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Abstract 
 
Composite field grading materials are used to avoid stress concentrations in high voltage 
applications such as cable accessories and generator or motor end windings. The composite 
materials consist of an insulating matrix filled with suitable conducting or semi-conducting 
particles. Silicon carbide (SiC) powder is one such filler that is being employed. The 
composite materials display complex electrical characteristics that are dependent on filler 
properties, particle concentration, frequency and electric field. Optimization of the stress 
grading properties would be facilitated if the characteristic of a specified material mixture 
could be calculated approximately. 

In this thesis a microscopic model for the local behavior at the SiC grain contacts as well as 
a macroscopic model for the global performance of the composite material are presented. 
The dc and ac characteristics of different SiC powders and various composite materials 
have been studied by experiments and simulations. The electrical properties of ethylene-
propylene-diene monomer (EPDM) rubber filled with the SiC grains have been 
characterized by several time and frequency domain measurement techniques.  

It is shown that the SiC grain contacts can be modeled by Schottky-like barriers. The SiC 
powders are heavily doped and the dominating conduction mechanism in the major part of 
the field range is tunneling by field emission, amplified by pre-avalanche multiplication. 
The frequency dependent properties are governed both by the interfacial barrier regions and 
by the surrounding dielectric.  

A three-dimensional electrical network model for describing the frequency dependent 
electrical properties of the composite materials has been developed. Accounting for 
different types of contacts between the filler grains is fundamental for the resulting 
characteristics. The distribution of the conducting particles in the matrix also affects the 
electrical properties and a well dispersed, and not only random, arrangement is more 
realistic. Non-linearity is incorporated in an amended version, which treats the time-
dependent case.  

The model has been implemented in a MATLAB® program and the calculations have been 
compared to measurements on EPDM rubber filled with SiC grains. It is demonstrated that 
the network simulations reproduce the general characteristics of relevant concentration, 
frequency and field dependent experimental results. 

Keywords: field grading; composite materials; SiC; rubber; electrical properties; non-
linear; time-dependent; model; network; conduction mechanisms; Schottky-barrier; 
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1 Introduction and purpose 

1.1 Background 
Composite non-linear field grading materials are, since many years, utilized to avoid stress 
concentrations in high voltage applications such as cable accessories [1, 2, 3] and end 
windings of rotating machines [4, 5]. The composite materials consist of an insulating 
matrix filled with conducting or semi-conducting particles [6]. Silicon carbide (SiC) 
powder is one such filler that is being employed [7], Figure 1. 
 

 

Figure 1. Scanning electron micrograph of a typical composite material consisting of an 
 insulating polymer matrix filled with semi-conducting SiC grains. 

SiC powder was early used in surge arresters due to its voltage dependent, varistor-type 
characteristic [8]. Potential barriers formed at the contacts between the SiC grains control 
the current flow and initial studies of the non-linear characteristic were performed in the 
1970s [9, 10]. A model and a probable conduction mechanism were suggested, but 
thorough experimental verifications were not conducted. 
 
The interest in SiC has escalated in recent years because of its potential use in power 
semiconductor devices [11, 12, 13]. This has improved the techniques for material 
characterization and increased the knowledge of the properties of the SiC. 
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1.2 Motivation and aim 
Traditionally non-linear field grading materials have been used in cable terminations and 
end windings intended for use under alternating current conditions at medium voltage, see 
Figure 2. The interest in applying field grading materials to other components, under direct 
current conditions and at high voltage though increases. Operation under such diverse 
conditions puts considerable demands on the performance of the composite materials as 
well as their constituents. 
 
The use of composite field grading materials gives great possibilities for variation and 
adaptation of the electrical characteristics. The properties as well as the concentration of the 
filler grains can be modified. There is, however, also an interaction with the polymer 
matrix and the performance of the material system is complex. The basic understanding of 
the composites is therefore vague and often builds on empirical observations. Optimization 
of the material properties is consequently time-consuming. The stress grading performance 
sometimes lacks in robustness and reproducibility as well. 
 

 
Figure 2. Cable termination including a field grading material. (Printed with permission 
 from ABB Kabeldon.) 

Modeling the properties of composite materials is not straightforward. The ratio between 
the conductivities of the conducting particles and the insulating matrix is considerable. In 
the typical mixtures considered here, about seven orders of magnitude. This will lead to 
drastic and extremely localized field enhancements in the inhomogeneous material. 
Resolving the rapid stress variations is a major complication in any discrete modeling 
approach, based on e.g. the finite element method (FEM) or an electrical network. It is, in 
reality, impossible to obtain the necessary local resolution and analyze the global 
performance at the same time [14]. There are, however, techniques to get around this 
difficulty. 
 
The aim of this research work is to present a scientific description of the non-linear, 
frequency dependent electrical properties of composite field grading materials in general 
and those filled with SiC grains in particular. The developed model is based on the 
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characteristics of the constituents and provides a link between microscopic effects at the 
grain contacts and macroscopic properties such as non-linearity. The influence from 
matrix-filler interactions on the conduction process is considered. The goal is to be able to 
calculate approximately the performance of actual composite field grading materials, so 
that a smaller experimental effort is required for optimization of the stress controlling 
characteristics. 
 

1.3 Main results 
The thesis work has demonstrated that the SiC grain contacts microscopically can be 
modeled by Schottky-like barriers. It is quantitatively shown that the dominating 
conduction mechanism in the heavily doped SiC powders is tunneling by field emission. 
Pre-avalanche multiplication does also influence the non-linear characteristics and the 
contribution can be considerable depending on the SiC properties. The frequency 
dependent properties of the powders are governed both by the interfacial barrier regions at 
the contacts and by the surrounding dielectric.  
 
A three-dimensional electrical network model for the macroscopic description of the 
frequency dependent electrical properties of actual composite field grading materials has 
further been developed within the thesis work. The observation, Paper III, that the 
distinctive double-percolation behavior seen experimentally could be explained by different 
contacts between the angular SiC grains has been developed further. Two different types of 
contacts are considered in the network model. One is a direct contact between the 
conducting particles, the other is an indirect contact that involves the polymer. It is shown 
that the different contacts are fundamental for the resulting electrical characteristics. 
 
