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Though for many decades have we had thick-film resistors (TFRs) with good electrical properties, no
well established model for describing their conduction mechanisms has been achieved. However the
efforts of some research groups in U.S.A. and Europe in the last years have had success in improving
our knowledge of the microstructure and of a large spectrum of electrical properties of TFRs. The
available information narrows the field of possibilities for conduction mechanisms in TFRs. Though
no conclusive assessment is yet possible, some lines for further progress can be precisely delineated.

1. INTRODUCTION

It is not always necessary to understand the physics of a material in order to exploit its
properties. This is the case for thick-film resistors (TFRs) whose applications largely
exceed the development of a comprehensive model that describes their performances.

Attempts to formulate such a model date back to the beginning of thick-film techno-
logy with an incredible diversity of hypotheses on both the microstructure and transport
mechanisms involved.

In some cases extreme importance was ascribed to the conductive phase, treated as a
continuous sintered phase; also conductive grains sintered in chains and in ohmic contact
were conjectured and thought to be responsible for the resistivity and its temperature
coefficient (TCR). In other cases the dielectric (or glassy) phase was considered as a conti-
nuous uniformly-doped semiconductor responsible for most of the electrical properties of
TFRs.

These models were proposed essentially because of the vague information available at
that time on the microstructure of TFRs. Nowadays, this information is much more accu-
rate and consequently the study of conduction mechanisms can be on a more sound basis,
even if several problems are still being solved.

In this paper we will try to review briefly our present knowledge of the structural and
electrical properties of TFRs and to discuss capabilities and limits of different models for
conduction mechanisms in TFRs, consistent with these properties. Moreover some
features which require further investigation will be enumerated and further work
suggested.

2. MICROSTRUCTURE OF THICK-FILM RESISTORS

Extensive investigations1,2 have shown that the development of microstructure in TFRs is
very complex and affected by a variety of parameters. The composition, softening point,
viscosity, thermal expansion coefficient and wetting properties of the glass, the ratio of
the size of glass particles to that of metal.oxide grains,2 and the sintedng properties of
the conductor material are some parameters known to affect the final microstructure of
TFRs, besides the process condition (temperature and time in a defined firing cycle). Also
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we can expect differences in the structure, and of course in composition, between
resistors obtained from inks of different formulation.

Nevertheless some general features emerge from the investigation of the structure of
different resistors, which can be associated with the general features of their electrical
properties.

The investigations can take advantage of optical inspections, X-ray diffraction,
scanning electron microscopy (SEM), microprobe analysis and transmission electron
microscopy (TEM).1-7 These techniques give complementary information for the charac-
terization of TFRs, but owing to its resolution TEM gives the best results.4,s The latter
essentially show that the resistors are made up of a continuous glass phase with most of
the conductive particles surrounded by glass (Figure 1). Conductive grains can differ
largely in size, shape and reciprocal distance, and some clusters, generally built with the
smallest grains, are present. In the case of ruthenate-pyrochlore-based resistors, the mean
distance between grains is 50-100 A or more. At least locally, the dispersion of particles
seems quite homogeneous. In fact the mean distance of grains observed is just the same
that can be calculated for an homogeneous distribution by s d I(r/6 vc)1/3 11 where
the volume fraction of metal-oxide, Vc,6 and the particle diameter, d, are known.

However networks of the conductive phase have been frequently observed in optical
micrographs and in TEM observationsJ Also ruthenate-pyrochlore-based resistors can be
made of these networks as seen from TEM observations8 although this observation has
not been included in the paper by Nordstrom and Hill.

Energy dispersive X-ray spectra of very small areas of crystalline and amorphous
phases give further interesting details on their compositions and show that, as a result of
interface reaction of the metal-oxide grains with the matrix, Bi from bismuth-ruthenate
partially exchanges with Pb from the glass and probably some Ru exchanges with Si. s

Birox I21

100 nm
FIGURE 1 Transmission electron micrograph of fired sample of Birox 1421 material (10
After Nordstrom and Hills.
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Other results on grain and glass composition agree with previous information obtained
with X-ray diffraction, microprobe analysis and X-ray fluorescence,a’7 Although it would
be desirable to have TEM investigations on a larger variety of resistor systems and in resis-
tors processed in different conditions, the reported results are a suitable basis to start a
discussion on the identification of the conduction mechanisms in TFRs.

3. CONDUCTION MECHANISMS AND ELECTRICAL PROPERTIES OF THICK-
FILM RESISTORS

The microstructure previously outlined indicates that the electrical path, even in low-
resistivity TFRs, would require many places where conduction would be through the glass
between grains (Figure 2).

