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Some commercial thick film resistors with sheet resistivities from 1 kohm/sq. up to
1 Mohm/sq. were evaluated for strain gauge applications. Temperature coefficients of
resistivity, noise indices and gauge factors (GFs) were measured. For the same resistor
series GFs and noise indices increase with increasing sheet resistivity. However, both GFs
and noise indices are different for resistors with the same nominal sheet resistivity but
from different resistor series. The results indicated that the microstructure rather than the
different chemical composition of the conductive phase in thick film resistors is the primary
reason for the different gauge factors. C© 2001 Kluwer Academic Publishers

1. Introduction
The resistance of a resistor changes under an applied
stress. This change of resistance is partly due to defor-
mation i.e. the changes of dimensions of the resistor,
and partly to the alteration in the specific resistivity as
a result of changes in the microstructure of the material
[1, 2]. The resistance of the resistor is:

R = ρ ∗ l/(w ∗ t) (1)

R = resistance (ohm), ρ = specific resistivity (ohm m),
l = resistor length (m), w = resistor width (m), t =
resistor thickness (m).

The change of resistance under stress is shown in
Equation 2, where the first term, related to the changes
in specific resistivity, is due to the microstructural
changes and all the other terms are due to the changes
in the dimensions:

dR/R = dρ/ρ + dl/ l − dw/w − dt/t (2)

and:

dA/A = d(w ∗ t)/(w ∗t) = −2 ∗ v ∗ε (3)

ε = �l/ l = strain, v = Poisson ratio, A = cross-sectional
area (m2).

The change of resistance is given by Equation 4,
where the first part represents the resistance change due
to geometrical changes and second part to those due to
microstructural changes:

dR/R = dρ/ρ + ε(1 + 2v) (4)

The gauge factor (GF) of a resistor is defined as the
ratio of the relative change in resistance and the strain:

GF = (�R/R)/ε (5)

Geometrical factors alone result in gauge factors of
2–2.5. Gauge factors higher than this are due to mi-
crostructural changes i.e. alterations of the specific
conductivity.

Thick film resistor pastes consist basically of a con-
ducting phase, a lead borosilicate based glass phase
and an organic vehicle, which burns out during high
temperature processing. In most contemporary resistor
compositions the conductive phase is either RuO2 or
ruthenates, mainly bismuth or sometimes lead ruthen-
ates. Some other oxides are normally included as minor
additives either as temperature coefficient of resistivity
(TCR) modifiers or modifiers of the temperature coef-
ficient of the expansion of the glass phase. The ratio be-
tween conductive and glass phases roughly determines
the specific resistivity of the resistor. Thick film resis-
tors are screen printed and fired on insulating, mainly
alumina substrates. All phases of the resistor material,
e.g. conductive oxides, glass phase and added mod-
ifier oxides, react with each other and also with the
substrate. During firing, the resistors are a relatively
short time (typically 10 min) at the highest temperature
(typically 850◦C). Because of this, reactions between
constituents of the resistor material do not reach equi-
librium so that the characteristics of the fired materials
are, in a way, a compromise as a consequence of this
frozen unequilibrium. The main requirements for thick
film resistors are long term stability, relatively narrow
tolerances of sheet resistivities after firing, a low noise
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index, and a low temperature coefficient of resistivity
(TCR). Most contemporary thick film resistors have
TCR below 100 × 10−6/K.

The gauge factors of thick film resistors are mostly
between 3 and 15. They are higher than those of
thin metal films or foils (GF 2 to 3, low TCR below
10 × 10−6/K) and lower than those of semiconductors
with gauge factors of 50 or more and high TCRs over
1000 × 10−6/K. Some authors have also reported the
development of thick film resistor materials with higher
gauge factors of 40 or more [3]. However, Prudenziati
et al. explained these very high gauge factors as be-
ing due to the micro cracks in the fired resistors [4].
Discontinuous (very thin) metal films have even higher
gauge factors, from 100 up to several hundred, however,
they have high TCRs and very poor long term stability
[5, 6] and are therefore, at least for now, not feasible for
sensor applications. Due to their stability and relatively
low cost, strain gauges realised in thick film technology
offer advantages in some applications over both metal
film (low GF, low TCR) and semiconducting elements
(high GF, high TCR) [2, 7, 8].