Several methods to model a realistic well-dispersed distribution of the filler particles have 
been developed and it is demonstrated that this gives a better agreement with experimental 
results than a random arrangement. The dilemma concerning local resolution has been 
avoided by introducing an equivalent circuit element that reproduces the overall behavior 
of the critical region. This renders simulations with considerable differences in material 
properties possible.  
 
An amended three-dimensional network model is used for performing non-linear time-
dependent simulations. Very strong field dependencies can be considered. The conducting 
particles have been assigned the non-linear characteristic determined for the unconsolidated 
SiC powder. The network simulations have then been compared with measurements on 
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ethylene-propylene-diene monomer (EPDM) rubber filled with the SiC grains. It can be 
concluded that the calculations reproduce the general characteristics of relevant 
concentration, frequency and field dependent experimental results. 
 
The electrical properties of different SiC powders and various composite materials have 
been studied by several measurement methods. All the electrical characterizations of the 
SiC powders have been performed within the thesis work. For the composites, consisting of 
EPDM rubber filled with SiC grains, some of the measurements have been conducted 
within the thesis work. Dr. Carina Önneby, Dr. Bo Nettelblad, Dr. Anders Gustafsson and 
Mr. Lars Palmqvist have, amongst others, here contributed with valuable discussions, 
material expertise and experiments. 
 
Prof. Uno Gäfvert has supervised all the work. Prof. Ulf Lindefelt oversaw the modeling of 
the semiconductor contacts.  
 

1.4 Outline of the thesis 
The main part of the thesis is made up of Papers I-VIII. The measurements and models 
used to describe the ac and dc characteristics of the SiC powders are presented in Papers I 
and II. The distinctive double-percolation behavior seen in certain composite materials is 
analyzed by experiments and simulations in Paper III. The three-dimensional network 
model used to describe the electrical properties of the composite materials is presented and 
compared to measurements in Papers III, IV, V and VIII. Paper IV addresses frequency 
dependent properties, while Paper V concentrates on non-linearity. Specific characteristics 
of composite field grading materials filled with SiC grains are studied in Papers VI and VII. 
 
The thesis also includes an extended summary, which complements the papers and gives a 
general background, a literature review and familiarizes basic concepts. This part is 
outlined in the following way: 
 
Chapter 2 gives a general introduction to stress control. The purpose of utilizing non-linear 
field grading materials is illustrated.  
 
The basic characteristics of composite field grading materials, which are the concern of this 
work, are presented in Chapter 3. The fundamental concepts of percolation and non-
linearity are reviewed.  
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Chapter 4 discusses the specifics of metal-semiconductor contacts and Schottky barriers. 
The presented transport mechanisms are evaluated for the SiC powders and a model used to 
describe the dc and ac characteristics is developed in Papers I and II.  
 
The theory of dielectric response is summarized in Chapter 5. The basics of time and 
frequency domain measurements are given. Electrical properties obtained from 
measurements are presented and evaluated in all the Papers I-VIII. 
 
Chapter 6 introduces the performed experimental work. The properties of the studied SiC 
powders are specified, details about the preparation of the composite material samples are 
given and the utilized measurement techniques are described. Experimental results are 
reported in all the Papers I-VIII. 
 
One of the aims is to provide a physical explanation for the electrical characteristics related 
to the SiC grain contacts. The deduced SiC powder model is outlined in Chapter 7. The dc 
characteristics and the conduction mechanisms are investigated in Paper I. The 
corresponding work regarding the ac characteristics is discussed in Paper II. 
 
The principal goal is to present a scientific way to describe the non-linear frequency 
dependent electrical characteristics of actual composite field grading materials. The 
developed electrical network model is summarized in Chapter 8 and presented in detail in 
Papers IV and V. The model is then utilized to study percolation effects in Paper III, 
frequency-dependent characteristics in Paper IV and non-linearity in Paper V. 
 
The mathematical approaches and numerical methods utilized to implement the network 
model and solve the obtained equations are discussed in Chapter 9. Scaling effects related 
to the finite size of the studied system are also considered. 
 
Chapter 10 includes a short summary of Papers I-VIII and in Chapter 11, finally, some 
concluding remarks and suggestions for future work are given.  
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2 Stress control 
This chapter gives a general introduction to stress control, in order to illustrate the purpose 
of non-linear field grading materials. The electrical properties of such materials are the 
concern of this research work. 
 
Different types of field grading are used in various high voltage applications where stress 
concentrations occur, e.g. cable accessories, generator or motor end windings and bushings 
[15, 16, 17, 18, 19, 20]. A cable termination may be taken as an example. A cable in 
principle consists of a conductor connected to high voltage, a grounded screen and an 
insulating material that separates the two. In order to terminate the cable the screen must be 
stripped off, resulting in a disruption of the uniform geometry. If no actions are taken, there 
will be a substantial stress concentration in a small region around the screen end, see Figure 
3a). This may lead to breakdown or flashover. 
 
A geometrical field grading can be obtained by extending the screen so that a smooth 
perimeter and a gentle interruption are created, as shown in Figure 3b). The field will then 
be distributed over a larger area and the stress is reduced. 
 
As illustrated in Figure 3c), stress control can also be achieved by introducing a field 
grading material. Its electrical properties should be chosen so that the field becomes 
distributed within the material and is spread over a larger region. The stress can be 
significantly reduced in this way. The combination of a field grading or insulating material 
and geometrical stress control is often used. The purpose of the material is then not only to 
grade the field, but also to increase the breakdown strength in the critical area.  
 
A material can provide capacitive or resistive field grading, or a combination of the two. In 
the capacitive case the dielectric constant of the material is high enough to distribute the 
field. In the resistive case, on the other hand, the field is controlled by the conductivity of 
the material. Capacitive grading can only be used under ac and impulse conditions, whereas 
resistive grading can be utilized under dc as well as ac and impulse conditions. However, in 
order to obtain resistive grading during the short times involved when ac or especially 
impulse voltages are applied, the conductivity must be very high. This will result in high 
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losses. The use of a field grading material with linear properties may be difficult, while a 
non-linear material can provide efficient stress control under various conditions. 
 

 

Figure 3. Principal cable termination a) without any field grading; b) with geometrical 
field grading; c) with field grading material.  