The glass components used for TFRs are optically transparent and highly-resistive
before the mixing with conductive particles. Then the glassy matrix should exhibit a high
"energy gap" and a high potential barrier should exist between the oxide grains and the
interparticle material, provided that no doping effect occurs during the mixing and firing
processes. However interactions of the glass with metal-oxide are observed, so the
question is to know the electrical effects of such interactions. We can suppose several
possibilities; the interactions can lead to (Figure 3):

shallow impurity levels which, in large concentration, bring the Fermi level EF of
the system very close to the conduction band Ec of the glass and make semiconduction in
the glass a possible conduction mechanism (Figure 3a); this situation is seldom observed
in glasses with a large energy gap;

deep localized states in the band gap of the glass which add to the states, commonly
observed in amorphous glasses due to imperfections, and to states arising from glass-
modifiers and residues of organic vehicles. The mechanisms by which these localized
states can affect the electrical properties of the glass are to provide states for electron
hopping or to act as resonant centres for direct tunnelling of electrons from grain to grain
(Figure 3b);

a narrow band of delocalized electronic states far from the edges of the extended
(conduction and valence) bands of the glass9 (Figure 3c).
No specific experiment has been performed in order to discriminate between these alter-
natives, but an analysis of the electrical properties of TFRs can help in the identification
of the real situation. A brief review of these electrical properties is summarized in the
following.

2

FIGURE 2 Schematic representation of the electron path between metal-oxide grains. The figure
emphasizes the conduction through the glass with two alternatives. In case electrons experience
direct tunnelling between the grains, while in case 2 electrons "visit" some electronic states in the
matrix.
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FIGURE 3 A sketch of the different a priori possibilities involved in the energetic situation in grains
and intergranular material due to energy states created by imperfections and impurities in the insula-
ting material. M stands for metal oxide, stands for dielectric material, EF represents the Fermi level
of the system and Ec the conduction band of the dielectric material. The electrical consequences of
these different situations are discussed in the text.

The sheet resistivities of most widely used and studied TFRs are in a range from 102
to 106 2/ corresponding to conductivities of the films from 5 10-4 to 5 I2-1 cm-1 (for
a film 20/m thick); this wide range of resistivities can be obtained by changing the
volume fraction of the metal oxide from roughly 50% to 5%.6 Moreover the resistivity
depends on the ratio between the size of the oxide grains to that of the original glass
"spheres" in the paste (particle size effect).2 The resistivity of fired TFRs is very weakly
temperature dependent, with TCR values of the order of some hundreds of ppm/C near
room temperature and lower than 104 ppm/C at temperatures down to liquid nitrogen
temperature; moreover the resistance exhibits a typical minimum often observed near
room temperature;6’7,9’1 also the TCR of TFRs exhibits a particle size effect.1 More-
over the resistance of TFRs is very weakly voltage dependent up to 104 V/cm.x2 Thermo-
electric effects give Seebeck coefficients of some tens of/V/C.6’x3 Hall effect measure-
ments allow us to obtain only an upper limit for the Hall mobilities (in the range from
10-3 to 10-2 cm2/V s) since the Hall signal is lower than the noise signal;6 the magneto-
resistance is positive, very small and exhibits a linear dependence on the square of the
magnetic field.6 The strain sensitivity of resistance in TFRs give gauge factors in the
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range from 2 to 15 according to different metal-oxides in the resistors.7 AC response at
very high frequencies (106-1011 Hz) shows a frequency dependence of both the real and
imaginary parts of the impedence of TFRs.14 Moreover an a.c. component of the
intergrain.material resistance Rb is identified; this drops very rapidly with the frequency,
a crude approximation being Rb (co)t 1/co.

It is worth noticing that all these features have been observed in different series of
commercial and custom resistors, i.e. in ruthenate-based as well as RuO2 and IrO2-based
resistors with glasses of different compositions.

If we take the alternatives previously enumerated into consideration in order to
identify the conduction mechanisms in the intergranular material, we can conjecture that
shallow impurity levels (low potential barriers) are unlikely in TFRs. In fact they should
give rise to conduction processes generally characterized by very different temperature
dependence of the resistance, particularly at very low temperatures, and by different
Seeback coefficients, a.c. response and Hall effects than those observed in TFRs.

Only electronic levels with high activation energies in the gap of the glassy material
have to be considered. The conduction mechanisms conceivable in this situation are:

tunnelling of electrons between metal-oxide grains and localized states in glass and
hopping transport in glass,

direct tunnelling of electrons between nearest neighboring grains,
conduction in a narrow band in the intergranular material.