The gauge factors of thick film resistors increase
with increasing sheet resistivity. Gauge factors of
thick film resistors based on ruthenates (Bi2Ru2O7 or
Pb2Ru2O6.5) are reported to be usually higher than those
of resistors based on RuO2 [5, 9, 10]. However, some
results indicate that the values of the gauge factors of
thick film resistors depend not only on the composition
of the conductive phase but to a greater extent on the
microstructure of the material [11].

Longitudinal gauge factors (GFl) of thick film resis-
tors, formed on the thick (considerably thicker than the
resistor layer) substrate are always higher than trans-
verse gauge factors (GFt). This is schematically shown
in Fig. 1. A thick film resistor is printed and fired on a
ceramic substrate. If the substrate is bent, i.e. deflected,
the dimensions of the resistor are changed. The resistor
length increases and the resistor thickness decreases.
However, in the first approximation the width of the

(a)

(b)

Figure 1 (a) A thick film resistor on a substrate (schematically). If the
substrate is deflected, the resistor length increases and the resistor thick-
ness decreases. In the first approximation the width of the film resistor,
which is sintered on the on the surface of a significantly thicker substrate,
remains the same. (b) Longitudinal measurement of resistance—current
parallel to the strain (left) and transversal measurement of resistance—
current perpendicular to the strain (right).

film resistor, which is sintered on the surface of a sig-
nificantly thicker substrate (typical thickness of a thick
film resistor after firing is between 10 and 20 um and
that of an alumina substrate 625 um), remains the same
(Fig. 1a). Regardless of the direction of measurement,
i.e. whether longitudinal (current parallel to the strain;
Fig. 1b, left) or transversal (current perpendicular to
the strain; Fig. 1b, right), the resistance of the resistor
increases due to the increase in specific resistivity and
the decrease in thickness. When the measurement is in
a direction parallel to the strain the resistance addition-
ally increases due to the increase of the resistor length,
while in the case of the perpendicular measurement the
resistance decreases by the same amount due to the in-
crease of the resistor width. Transverse gauge factors
are typically around 70% of longitudinal gauge factors
[8].

The Du Pont HS-80, QM-80, QM-90 and 2000 thick
film resistor series were evaluated for strain gauge ap-
plications. Electro Science Labs. 3414 and Heraeus
8241, both with sheet resistivities of 10 kohm/sq., were
also tested. The conductive phase in the resistors was
determined by X-ray powder diffraction analysis and
EDS (Energy Dispersive X-ray Microanalysis). Resis-
tors from the Du Pont series HS-80 × 1 and HS-80 × 9
are based on RuO2 (e.g. 8031, 1 kohm/sq.) or ruthenate
(e.g. 8029, 1 kohm/sq.), respectively [12–14]. Electro
Science Labs. 3414 paste, which was specially formu-
lated for high gauge factors [15], is based on ruthenate
and Heraeus 8241 on RuO2. The QM-80, QM-90 and
2000 series are based on a mixture of RuO2 and ruthen-
ate. EDS quantitative analysis showed the presence of
bismuth in HS-80 × 9, QM-80 and QM-90 materials,
which indicates that the ruthenate phase in these resis-
tors is presumably Bi2Ru2O7. As no bismuth was de-
tected in the 2000 series resistors, the ruthenate phase
in this resistor series is assumed to be lead ruthenate,
i.e. Pb2Ru2O6.5.

2. Experimental
The changes of resistivity as a function of substrate de-
formation were measured with the simple device pre-
sented in Fig. 2. The ceramic substrate is supported on
both sides. The load is applied to the middle of the sub-
strate with a micrometer and this induces a tensile strain
in the resistor. The magnitude of the strain is given by
the Equation 6 [16]:

ε = �l/ l = (d ∗ t ∗ 6)/L2 (6)

Figure 2 A method for measuring the changes of resistivity as a func-
tion of substrate deformation (schematically). The ceramic substrate is
supported on both sides. The load is applied in the middle of the substrate
with a micrometer and induces a tensile strain in the resistor.
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d = deflection (m), t = substrate thickness (m), L =
distance between support edges (m).