Particularly resistive field grading can be non-linear. The conductivity of the material is 
then field dependent in such a way that the conductivity increases with increasing electric 
field. This will give a more uniform distribution of the field and local stress concentrations 
are essentially avoided. The effect of a field grading material with linear and non-linear 
conductivity, respectively, in a cable termination geometry according to Figure 3c), was 
investigated by performing FEM simulations [21] of the electric field distributions. The 
results are illustrated in Figure 4. An ac voltage was applied and the maximum calculated 
electric field inside the field grading material, during the whole voltage cycle, is plotted as 
a function of position along the cable. Even if the field is lowered compared to not having 
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any field grading at all, the linear material still gives a peak at the screen edge, see left end 
of Figure 4. In order to obtain a sufficient reduction of the stress in this critical region, the 
conductivity must be high enough to distribute the field substantially. If the length is too 
short, a stress concentration will instead arise at the far end of the field grading material. 
With a non-linear material the performance is different. The peak at the screen edge is 
essentially gone. The field remains fairly constant over a certain distance and then drops. 
This behavior is a result of the non-linear conductivity, which has a strong influence on the 
field distribution in highly stressed regions. The field strength is more or less limited to a 
specific level. When the full voltage has been managed, the field is reduced and the 
material becomes inactive. The creation of a new critical region at the far end is thus less 
probable. 
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Figure 4. Maximum electric field, during the whole voltage cycle, inside the field 
grading material as a function of position along the cable. Simulations for a 
simplified cable termination having a field grading material with an a) linear 
and b) non-linear conductivity. 

The difference between a linear and a non-linear material can also be seen in Figure 5. 
Here, the electric field inside the stress grading material, at a point near the screen edge, is 
displayed as a function of time. The linear material gives the same field reduction over the 
whole ac voltage cycle and the sinusoidal curve shape is maintained. The non-linear 
material, on the other hand, does not become active until a certain field strength is reached. 
The stress is then limited to this level. With the top cut off, the curve shape gets highly 
distorted and is no longer sinusoidal.  
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Figure 5. Electric field inside the field grading material, near the screen edge, as a 
function of time. Simulations for a simplified cable termination under ac 
conditions. Field grading material with linear as compared to non-linear 
conductivity. 
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3 Composite field grading materials 
The basic properties of composite field grading materials are presented in this chapter. The 
fundamental concepts of percolation and non-linearity are introduced here and are then 
discussed in more detail in Papers III and V. 
 
A non-linear field grading material can be obtained from a composite consisting of an 
insulating polymer matrix filled with suitable conducting or semi-conducting particles [6]. 
Essential electrical characteristics of such a material with SiC filler grains have been 
studied in Papers VI and VII. Various other filler particles are also possible, e.g. zinc oxide 
(ZnO) [22, 23] or carbon black [24, 25, 26, 27].  
 

3.1 Percolation 
Percolation phenomena need to be considered in composite materials [28]. Theory predicts 
that the electrical properties will depend strongly on the filler content if particles having a 
high conductivity are mixed with a matrix of low conductivity. As the particle loading is 
increased a critical concentration, the percolation threshold, will be reached when the filler 
grains form a continuous path through the sample. The phenomenon is illustrated in Figure 
6. At the percolation threshold, the conductivity of the mixture will change drastically. The 
material will switch from having insulating properties to becoming conducting. The 
theoretical critical concentration for a completely random (three-dimensional) dispersion of 
spherical particles is about 15 vol% [28]. The value will, however, depend on particle size 
distribution, grain shape and how well the particles are distributed in the matrix.  
 
In a real material the percolation behavior is less distinct and the thresholds may have been 
shifted to higher concentrations. The conductivity measured for EPDM rubber filled with 
rounded SiC grains is shown as a function of particle loading in Figure 7. Three principal 
regions can be seen. At low concentrations, Region 1, the filler grains are not in contact 
with each other. There is only a weak dependence on concentration and the material 
behaves essentially as the polymer matrix. The percolation phenomenon is not abrupt, but 
rather characterized by a transition region, Region II. There is a considerable change in 
conductivity with small variations in particle loading. The material is further sensitive to 
differences in e.g. processing conditions and the electrical properties can vary substantially 
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within this region. At high concentrations, Region III, there are plenty of conductive paths. 
The electrical properties resemble those of the filler and there is again only a weak 
dependence on concentration.  
 

 

Figure 6. Conceptual two-dimensional sketch of percolation in a composite material 
 with circular particles. 

10-16

10-15

10-14

10-13

10-12

10-11

10-10

0 10 20 30 40 50 60

C
on

du
ct

iv
ity

 (S
/m

)

Filler concentration (vol%)

I II III

 
Figure 7. Conductivity as a function of particle concentration measured for EPDM filled 
 with rounded SiC grains. A hypothetical curve has been drawn between the 
 measurement points to accentuate the concept of percolation with one 
 threshold region. Measurements at 1.0x106 V/m. 

Figure 7 demonstrates the normal percolation behavior, with one threshold. There are, 
however, several mechanisms that can give rise to more than one critical concentration in a 
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composite material: a mixture with more than two phases [29], interfacial layers with an 
enhanced surface conductivity [30] and different types of particle contacts [31, 32, 33]. 
Usually two percolation thresholds are seen. 
 
The composite materials studied in this thesis only involve two phases. Interfacial effects 
are indeed important for SiC grains. In this case, however, interfacial barriers are 
controlling the volume conduction between particles, see Chapter 7. Surface conduction is 
probably negligible. The only possibility to obtain more than one percolation threshold 
should thus be by means of different types of contacts. Sheng and Kohn [31] show that in a 
two-dimensional square “checkerboard” lattice with randomly distributed conducting 
particles, two critical concentrations arise. These emanate from the possibility of 
percolation either via corner contacts or via edge contacts between the conducting particles, 
see Figure 8. Three percolation thresholds should, in principle, be found in a three-
dimensional cubical lattice. Only the two thresholds corresponding to edge and face 
contacts are, however, observable [34].  
 

 
Figure 8. Conceptual two-dimensional sketch of percolation via a) corner contacts and 
 b) edge contacts in a composite material with square particles. 