We will examine now these possibilities and speculate about their implications for the
electrical properties of thick-film materials.

3.1 Hopping Transport

There is no serious difficulty concerning the resistivity level of TFRs in a hopping model.
Figure 4 shows the orders of magnitude of the conductivities of homogeneous glasses, in
which conduction via hopping with a large concentration of localized states (109-10
cm-a eV-) near the Fermi level has been identified;s in Figure 4 the range of conduc-
tivities of TFRs are also reported for comparison. It can be noted that there is a fairly
good agreement between these values, except for the highest extreme of the conductivity
range, but this is not surprising since we are comparing the electrical properties of
"homogeneous" and very disordered materials.
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FIGURE 4 A comparison of orders of magnitude of conduetivities for different materials (TFRs and
glassy semiconductors) and tunnelling barriers with different potential barrier heights and thicknesses.
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We meet with more problems in the analysis of the temperature dependence of
resistance, which in this case can be treated with a variable range hopping model .ls This
gives:

R Ro x/T exp (To/T)1/4 (1)

with

To 16 aa/NK (2)

where a is defined such that exp(---ax) is the rate at which the wave function of electrons
falls off with the distance x from the localized centres; N is the number of localized states
for unit energy and volume and K is the Boltzmann constant.

Linear plots of In R/x/T vs T-/4 have been obtained for resistors of different formula-
tions and resistivities.6’17 The fitting is very good not only for temperatures lower than
Tm (Tm is the temperature at which the resistance exhibits a minimum) but also at
T > Tm. This is surprising since the pre-exponential factor in Eq. (1) seems to derive from
statistical considerations for T - 0, and should not give an increase of resistance at a
finite temperature. Another reason for wondering if the fitting of Eq. (1) is fortuitous
derives from the values of experimentally evaluated To (in the range from 10a to 10SK)
which are too low with respect to the lower boundaries of the theory (around 106K))a

However we feel that these arguments are not strong enough to definitely reject con-
duction processes in localized states in the gap of the intergranular material, although we
suggest being cautious in applying a direct transposition of the usual formulae for
hopping transport in the case of TFRs.
A simulative approach to the calculation of electrical transport in thick-film resistor

has been presented,x9 in which electrons are considered to hop from and to metallic
grains and localized states in the glass. For concentrations of metallic grains sufficiently
low and of localized states sufficiently high, a minimum in resistivity as a function of
temperature is obtained. In fact at increasing temperatures, hopping is favoured, but
when jumps are highly probable the influence of an external field which favours jumps in
a given direction is less effective.

On the other hand an analysis of other transport properties of TFRs does not present
real discrepancies with a hopping conduction mechanism in the intergranular material,
characterized by a high density of localized states. Several similarities in the dependence
of conductivity of TFRs on various experimental parameters are found with the same
quantities in amorphous materials, in particular the a.c. response with the presence of a
conductivity of the type r(6o) a on with n is similar to that of amorphous
materials is

3.2 Tunnelling

In the framework of classical tunnelling models, which deal with a "perfect" dielectric
free from substantial impurities, we can calculate2 that the conductivity level of TFRs is
given either by very thin (--20 A) high potential barriers or by thick and low barriers
(see Figure 4). But previous considerations rejected the possibility of very low barriers

tThis formulation was previously applied by Forlani and Prudenziati1 to percolative tunnelling
of electrons between metal-oxide grains with no contribution of localized states in the intergranular
material; this approach is not correct in this case since only nearest neighbouring grains are accessible
for electrons in this picture.



ELECTRICAL TRANSPORT IN THICK FILM (CERMET) RESISTORS 291

while TEM experiments have shown that the geometrical separation of the grains is
generally from 50 to 100 A or more. Consequently tunnelling processes can give substan-
tial contribution to the conductivity of TFRs only if it is greatly enhanced by resonant
centres in the intergranular material. Indeed experimental investigations on simple MIM
structures21 have shown that impurities in the insulator can increase the conductivity of
the barrier by orders of magnitude or in other words can make the "effective barrier
thickness", s’, lower than the geometrical thickness, s.