The gauge factors are calculated using Equation 5
from the strain and resistivity changes. For the exper-
imental set-up shown in Fig. 2, the distance between
the edge supports is 40 mm and the nominal thickness
of the alumina substrates is 0.635 mm. As an example;
if the resistance change is 0.25% with a deflection of
100 um, the calculated value of the gauge factor is 10.5.

Thick film resistors with dimensions 1.6 × 1.6 mm2.
were printed and fired at 850◦C on 50 × 7 mm2 96% alu-
mina substrates. Resistors were terminated with a pre-
fired Pd/Ag conductor for either longitudinal or trans-
verse measurement of the resistivity changes due to the
deflection of the substrates (see Fig. 1). Sheet resistiv-
ities as a function of temperature were measured. Cold
(from −25◦C to 25◦C) and hot (from 25◦C to 125◦C)
TCRs were calculated from resistivity measurements at
−25◦C, 25◦C, and 125◦C. Current noise was measured
in dB on 100 mW loaded resistors by the Quan Tech
method (Quan Tech Model 315-C).

For microstructural investigation the resistors, print-
ed and fired on alumina ceramics, were mounted in
epoxy in cross-sectional orientation and then cut and
polished using standard metallographic techniques. A
JEOL JSM 5800 scanning electron microscope (SEM)
equipped with an energy dispersive X-ray analyser
(EDS) was used for overall microstructural and com-
positional analysis. Prior to analysis in the SEM, the
samples were coated with carbon to provide electrical
conductivity and to avoid charging effects. The con-
ductive phase in the resistors was determined by X-ray
powder diffraction analysis (XRD) with a Philips PW
1710 X-ray diffractometer using Cu Kα radiation. X-ray
spectra were measured from 2
 = 20◦ to 2
 = 70◦ in
steps of 0.02◦. Dimensions of resistors for microstruc-
tural analysis and X-ray diffraction analysis, which
were printed and fired without conductor terminations,
were 12.5 × 12.5 mm2.

3. Results and discussion
Some data on the conductive phase and the quantita-
tive results of EDS microanalysis of glass composi-
tion of thick film resistors are summarised in Table I.
10 kohm/sq. resistors are presented as typical examples.
The EDS spectra of the glass phase of thick film resis-
tors are shown in Fig. 3a (8039), b (8041), c (2041),
d (QM-84), e (QM-94), f (3414) and g (8241). All

T ABL E I Conductive phase and summarised quantitative results of
EDS microanalysis of elements detected in glass phase of 10 kohm/sq.
resistors

Conductive Main Other elements
Resistor phase elements detected

8039 ruthenate Si, Pb, Al Zr
8041 RuO2 Si, Pb, Al Zn, Cu
2041 RuO2 + ruthenate Si, Pb, Al Mg, Zn, Ca, Ba
QM-84 RuO2 + ruthenate Si, Pb, Al Cu, Zr
QM-94 RuO2 + ruthenate Si, Pb, Al Ca, Mn, Cu
3414 (ESL) ruthenate Si, Pb Al, K
8241 (Her.) RuO2 Si, Pb, Al Ca

glasses contain lead, silicon and aluminium oxides.
Boron oxide, which is also present in the glass phase,
can not be detected in EDS spectra because of the low
relative boron weight fraction in glass and strong ab-
sorption of the boron Kα line during EDS analysis in
the glass matrix. However, most thick film resistors use
glasses with roughly equal proportions of PbO, SiO2
and B2O3, as glasses rich on PbO, SiO2 or B2O3 have
high temperature expansion coefficients, high melting
temperature or glass immiscibility, respectively [17].

Note that the ratio of peak intensities of the main el-
ements varies significantly. The heights of peaks of Si
and Pb are comparable for all resistors with the excep-
tion of 8241 glass, where the Pb peak is significantly
stronger. Also, the height of the Al peak differs. Al2O3
is present only as a minor compound in Electro Science
Labs. 3414 resistor. However, the relatively strong peak
of alkaline element. i.e. potassium was observed in the
glass phase in this resistor.