The occurrence of two critical concentrations in a composite material consisting of EPDM 
rubber filled with SiC grains is investigated in Paper III, both by experiments and 
simulations. It is shown that the appearance of a second percolation threshold is linked to 
an angular shape of the SiC grains. It is therefore suggested that the two percolation 
thresholds in this case are related to two different types of particle contacts and that edge 
and face connections, respectively, can characterize these contacts [31, 32]. The 
characteristics of these two types of contacts are discussed in Chapter 8 and in Papers III, 
IV and VIII. 
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The concentration dependence of the conductivity measured for EPDM filled with angular 
SiC grains is presented in Figure 9. Five principal regions can now be seen, of which two, 
Regions II and IV, are related to percolation effects. A new concentration interval, Region 
III, located between the two percolation thresholds occurs. The conductivity tends towards 
a plateau in this region. There is, however, a clear dependence on concentration and the 
conductivity increases monotonically [32]. The properties of this “central region” are 
discussed in detail in Paper III. 
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Figure 9. Conductivity as a function of particle concentration measured for EPDM filled 
 with angular SiC grains. A hypothetical curve has been drawn between the 
 measurement points to accentuate the concept of double-percolation with two 
 threshold regions. Measurements at 0.3x106 V/m. 

3.2 Non-linearity 
There are different ways to obtain non-linear field grading properties in a composite 
material. If a highly conducting filler with a linear characteristic, e.g. carbon black, is used, 
field dependent properties cannot be attained in a percolated system. When the composite 
material is close to percolation, however, a non-linear characteristic can be obtained. It is 
related to tunneling mechanisms through thin insulating polymer layers separating the 
particles [24].  
 
If, on the other hand, a suitable field dependent characteristic is inherent in the filler 
particles or in the unconsolidated particle powder, the fully percolated system will display 
non-linear stress grading properties. When the filler consists of ZnO microvaristors, the 
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non-linearity is built into the compound “particles” and is associated with the potential 
barriers arising due to the doped interfacial layers separating the actual ZnO grains [35, 36, 
37]. When the filler consists of SiC grains, the unconsolidated powder shows a field 
dependent characteristic. Tunneling mechanisms related to the potential barriers formed at 
the grain boundaries are causing the non-linear conduction at the particle contacts. A model 
describing the current transport at the SiC grain contacts is presented in Chapter 7 and 
discussed in detail in Papers I and II. 
 
The characteristic of a fully percolated composite material involving SiC grains should thus 
be strongly influenced by the properties of the SiC powder. The field dependencies of 
typical measured conductivities are shown in Figure 10. A highly filled composite, EPDM 
mixed with 50 vol% SiC grains, is compared to the SiC powder itself. The overall non-
linear characteristics are similar. The conductivity level of the composite is, however, more 
than one decade lower than that of the powder. Possible reasons for this are given in 
connection with further analyses of the non-linear properties of the composite materials in 
Chapter 8 and Paper V. 
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Figure 10. Electric field dependence of the conductivity measured for EPDM mixed with 
 50 vol% SiC grains compared to that of the separate SiC powder. 

The influence of the SiC particle size on the field dependent characteristic is studied in 
Paper I, for the unconsolidated powder, and in Paper VII, for the composite. It is shown 
that the non-linearity of the conduction current is indeed associated with the particle 
contacts. If the current or conductivity is plotted as a function of estimated voltage per 
grain contact, the non-linear characteristic is approximately independent of the particle 
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size. This applies to the powder as well as the composite. The number of particle contacts 
incorporated in a conduction path through a sample of specified thickness does, however, 
depend on the particle size. Therefore, if the current or conductivity is plotted as a function 
of applied electric field, the non-linear characteristic will appear to be grain size dependent. 
 
In order to describe the field dependent properties of a stress grading material, a varistor 
characteristic is usually fitted to the measured data [38]. The non-linearity is then defined 
by a power-law 
 

( )α
00 /UUII = ,                (1) 

 
where I is the current, U the applied voltage, α the non-linearity exponent and I0 as well as 
U0 are material dependent constants. A power-law dependence can often be used to 
describe the current over part of the voltage or field range. When the characteristic starts to 
deviate from a power-law, α becomes voltage dependent and the continued use of Equation 
(1) is artificial. Finding a more accurate expression has therefore been one of the objectives 
of this work. 
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4 Metal-semiconductor contacts 
The basic equations characterizing the properties of Schottky barriers are reviewed in this 
chapter. The presented transport mechanisms are evaluated for the SiC powders and a 
model for describing the dc and ac characteristics is deduced in Papers I and II. The model 
is outlined in Chapter 7. 
 

4.1 Schottky barriers 
When a metal and a semiconductor are brought into contact a potential barrier arises [39, 
40], see Figure 11. The barrier appears due to the differences in material properties between 
the metal and the semiconductor. The energy-bands must bend in order to force the Fermi 
level of the semiconductor to coincide with that of the metal. As a consequence, the metal 
surface must hold a charge that is balanced by an opposite charge in the semiconductor. 
The charge in the semiconductor consists of uncompensated donors (n-type) or acceptors 
(p-type) in the depletion region. If no surface or interface states exist and no interfacial 
layer is present, the barrier height is given by [39] 
 

smb χ−Φ=Φ ,                (2) 
 
where Φm is the work function of the metal and χs is the electron affinity of the 
semiconductor. An indication of the band bending is given by the diffusion voltage at zero 
bias [39] 
 

ξ−Φ= 00 bdV ,                (3) 
 
where ξ is the energy difference between the Fermi level, EF, and the conduction or valence 
band. 
 
The above ideal situation does, however, seldom occur. Surface states are usually found at 
the semiconductor surface [39, 41]. They most often arise from dangling bonds, where 
impurity atoms may be adsorbed. Depending on the foreign impurities’ abilitiy to capture 
or release electrons from or to the surface, acceptor-like or donor-like surface states will be 
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formed. The disruption of the periodic lattice or a rough surface resulting from e.g. 
grinding may also give rise to surface states [41].   
 