Within this framework Pike and Seager6 proposed that the minimum of the resistance
in TFRs can be ascribed to a tradeoff between a negative temperature coefficient of resis-
tivity, given by the tunnel process combined with the electrostatic energy required to
transfer an electron from a neutral grain to another grain, and a positive temperature
coefficient, provided by metal-oxide grains. According to their analysis, the presence of
a minimum of resistance in ruthenate-pyrochlore.based resistors at the observed tempera-
ture would require a contribution of the resistivity due to the grains of the order of 30%
independently of the sheet resistivity of a series of resistors, ranging from 10 2/r up to
106 ’2/rn. This proposal seems to be supported by the fact that TFRs, made with even
weakly semiconducting particles, never show a resistivity minimum,a but some questions
remain open. Firstly it is puzzling why the resistance of grains should scale in the same
way as that of the resistance of the tunnelling barriers, so that the contribution of the
grains to the total resistivity remains fixed. Moreover we should expect that the tempera-
ture coefficients of resistance (TCR) in IrO2 and RuO:-based resistors would be very
different from that of pyrochlore-based resistors, since the TCR of Ir and Ru dioxides
are much greater than that of ruthenate pyrochlores,z3

Finally, measurements of the high frequency response of TFRs do not support the
hypothesis of such a great contribution to resistance due to grains.14

An alternative proposal for the origin of the minimum of the resistance in TFRs in the
framework of resonance-assisted tunnelling transport is that the tunnelling barrier height
q is temperature dependent, increasing when the temperature increases. It is found that
very low temperature coefficients of q (around 20-50 ppm/C) are enough to provide
the minimum of resistance and give a very good fitting of experimental data over large
temperature range (from 77 to 600K).
3.3 Conduction in a Narrow Band

In order to describe the temperature dependence of resistance in TFRs, an alternative
model has been proposed9 which requires a very narrow (10--4 eV) band of states in the
inter-granular material; they are supposed to be due to transition metal atoms diffused
from the grains into the glass matrix, during the firing process of the resistors. The atoms
are assumed to bond with the oxygen atoms of the silica network and so form rr/

bonds of the same type which give rise to narrow conduction bands in transition metal
oxides.:s At sufficiently high concentration rr/ bonds overlap to form a narrow band of
states which could be half-filled. At low temperatures electrons of poorly connected
impurity centres will be trapped and will not contribute to the formation of an electron
gas so that the material will look insulating. At high temperatures they can contribute to
drive the matrix into a metallic form, though very "weakly metallic". This model has not
been further developed in any analytical formulation so, even if suggestive, it eludes any
quantitative check. However it could be consistent with very low Hall mobilities and
Seebeck coefficients as well as low magnetoresistance effects.

From the point of view of the chemistry required, interface reactions of Ru and Bi
from ruthenate-grains with the glassy matrix are largely documented by energy dispersive
X-ray spectra in TEM experiments. However we do not know if the concentration
involved is large enough to support the formation of the suggested narrow bands.
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It could be interesting to examine more deeply the implications of this model both
from the theoretical point of view (electrical consequences of a narrow band) and the
experimental point of view (e.g. analysis of interface reactions in RuO2 and IrO2-based
resistors).

4. CONCLUSIONS

Recent experimental investigations on the microstructure, composition and electrical
properties of TFRs have provided valuable information and allowed of progress in the
knowledge of these materials. However the identification of the predominant conduc-
tion mechanism is not yet definitive. We can now focus our attention on a few alterna-
tives and reject other ones that have been discussed. All the interesting possibilities for
conduction mechanisms in TFRs suggest that simple and classical transport models are
inappropriate for a complete description of the electrical properties of TFRs. The alter.
natives are conduction mechanism by hopping, tunnelling or conduction in narrow bands,
and in all cases a relevant role is to be played by deep energy levels introduced in the
intergranular material of TFRs during the processes required to prepare the resistors.

These conclusions could sound quite obvious to people who, being engaged in the
formulation of inks, for a long time have observed how sensitive the electrical properties
of TFRs are to glass modifiers and the specific properties of the constituent used. On the
contrary people involved in the interpretation of the electrical properties of TFRs seem
less aware of the relevance of composition of the intergranular material.

For a long time attempts to apply classical transport models to TFRs have been made;
the most recent results and speculations suggest new approaches to the problem with
more emphasis on studies specifically tailored to TFRs.

Several areas of investigation can be conceived for further progress in the development
of a conduction model for TFRs. More extensive experiments on the microstructure of
TFRs and on the composition of the intergranular material could be valuable; investiga-
tions on the electrical properties of structures more simple than TFRs but with the same
"compositional ingredients" could be informative. A more systematic study on electrical
noise and its temperature dependencez6’27 could provide further information.

More investigations on the possible existence of a narrow conduction band created by
reactions of transition metal atoms with the glassy matrix of TFRs and on the electrical
consequences of this band would be interesting, as well as a more precise approach to
tunnelling processes assisted by resonant centres.

However some of these investigations would require a certain level of sophistication in
the theoretical and experimental methods and then a definitive conclusion on a compre-
hensive conduction model of TFRs could require a long time.
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