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The effect of substrate type on the electrical properties of thick film resistors is determined. Five different
substrates are used. The following properties are investigated: — thermal expansion, resistor profiles, resistance,
TCR and resistor gauge factor. The resistors are physically inspected using X-ray diffractometry and electron
probe analysis. This paper shows that conduction mechanism models for thick-film resistors generally need not
take into account chemical and structural interactions with the substrate. However the effect of substrate on TCR
values is significant for resistors exhibiting a large piezoresistive effect.

1. INTRODUCTION

Recent papers!? attribute the conduction mechanism
in thick-film resistors to percolative tunneling of
electrons through conductive grains embedded in the
glassy matrix of the resistive layer. This model
assumes that the resistance of percolation paths
dominates the resistance of a resistor network,
electrically equivalent to the thick-film resistor where
each resistor is made by a very thin dielectric layer
through which the electrons flow by tunneling
effect.® It has been shown®*® that experimental
results on Ru-based thick-film resistors screen-and-
fired on 96% Al, O5 substrates closely fit the
proposed model. However, more recently it has been
pointed out? that thick-film resistors can be
characterized by a piezoresistive effect with a non-
negligible value of the “gauge factor” (in the order
of 10). This suggests that the thick-film resistor
electrical properties (resistance and, particularly, its
temperature coefficient) depend on the mismatch
between the thermal expansion coefficient of the
film and that of the substrate. Although the paste
manufacturers claim that their compositions are
properly prepared to fit the thermal expansion
coefficient of 96% Al, O; substrates, all hybrid
circuit manufacturers have found that reproducibility
is not easily obtainable because of differences in the
glass content in pastes of the same series with
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different nominal sheet resistivity. This is because of
sensitivity of the paste to the firing profile, in
particular to cooling. On the other hand, the model
of conduction mechanism, that has been quoted
above, does not take into account any interaction
between the substrate and the resistor film. In order
to verify whether or not and in which way the
substrate characteristics must be considered in the
conduction mechanism of thick-film resistors, this
paper describes the piezoresistive effect and the
electrical properties of thick-film resistors screen-and-
fired on five different types of substrates characterized
by different thermal expansion coefficients.

2. MATERIALS AND EXPERIMENTAL
METHODS

The film resistors were obtained by using a
commercially available and widely used Ru-based
composition (DP 1400 series). The films were fired
under a strictly-controlled identical profile on the
following set of substrates:

— 99% beryllia

— 96% alumina

— steatite Alsimag 35 (type A)
— steatite Alsimag 665 (type B)
— yttria stabilized zirconia



248 A. CATTANEQO, et al

Silver-free terminations were provided to all resistors
in order to avoid metal migration effects.’ In order
to correlate the electrical properties of the resistors
to the substrate characteristics the following measures
and analyses were performed

— thermal expansion coefficients of the used
substrates in the range —50°C to +150°C

— resistor thickness profiles

— resistances

— temperature coefficients of resistance (TCR)

— resistor gauge factors (GF)

— resistor X-ray diffractometry

— resistor electron microprobe analysis

3.  EXPERIMENTAL RESULTS AND
DISCUSSION

Figure 1 shows the measurements of linear thermal
expansion, Al/l, for the different types of substrates
in the range —50°C to +150°C taken using a
PERKIN—-ELMER dilatometer, mod. TMS2.
Neither new phases, differences of relative
intensities in the peaks of the resistor main
constituents (bismuth ruthenate and silicate) nor
grain size variations were detected by X-ray diffrac-
tometry of resistors screen-and-fired on the different
substrates. Moreover, the electron microprobe
analysis did not indicate any dissolution of new
elements from the substrate into the resistors. It can

TABLE I
Normalized sheet-resistivity at room temperature.
BeO AL, O;  Steatite 665 Steatite 35 Z10, (Y, 0,
1,006 1,000 1,040 1,004 1,050

be concluded that no chemical interaction takes
place between the used paste composition and
substrates. However, the thickness profiles checked
by Talysurf, mod. 10 show that the substrates present
a different wettability. In zirconia substrates, for
instance, films deposited through the same mask tend
to be less wide, but deeper than films deposited on
96% Al, 0. The results in Table I fully take this
effect into account. It shows the sheet resistivity,
normalized to 96% Al, O; substrates, measured at
room temperature.