An interfacial (oxide) layer separating the metal and the semiconductor is normally present. 
It may in a corresponding way give rise to interface states. The interface states can be 
related to fixed charges resulting from defects in the oxide or from adsorbed impurities 
built-in between the oxide and the semiconductor [41]. The interface states can as well be 
associated with mobile charges existing near or at the outer surface of the oxide layer. 
These interface states may be acceptor-like or donor-like and are connected to adsorption 
processes. 
 

EF

Eg

Vd0

Φm

Φb0

Φ0

χs

ξ

 
Figure 11. Schottky barrier between a metal and a semiconductor (n-type) at zero bias. 

The surface and interface states, from now on referred to as the surface states, may assist in 
the injection of carriers from the metal into the semiconductor. The band bending and the 
height of the potential barrier are also affected, owing to the charge that may be 
accommodated in these surface states. The barrier height will increase if the surface 
contains charge of the same sign as that in the metal and decrease if the surface charge is of 
the same sign as that in the semiconductor. A neutral level, Φ0, may be defined [39]. All 
the surface states below the Fermi level are, in the approximation of T≈0 K, assumed to be 
occupied by electrons. Therefore, if EF does not coincide with Φ0, the surface will hold a 
net charge. The net charge will be negative if EF is located above Φ0 and positive if EF is 
located below Φ0. When the presence of surface states and an interfacial layer are taken 
into consideration, the barrier height is found from [39] 
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where Eg is the energy bandgap, ε0 the permittivity of free space, εi the relative permittivity 
of the oxide layer, δ the thickness of the oxide layer, Ds the density of surface states and q 
the electronic charge. Φb

0 is the flat-band barrier height obtained for the forward voltage at 
which the electric field in the semiconductor is zero. The surface states are assumed to be 
continuously distributed. Equation (4) shows that if the density of surface states becomes 
very large, the barrier height will be independent of the metal properties. Φb

0 is then 
exclusively determined by the surface states and is given by  
 

0
0 Φ−=Φ gb E .                (5) 

 
The insulating interfacial layer is assumed to be very thin, less than 30 Å. A thick oxide 
layer would completely change the conditions for charge transport and would describe a 
different situation. The charge carriers are thus supposed to tunnel through the barrier 
presented by the oxide layer quite easily. The interfacial layer is assumed to have no effect 
on the expression describing the current characteristic, except from a possible reduction in 
current level [39]. The reduction could become larger by a filamentary conduction through 
the oxide, which is equivalent to a smaller effective contact area [42]. The interfacial layer 
will, however, have an influence on the current by introducing additional surface states as 
discussed above. The level of occupation of the surface states will be determined by the 
Fermi level in the metal, since the oxide is thin. The potential drop across the oxide layer 
will give rise to a voltage-dependent barrier height. The barrier height at zero bias, Φb0, will 
thus differ from the one at flat-band, Φb

0. The barrier height will decrease with increasing 
reverse bias voltage. 
 
Image-force lowering, sometimes referred to as the Schottky effect [40], will also induce a 
voltage-dependence of the barrier height. The effective height will decrease with increasing 
reverse bias voltage, due to the attractive force a conduction electron or hole experiences 
from the image-charge in the metal. 
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4.2 Schottky barrier conduction mechanisms 
The normal conduction mechanism in both forward- and reverse-biased Schottky contacts 
is the thermionic emission [39, 40]. The charge carriers are then emitted over the barrier 
and the current density is given by 
 

( ) ( )[ ]1/exp/exp2* −Φ−= kTqVkTqTAj e ,              (6) 
 
where V is the applied voltage, Φe the effective field dependent barrier height, A* the 
Richardson constant, T the temperature and k Boltzmann’s constant. 
 
Other transport mechanisms may, however, dominate under special conditions. The 
different conduction mechanisms, illustrated for a reverse-biased Schottky barrier, are 
shown in Figure 12. In heavily doped semiconductors, at high contact voltages or at low 
temperatures, tunneling through the barrier can control the current. Padovani and Stratton 
[43] have developed closed expressions for tunneling by field emission and by thermionic-
field emission, where the latter is a compromise between thermionic emission and field 
emission. The relations, which neglect the effect of image-force lowering of the barrier, 
have been interpreted by many authors [39, 41, 44].  
 
A simplified expression for field emission in the reverse direction is given by [41] 
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where Vr is the reverse voltage, Φb the barrier height, ξ the distance between Fermi level 
EF

s and conduction or valence band, Nd the effective doping level, m* the effective electron 
or hole mass, εs the relative permittivity of the semiconductor and h Planck’s constant. Vr > 
Φb is presumed. The expression is obtained by applying field emission to a Schottky barrier 
at low temperatures. For the barrier configuration studied here, the relation is assumed to be 
applicable also at room temperature. 
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Figure 12. Possible conduction mechanisms for a reverse-biased (n-type) Schottky 
 barrier. 

Thermionic-field emission in the reverse direction follows [39] 
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Field emission does not occur in the forward direction, if the semiconductor is not 
degenerate. Thermionic-field emission is given by an expression similar to the one 
presented for the reverse direction. 
 
At low voltages a completely different process, recombination in the depletion region, may 
influence the current in the forward direction. A simple, approximate relation describing 
the characteristic is given by [39] 
 

( ) ( )[ ]
ri

ff

wqnj
kTqVkTqVjj

τ2/

/exp12/exp

0

0

=

−−=
,              (9) 

 
where ni is the intrinsic concentration, w the width of the depletion region and τr the 
lifetime within the depletion region. The inverse process, generation in the depletion 
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region, may be found in the reverse direction and is roughly given by j0. It is, however, 
only important for low doping levels. 
 
The relevant conduction mechanism will depend on the doping level, the temperature and 
the applied voltage. All transport mechanisms may not be applicable. A schematic 
illustration of the different conduction mechanisms and their dependence on the voltage is 
shown in Figure 13. A hypothetical current-voltage characteristic for a reverse-biased 
Schottky barrier is given. Generation in the depletion region may only influence at the 
lowest voltages and for low doping levels. As the voltage increases, the primary conduction 
mechanism or mechanisms take over. Thermionic emission and/or thermionic-field 
emission and/or field emission will then dominate the current flow, depending on the 
conditions. Field emission can only be seen at high doping levels or at low temperatures. 
Pre-avalanche multiplication starts to affect the current as the voltage approaches its 
limiting value. At some certain voltage, VBD, avalanche breakdown finally occurs. Pre-
avalanche multiplication and avalanche breakdown are discussed in the next section. 
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Figure 13. Schematic illustration of the influence of different conduction mechanisms on 
 the reverse current-voltage characteristic of a Schottky barrier. 