Nominal sheet resistivities, cold and hot TCRs, and
noise indices are shown in Table. II. The dependence
of relative resistivity vs. temperature is presented in
Fig. 4a (1 kohm/sq.), b (10 kohm/sq.), c (100 kohm/sq.)
and d (1 Mohm/sq.). Noise indices of the resistors are
graphically presented in Fig. 5. However, note that in
Fig. 5, the noise indices are expressed in “uV/V” while
in Table I. They are given as “dB”. These two units are
related with a simple equation:

noise (dB) = 20 × log noise (uV/V) (7)

The TCRs of the resistors are below 100 × 10−6/K, with
the exception of QM-83 and QM-93 (hot TCR) and
3414 (cold TCR). Noise indices of resistors from the
same series increase with increasing sheet resistivity.
Note, however, that the noise index of the 8059 resistors
is very high and could not be measured as the upper
range of the Quan Tech Model 315-C instrument is

TABLE I I Nominal sheet resistivities, cold (−25◦C to 25◦C) and hot
(25◦C to 125◦C) TCRs, and noise indices of the resistors

Nominal sheet
resistivity Cold TCR Hot TCR

Resistor (ohm/sq.) (×10−6/K) (×10−6/K) Noise (dB)

8029 1 k −45 15 −22.8
8031 1 k −55 5 −10.6
2031 1 k 5 20 −23.6
QM-83 1 k 90 160 −18.3
QM-93 1 k 75 110 −21.2
8039 10 k −60 0 −14.2
8041 10 k 60 70 −5.5
2041 10 k 5 20 −23.6
QM-84 10 k −5 50 −15.8
QM-94 10 k 20 75 −17.3
3414 (ESL) 10 k −135 −40 2.0
8241 (Her.) 10 k 10 50 −7.8
8049 100 k 15 70 −1.8
2051 100 k −20 35 −5.3
QM-85 100 k 30 75 −3.4
QM-95 100 k 35 75 −4.2
8059 1 M −35 30 >30
2061 1 M −50 20 5.3
QM-86 1 M −35 35 9.0
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(a)

(b)

(c)

(d)

Figure 3 (a) EDS spectrum of glass phase of 8039 resistor (10 kohm/sq.), fired 10 min. at 850◦C; (b) EDS spectrum of glass phase of 8041 resistor
(10 kohm/sq.), fired 10 min. at 850◦C; (c) EDS spectrum of glass phase of 2041 resistor (10 kohm/sq.), fired 10 min. at 850◦C; (d) EDS spectrum of
glass phase of QM-84 resistor (10 kohm/sq.), fired 10 min. at 850◦C; (e) EDS spectrum of glass phase of QM-94 resistor (10 kohm/sq.), fired 10 min.
at 850◦C; (f) EDS spectrum of glass phase of 3414 resistor (10 kohm/sq.), fired 10 min. at 850◦C; (g) EDS spectrum of glass phase of 8241 resistor
(10 kohm/sq.), fired 10 min. at 850◦C. (Continued.)
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(e)

(f)

(g)

Figure 3 (Continued.)

+30 dB which equals 31.6 uV/V. The noise indices of
the other two 1 Mohm/sq. resistors, 2061 and QM-86
are 5.3 dB (1.8 uV/V) and 9 dB (2.8 uV/V). As the
scale of the noise in Fig. 3 is adjusted to 1.4 uV/V the
values of the 1 Mohm/sq. resistor noise indices are cut
off. With the exception of 1 Mohm/sq. resistors the ESL
3414 (10 kohm/sq) has the highest noise, around +2 dB.
For comparable sheet resistivities the 2000 series has
the lowest noise.

Longitudinal gauge factors (GFl), transverse gauge
factors (GFt) and the ratio GFt/GFl of evaluated thick
film resistors are shown in Table III. Longitudinal gauge
factors (GFl) are also graphically presented in Fig. 6.
The experimental results are rounded up to 0.5, e.g.
10.0 or 10.5.