It is seen that the sheet resistivity is not influenced,
in practice, by the different type of substrate: all the
measured values are in the range 5% of the reference
value.

Figure 2 shows the film resistance, normalized to
the minimum measured value vs. temperature. A
change in Ty, , the temperature corresponding to
the minimum resistance value R iy, is observed by
changing the substrate material. It is seen that T,
shifts towards lower temperatures as the thermal
expansion coefficient of the substrate increases. As
shown in Figure 3, it was also found that TCR
increases by increasing the expansion coefficient.
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FIGURE 1 Curves of linear thermal expansion, Al/l, for different ceramic substrates, versus temperature.
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FIGURE 2 Normalized resistance vs. temperature for DP

1400 resistors, screen-and-fired on different types of
substrate.

Because X-ray and microprobe analyses have
shown that no chemical and structural interaction
takes place between the film and the substrate, the
observations reported in Figure 2 and in Figure 3
can be explained only in terms of thermal expansion
mismatch between the resistive layer and the
substrate. In other words, the piezoresistive effect
plays its role because of the stress applied to the
resistors by the substrate. In fact, it is known’ that
the TCR of a film characterized by a certain thermal
expansion coefficient, ar, and deposited on a
substrate with thermal expansion coefficient oy is

2(ar — a)(GF — 1 — v)
1 -7

where TCp indicates the temperature coefficient of

the resistivity, GF is the longitudinal gauge factor of

the film and v is Poisson’s modulus of the substrate.

The analyses performed on the films, either with
X-rays and/or with electron microprobe, give rise to

TCR=TCp — o — (1)
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FIGURE 3 Experimental TCR values for DP 1400 series
resistors screen-and-fired, on different ceramic substrates.

the conclusion that in the present case TCp and ay do
not change with changing substrate. Both parameters
depend on the chemical and structural composition
of the film that remains unchanged. Then, TCR’s
measured on two different substrates can be related
one to one another by

2og; — ;)

TCR, — TCR, = GF-1-7v) (2

It has been verified that Poisson’s modulus is about
the same for the set of substrates considered in this
paper.

Having measured the longitudinal gauge factor by
cantilever technique,® being y = 0.22 and knowing
o, values as given in Figure 1, TCR’s can be calculated
by taking 96% Al, O; substrate as the reference. The
good fit of the experimental results to this
calculation is shown in Figure 4 and in Figure 5
where paste with a nominal sheet resistivity of
10 kohm/o was used. It has been verified that the
fitting holds also for pastes with 1000 ohm/0 and
100 kohm/0 nominal sheet resistivity.

Obviously, the resistors screen-and-fired on the
different types of substrates are subjected to different
stresses also at room temperature. The change in
sheet resistivity induced by these stresses can be
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FIGURE 4 Experimental (continuous lines) and calculated
(dotted lines) TCR values for DP 1441 resistors screen-and-
fired on zirconia, alumina and beryllia substrates.
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fired on steatite Alsimag 35 and steatite Alsimag 665.
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evaluated by integrating Eq. (1) with the following
result,

2 —
ARJR = AT 2051 =%2) (GE 1 . 3)
where AT is the difference between the peak firing
temperature and room temperature. It is easily seen
that AR/R is lower than 2% for the different
substrates used here, in agreement with the
experimental values reported in Table I.

4. CONCLUSION

In conclusion, this paper shows that in the
investigation of conduction mechanisms in thick-film
resistors, models of electron transportation can be
conceived disregarding the chemical and structural
interactions with the substrate. However, if these
models aim to explain the unusual behaviour of TCR
vs. temperature,’ the effect of the substrate must be
taken into account through Eq. (1), especially in the
case where the resistor exhibits a significantly large
piezoresistive effect as in resistors made with
Ru-based paste composition. On the contrary, all the
models proposed up to now underevaluate this fact.
These models assume that the thermal expansion
coefficients of the resistive layer and of the substrate
are the same, making the last term in Eq. (1) vanish.
This assumption is consistent with the claim of the
paste manufacturers if 96% Al, O3 substrates are
used. However, it is well known that this is only a
first approximation, acceptable for technological
applications, but to be used with caution when
investigations on conduction mechanisms are made.
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