4.3 Schottky barrier breakdown 
Eventually, as the voltage becomes high enough to create a critical electric field, the 
reverse-biased barrier starts to break down. In wide bandgap semiconductors, the 
breakdown can progress by tunneling or by avalanche caused by impact ionization [40, 45]. 
The avalanche breakdown sets an upper limit on the reverse voltage. The avalanche process 
is governed by the impact ionization coefficients. The impact ionization coefficient for 
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electrons/holes is defined as the number of electron-hole pairs created by an electron/hole 
passing through 1 unit length of the depletion region. It may be written as [45] 
 

( )Eba pnpnpn /exp ,,, −=α ,             (10) 
 
where E is the electric field in the depletion region and an,p and bn,p are material dependent 
constants. E depends on both the reverse voltage and on position.  
 
The avalanche is not immediate, but develops through pre-avalanche multiplication. The 
current density obtained from the primary conduction mechanism, j, is then multiplied by 
the multiplication coefficient, Mn,p. If the carriers in the primary current initiating the 
ionization process are electrons, i.e. the semiconductor is n-type, the pre-avalanche current 
is given by [40, 45] 
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Mp can be calculated in a corresponding way for a p-type semiconductor, with a primary 
current consisting of holes. The expression simplifies if αn= αp=α. The integral in Equation 
(11) then reduces to 
 

∫
w

0
dx α .               (12) 

 
Breakdown occurs when the multiplication coefficient, and thus the impact ionization, 
becomes infinite. 
 

4.4 Schottky barrier capacitance 
The depletion region of a reverse-biased Schottky barrier behaves like a capacitance. When 
a dc voltage of magnitude Vr is applied across the reverse-biased barrier, a superimposed 
small ac signal of amplitude V0<<Vr will cause a minor change in the charge of the 
depletion region, Qd. The voltage-dependent differential capacitance per unit area can then 
be found from [39] 
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The minority carriers and influence from a possible interfacial layer with surface states 
have then been neglected. An interfacial (oxide) layer is, however, normally present at the 
semiconductor surface. Its presence will add a capacitance in series with the depletion 
region capacitance. The related surface states will add another capacitance in parallel with 
the oxide capacitance [39]. The interfacial layer has then been assumed to be thin, less than 
30 Å. The studied frequency range is further presumed to lie below the kHz-range [39]. 
The non-linear capacitance of the contact barrier region, CS, therefore includes 
contributions from the depletion region, the oxide layer and the surface states. These 
contributions are all supposed to be independent of frequency.  
 
In the SiC powders each inter-grain contact consists of two barriers connected back-to-
back, see Chapter 7. Depending on the polarity of the applied voltage, one of them will 
always be reverse-biased. When a sinusoidal ac signal of amplitude Vr0>Φb is applied 
without any dc bias, the charge in the depletion region of the reverse-biased barrier will 
vary with time. The amplitude of the resulting capacitive current can be found from 
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where P is the period and ω the angular frequency of the applied voltage. An apparent 
depletion region capacitance per unit area, at the peak voltage, can then be defined by 
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Cda is larger than Cd, is independent of frequency and has a voltage dependence close to 
Vr0

-0.35.  
 
The conduction current that flows is considered to be independent of frequency up to the 
kHz-range [39, 46]. This conduction current is associated with a non-linear contact barrier 
resistance, RS, but it may also give rise to a capacitive component. The effect will, 
however, be negligible if the non-linearity is of an overall exponential or power-law type 
and the apparent capacitance is defined by the quadrature component of the fundamental. 
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5 Dielectric response 
The physical background of dielectric response in solids is summarized in this chapter. The 
basic equations relevant to time and frequency domain measurements are as well given. 
The utilized experimental techniques are detailed in Chapter 6. Electrical properties 
obtained from time or frequency domain measurements are presented and evaluated in all 
the Papers I-VIII. 
 

5.1 Time domain 
A dielectric material becomes polarized when it is exposed to an external electric field, E, 
[46, 47]. The polarization is generally a function of time, t, and can be slow or prompt. 
Slow polarization represents processes that give a delayed response to the field. Prompt 
polarization, on the other hand, refers to processes showing an instantaneous response. The 
electric displacement is defined by 
 

( ) ( ) ( )tPtEtD += ∞ε ,              (16) 
 
where P is the slow polarization and ε∞ is the permittivity at high (infinite) frequencies, 
which is related to the prompt polarization. 
 
A dielectric response function, f(t), can be defined if the material is linear. This function 
describes the polarization after a delta function excitation. The polarization after the 
application of an arbitrary field at time zero is then given by [47] 
 

( ) ( ) ( )dτ 
00 ∫ −= t EtftP ττε .             (17) 

 
In order for the total polarization to be finite, it is required that f(t) → 0 as t → ∞. 
 
The total current is the sum of the conduction and the displacement currents. The current 
density is given by 
 

( ) ( )
t
DtEtj dc ∂

∂+= σ ,              (18) 
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where σdc is the pure dc conductivity. By combining Equations (16)-(18) the current 
density can be expressed as 
 

( ) ( ) ( ) ( )dτ 
00 ∫ −

∂
∂+

∂
∂+= ∞

t
dc Etf

tt
EtEtj ττεεσ .            (19) 

 
If a step function of amplitude E0 is applied, Equation (23) shows that the dc conductivity 
can be calculated from the current density measured after an infinitely long time, so that 
 

0E
j

dc
∞=σ .              (20) 

 

5.2 Frequency domain 
The dielectric response of a linear material can in frequency domain be defined by its 
complex relative permittivity. It is generally a function of frequency, or angular frequency 
ω, and is given by  
 

( ) ( ) ( )ωεωεωε ′′−′= i~ .              (21) 
 
Permittivity is often used when referring to the real part, ε′, solely, while loss implies the 
imaginary part, ε″. When measurements in frequency domain are performed, the total loss 
is obtained. It includes a possible contribution from dc conduction so that 
 

( ) ( )
0ωε

σ
ωεωε dc

ac +′′=′′ ,              (22) 

 
where ε″ac is the pure ac loss.  
 
