414 thick film re-
sistors fired on alumina and LTCC substrates 
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resistors (around 10). These experimental results indi-
cate that both the evaluated thick-film resistors could 
be used as sensing elements in the LTCC structures if 
other electrical characteristics are taken into account. 

4 Conclusions 

Sensors for mechanical quantities are fundamental 
parts of MEMS, and screen-printed and fired thick-film 
resistors can be used to sense the mechanical deforma-
tions in MEMS structures. The important characteristic 
of LTCC materials is the relatively low elastic modulus, 
which means an increased sensitivity of the sensing el-
ements due to the larger deformation under same con-
ditions as compared to alumina substrates. Therefore, 
thick-film resistors are often integrated on the top of or 
within multilayer LTCC structures. However, as most of 
the thick-film resistor materials are developed for firing 
on relatively inert alumina substrates the compatibility 
and interactions with the rather glassy LTCC substrates, 
leading to changes in the electrical characteristics, 
need to be evaluated. 

For strain sensors two thick-film resistors with nominal 
resistivity of 10 kohm/sq. , Du Pont 2041 and ESL 3414-
B, were tested. The resistors were screen printed and 
fired on five LTCC tapes, i.e., Du Pont 951, ESL 41020, 
Heraeus HL 2000, Ferro L8 and Heraeus CT 702. The 
resistors were also fired on rather inert alumina sub-
strates. The LTCC materials were evaluated with XRD 
and EDS analyses. Results show that the unfired LTCC 
tapes are based on a mixture of glass phase and ce-
ramic filler. After firing the crystalline phases crystallize 
from the glass component. The EDS microanalysis indi-
cated that most of the LTCC materials, with the excep-
tion of Du Pont 951, are lead-free. 

The sheet resistivities, temperature coefficients of re-
sistivity, noise indices and gauge factors of the resis-
tors processed on different substrates were measured. 
While there are variations in the other electrical charac-
teristics of the resistors fired on different substrates, the 
gauge factors for both resistors are rather independent 
of the substrate materials.  
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