The longitudinal and transverse gauge factors of re-
sistors from the same series increase with increasing
sheet resistivities. The ratio between GFl and GFt varies
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(a)

(b)

(c)

(d)

Figure 4 (a) The dependence of relative resistivity vs. temperature for
1 kohm/sq. thick film resistors; (b) The dependence of relative resistivity
vs. temperature for 10 kohm/sq. thick film resistors; (c) The dependence
of relative resistivity vs. temperature for 100 kohm/sq. thick film re-
sistors; (d) The dependence of relative resistivity vs. temperature for 1
Mohm/sq. thick film resistors.

from around 70% to over 90%. Resistors from the
RuO2-based series HS-80 × 1 have lower gauge fac-
tors than these from the Bi2Ru2O7-based 80 × 9 series.
The highest GFl was measured for resistors made with

TABLE I I I Longitudinal gauge factors (GFl), transverse gauge
factors (GFt) and the ratio GFt/GFl of thick film resistors

Nominal sheet
resistivity Ratio GFt/GFl

Resistor (ohm/sq.) GFl GFt (%)

8029 1 k 10.5 7.5 75%
8031 1 k 2.5 2.0 80
2031 1 k 7.5 5.5 75
QM-83 1 k 4.5 3.5 79
QM-93 1 k 4.0 3.0 79
8039 10 k 12.5 10.5 84
8041 10 k 4.0 3.5 86
2041 10 k 12.0 9.5 78
QM-84 10 k 11.0 9.0 83
QM-94 10 k 10.0 8.0 78
3414 (ESL) 10 k 20.0 13 65
8241 (Her.) 10 k 16.5 13.5 81
8049 100 k 14.5 13.0 88
2051 100 k 135 10.5 80
QM-85 100 k 13.5 12.5 94
QM-95 100 k 13.0 12.0 92
8059 1 M 14.5 13.0 90
2061 1 M 14.5 13.0 90
QM-86 1 M 15.5 13.5 87

Figure 5 Noise indices of thick film resistors.

Figure 6 Longitudinal gauge factors of thick film resistors.

10 kohm/sq. ESL 3414 paste, which was developed
by Electro Science Labs. to be used for strain gauge
applications.

In the following few paragraphs it will be shown,
at least tentatively, that the different chemical compo-
sition of the conductive phase in thick film resistors

2684



(a)

(b)

Figure 7 (a) X-ray spectra of the resistor QM-83 fired for 10 min at 850◦C. RuO2 peaks are denoted R and ruthenate peaks are denoted RU. (b) X-ray
spectra of the resistor QM-93 fired for 10 min at 850◦C. RuO2 peaks are denoted R and ruthenate peaks are denoted RU.

is not the primary reason for the different gauge fac-
tors. For instance both the QM-80 and QM-90 series
are based on a mixture of RuO2 and ruthenate. X-ray
spectra of the resistors QM-83 and QM-93 are shown
in Fig. 7a and b, respectively. RuO2 peaks aredenoted
R and ruthenate peaks are denoted RU.

As mentioned in the Introduction, EDS quantitative
analysis showed the presence of bismuth in the con-
ductive phase which indicated that the ruthenate in
these resistors is Bi2Ru2O7. However, the calculated
cell dimensions of the unit cell (a = 1.021(1) nm) are
smaller than the cell parameters of the cubic Bi2Ru2O7
reported in the literature (a = 1.0299 nm) [18, 19].
Morten et al. observed a similar, but smaller, decrease
of the Bi2Ru2O7 unit cell dimensions in the pyrochlore

based thick-film resistors after firing [20]. They at-
tributed it to the partial exchange of bismuth ions in
the pyrochlore structure with lead ions from the glass
phase.

The relative intensities of the X-ray peaks of QM-80
and QM-90 resistor series show significantly different
ratios of RuO2 and ruthenate phases. QM 83 contains
considerably more ruthenate than RuO2 while the main
conductive phase in QM 93 is RuO2. However, as seen
in Fig. 6, resistors from the QM-80 and QM-90 se-
ries with the same nominal sheet resistivity have nearly
the same gauge factors. Microstructures of QM 83 and
QM 93 are shown in Fig. 8a and b, respectively. The
microstructures are rather similar; a mixture of a lighter
conductive phase and a darker grey glass phase.
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(a)

(b)

Figure 8 (a) Microstructure of a cross-section of the thick film resistor QM 83, fired for 10 min at 850◦C. Alumina substrate is on the right.
(b) Microstructure of a cross-section of the thick film resistor QM 93, fired for 10 min at 850◦C. Alumina substrate is on the right.