The complex permittivity is linked to the dielectric response function via a Fourier 
transform. The real and imaginary parts of the permittivity can be found from [47] 
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The lossy part can also be described by an equivalent total conductivity 
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( ) ( ) ( ) ( ) dcacdcactotac σωσσωεωεωεωεωσ +=+′′=′′= 00, ,            (24) 
 
where σac is the pure ac conductivity. The total in-phase conductivity, σac,tot, will be 
referred to as the total ac conductivity, to emphasize that it includes contributions from 
both pure ac and pure dc conduction. The total ac conductivity is dominated by σac at high 
and by σdc at low frequencies, respectively. 
 
The concepts of ac and dc conductivity have been thoroughly discussed by Jonscher [46]. 
He emphasizes that the physical processes involved at steady-state dc may be different 
from those seen under ac conditions. Pure dc conduction is independent of time and implies 
difficult long-range transitions. Pure ac conduction, on the other hand, is normally 
frequency dependent and involves charge transfer over short distances. 
 
When the material is non-linear, the concept of a complex permittivity is no longer 
straightforward. A Fourier transform can be defined, but does not have a precise 
interpretation in time-domain. It is still convenient to express the significance of the current 
in quadrature, the capacitive current, by an apparent permittivity, εa′. Correspondingly, an 
apparent total ac conductivity, σa

ac,tot, could be associated with the current in phase, the 
resistive current. 
 
The measured current can be written as a Fourier series 
 

( ) ( ) ( )tkbtkati k
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=
,             (25) 

 
where ak and bk determine the quadrature and in-phase components of the fundamental 
along with all the harmonics. It is presumed that a pure sinusoidal voltage of amplitude Ua, 
angular frequency ω and period P is applied.  
 
For the materials investigated in this thesis, it can be assumed that the non-linearity in εa′ is 
weak. The quadrature component of the current’s fundamental can then be used to 
determine the apparent permittivity. The amplitude of the capacitive current is found from 
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An apparent permittivity defined at the peak applied field, Ea, can then be calculated from 
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where C0 is the geometrical capacitance of the sample.  
 
The non-linearity in σa

ac,tot may, on the other hand, be strong. It is assumed that the in-
phase component of the current’s fundamental along with all the harmonics constitute the 
resistive current so that  
 

( ) ( )tititi cmr ωcos)( 0−= .             (28) 
 
An apparent total ac conductivity at the peak applied field can be defined from  
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where ir0 is the peak value of the resistive current. 
 
A typical current measured for a non-linear composite material is shown in Figure 14. The 
applied sinusoidal voltage is given in relation. The capacitive and resistive components of 
the current, as calculated from Equations (27) and (29), are also displayed.  
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Figure 14. Typical measured current, im, along with its calculated capacitive, ic, and 
 resistive, ir, components, plotted in relation to the applied sinusoidal  
 voltage, ua,. 
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6 Experimental 
This chapter presents the performed experimental work. The properties of the studied SiC 
powders are specified, details about the preparation of the composite material samples are 
given and the utilized measurement techniques are described. Experimental results are 
reported in all the Papers I-VIII.  
 

6.1 SiC powder materials 
SiC is a wide bandgap semiconductor. The bandgap depends on the polytype, but is around 
3 eV [48]. The intrinsic carrier concentration is therefore very low and the SiC is normally 
doped with donor or acceptor impurities. A possible donor, giving n-type SiC, is nitrogen. 
Possible acceptors, giving p-type SiC, are aluminum and boron. The donor level and, 
especially, the acceptor levels are located rather deep, about 0.2 eV from the conduction or 
valence band depending on polytype and dopant [48]. The bulk of the SiC is therefore 
incompletely ionized at room temperature. The wide bandgap makes SiC an interesting 
candidate for high voltage semiconductor devices [11]. When SiC is utilized in 
semiconductor applications, it is prepared under extremely clean conditions.  
 
SiC is also a very hard material, suitable for abrasives. The SiC grains used in field grading 
materials are of a quality grade intended for abrasives. The SiC is then produced under 
atmospheric conditions, completely different from those associated with the 
semiconductors. A sublimation process is used and the SiC retrieved from the grown core 
is primarily of polytype 6H. After grinding and separation of the grains into various size 
ranges, the powders are chemically cleaned [49]. 
 
The utilized SiC powders were all of type SIKA manufactured by Saint-Gobain. Three 
different grain sizes were used: 360, 600 and 1200 mesh. The grains are differentially 
graded, so that the particle diameter only varies slightly around its median value. The 
chosen mesh-sizes correspond to median grain diameters of 22.8, 9.3 and 3.0 µm, 
respectively. There is no overlap between the studied size distributions. 
 
When the SiC is crushed or ground into a powder, the grains get an angular shape with 
sharp edges and rather flat surfaces. It is, however, possible to polish the grains into a more 
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rounded shape. Angular as well as rounded SiC particles were used in the investigations, 
see Figure 15a) and Figure 15b), respectively. 
 

 
Figure 15. Scanning electron micrographs of a) angular and b) rounded SiC grains. 

SiC grains with two different dopings were studied. The powders were characterized by a 
difference in color, one powder being black and the other one green as shown in Figure 16. 
The doping of the green SiC was analyzed by secondary ion mass spectrometry (SIMS), by 
which the chemical impurity concentrations were retrieved. A large single crystal recovered 
from the production process was utilized for the analysis. The green SiC contained  
5x1024 m-3 nitrogen, N, and the amount of aluminum, Al, varied between 4-6x1024 m-3. The 
boron level was much lower, about 1023 m-3. The results indicate a material where the N-
donors may be fully compensated by the Al-acceptors. However, the single crystal did not 
have a truly green color and may have been taken from the outer part of the SiC core, 
where the Al enrichment is higher. The single crystal may therefore not have been 
representative for the light green SiC powder coming from the inner part of the core. This 
SiC should be n-type [50, 51]. The results still imply that the properties of the green SiC 
could vary and that the conductivity type even may switch to p-type in some locations.  
 