Another example is the comparison of the 80 × 1
and 8241 resistors. The GFl of the 80 × 1 resistors is
below 4 while the GFl of the 8241 is over 16. However,
both are based on “pure” RuO2 [11]. Microstructures of
8031 and 8241 are shown at different magnifications in
Fig. 9a and b, and 10b and c, respectively. The alumina
substrate is on the right. The microstructure of 8031
consists of “chains” of lighter phase conductive clusters

(very small RuO2 particles embedded in glass)—see
Fig. 9b—around glass “islands”, while 8241 is a mix-
ture of lighter particles with sub-micrometer diameters
of RuO2 in a grey glass phase. These microstructures
correspond to two different types of thick film resis-
tor microstructures, described in the literature [21, 22].
The first type is characterised by the segregation of very
small conductive particles in “chains” around larger
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(a)

(b)

Figure 9 (a) Microstructure of a cross-section of the thick film resistor 8031, fired for 10 min at 850◦C. Alumina substrate is on the right.
(b) Microstructure of a cross-section of the thick film resistor 8031, fired for 10 min at 850◦C (higher magnification).

sintered glass grains. The second type is a more or less
homogenous mixture of conductive and glass phase.

The microstructure of 3414 resistor with the gauge
factor even higher than that of 8241 is shown in Fig. 11.
It consists of rather large light grains of ruthenate
in glass matrix. The EDS quantitative microanalysis
showed that the phase is mixed bismuth/lead ruthen-
ate with the estimated formula of (Bi0.5Pb0.5)RuO7−x .
This was confirmed by EDX analysis. The calculated
cell dimensions of the unit cell (a = 1.028(5) nm) are

smaller than the cell parameters of the cubic Bi2Ru2O7,
as mentioned above about QM.80 and QM-90 resistor
series. The microstructures of 3414 and 8241 are quite
similar. However, the conductive phase in the 3414 is
based on ruthenate and that in the 8241 is based on
RuO2.

These examples indicate that the microstructure of
thick film resistors influences the gauge factors much
more significantly than the “nature” of the conductive
phase.
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(a)

(b)

Figure 10 (a) Microstructure of a cross-section of the thick film resistor 8241, fired for 10 min at 850◦C. Alumina substrate is on the right.
(b) Microstructure of a cross-section of the thick film resistor 8241, fired for 10 min at 850◦C (higher magnification). Alumina substrate is on the
right.

Figure 11 Microstructure of a cross-section of the thick film resistor 3414, fired for 10 min at 850◦C. Alumina substrate is on the right.
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4. Conclusions
Some commercial thick film resistors (Du Pont HS-80,
QM-80, QM-90 and 2000, Electro Science Labs.
3414 and Heraeus 8241) with sheet resistivities from
1 kohm/sq. to 1 Mohm/sq. were evaluated for strain
gauge applications. Temperature coefficients of resis-
tivity, noise indices and gauge factors (GFs) were
measured. The TCRs of most resistors are under
100 × 10−6/K. Noise indices, longitudinal gauge fac-
tors (GFl) and transverse gauge factors (GFt) of re-
sistors from the same series increase with increasing
sheet resistivity. The ratio between GFl and GFt differs
from around 70% to over 90%. The ESL 3414 resistors
(10 kohm/sq) have the highest GFl, around 20, but also
the highest noise of +2 dB. It was shown, by comparing
the chemical composition of the conductive phase, mi-
crostructures and GFs of different resistor series, that
the different chemical composition of the conductive
phase in thick film resistors is not the primary reason
for the different values of gauge factors.
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11. M. H R O V A T , G. D R A Ž I Č , J . H O L C and D. B E L A V I Č ,
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