The black (electrical grade) SiC that was used could not be examined by SIMS, since large 
single crystals were not available. The Al-concentration could, however, be estimated to 
roughly 1026 m-3, by relating the manufacturer’s figures to a SIMS analysis of black 
(natural) SiC. The doping was thus extremely high, but still below the Mott transition limit 
[52]. The black (electrical grade) SiC is consequently clearly p-type, if the amount of N is 
assumed to have the same magnitude as in the green SiC. The bulk material properties of 
the investigated SiC powders are summarized in Table 1.  
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Figure 16. Black Al-doped (p-type) and green N-doped (n-type) SiC powders. 

The SiC powders were used as received in the composite materials. In the investigations of 
the pure powders, the SiC was normally utilized as received. The influence of moisture on 
the electrical characteristics was, however, also studied. The powders were then dried for 
24 h at 250°C and low pressure. Thicknesses between 0.5 and 2 mm were used for the 
powder samples. 
 
Table 1. SiC powder bulk material properties at 300 K. 

Color Cond. 
type 

Chemical impurity conc. 
N (m-3)                Al (m-3) 

Green 
Black 

n / (p) 
p 

5x1024 4-6x1024 
≈1026 

 
 

6.2 Composite material sample preparation 

All the composite materials had EPDM rubber, Nordel manufactured by Dupont Dow 
Elastomers, as matrix polymer. The compounding was performed in a mixer. The filler 
grains and other additives were added when the polymer had been plasticized. The dicumyl 
peroxide (DCP) curing system was included last. Compression molding was used to 
vulcanize the rubber and process the samples. The plaques were cured at 180°C for 15 min 
and were then allowed to cool down under pressure.  
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The composite material samples had a thickness of approximately 1 mm. Before the 
measurements, they were degassed at 70°C and low pressure for about 24 h. This was done 
in order to evaporate by-products from the peroxide vulcanization. Scanning electron 
microscopy (SEM) was used to check that the material was properly mixed, with the SiC 
grains well dispersed in the matrix. 
 

6.3 Measurement cells 
The measurements on the SiC powders were performed in a stainless steel cell with a 
guarded electrode system, see Figure 17. The cell is closed so that a well-defined pressure 
can be applied through an array of spring washers and a fine-threaded screw. Pressures 
between 5.1x103 and 4.3x106 N/m2 can be applied. The diameter of the measurement 
electrode is 14 mm. 
 

 

Figure 17. Guarded and pressurized measurement cell for powder samples. 

Schematic illustrations of the powder measurement cell and sample are shown in Figure 18. 
The size of the filler particles is greatly exaggerated. Normally about a hundred particles 
were coupled in series across the sample. A voltage, Ua, is applied across the sample and a 
current, ia, is measured. An average electric field, Ea, can be found by dividing Ua with the 
sample thickness, dp. An average current density, ja, is defined by dividing ia with the area 
of the measurement electrode, having a diameter dm. These quantities all give macroscopic, 
average values associated with a homogeneous material sample. 
 
A SiC powder or composite material sample is, however, inhomogeneous and the 
conduction will be filamentary. Conducting paths will be formed across the sample and the 
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current is concentrated to the grain contacts. A local current, i, may pass through a certain 
contact and a local current density, j, can be defined by dividing i with the contact area, As. 
An estimation of the voltage across each contact, Vc, can be attained by dividing Ua by the 
number of contacts in series in a path across the sample. The approximate number of 
contacts can be found by dividing dp with the average grain diameter, dg. These quantities 
all give microscopic values related to a contact. 
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Figure 18. Schematic illustrations of the powder measurement cell and sample. 

The measurement cells utilized for the composite material samples also had a guarded 
electrode system. The electrode material was either brass or stainless steel and the diameter 
of the measurement electrode varied between 50 and 80 mm for the different cells. A 
typical measurement cell can be seen in Figure 19. Good contact between the electrodes 
and the sample could be obtained, since rubber was used as matrix material. The cell was 
screwed together “finger-tight” to apply a slight pressure that ensured good contact.  
 
Applying the electrodes to the sample itself could be avoided, since using a measurement 
cell with solid electrodes was possible. Painting or evaporating electrodes onto the sample 
surface always involves a risk of affecting the material properties. A composite material, 
having many internal interfaces, may be especially sensitive.  
 



 40 

 

Figure 19. Guarded measurement cell for composite material samples.  

6.4 Measurement techniques 

6.4.1 Dielectric response measurements 
 
The experimental setup used for the dielectric response measurements can be seen in 
Figure 20. A circuit diagram showing the key components of the measurement system is, in 
addition, presented in Figure 21. The experimental technique is described in detail in [53]. 
A sinusoidal voltage is applied across the sample. The amplitude can be altered between 10 
and 20000 V and frequency sweeps between 0.001 and 1000 Hz are executed. The 
possibility of performing consistent measurements at low frequencies is important. 
Valuable physical information about the involved conduction processes is often to be found 
in this part of the frequency spectrum. 
 
A capacitive balancing of the current can be used in order to single out the resistive 
component in a low-loss material. A resistive balancing can, on the other hand, be used to 
isolate the capacitive component in a high-loss material. The balancing current is inverted 
and added to the current from the sample. The total current is filtered and amplified. The 
complex permittivity can then be calculated from the measured and the balancing current, 
see Chapter 5. 
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Figure 20. Experimental setup for dielectric response measurements. 
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Figure 21. Circuit diagram for the dielectric response measurement system. 

The current obtained when a large sinusoidal voltage is applied across a sample with a non-
linear current-voltage characteristic is illustrated in Figure 22a). Only the positive half-
cycle is shown. The negative half-cycle will be the mirror image, if the sample is isotropic 
and symmetric. 
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Figure 22. Principles of different measurement techniques, when applied to a material 

sample with a non-linear current-voltage characteristic. a) Dielectric response 
or ac pulse measurement; b) capacitance-voltage and current-voltage 
measurements. 

6.4.2 Ac pulse measurements 
 
The experimental setup is different, but the measurements are of the same type as the 
dielectric response measurements. The principal difference is that now only an ac pulse is 
employed. Two periods of a sinusoidal voltage are applied across the sample. One period of 
the measured current is utilized for calculating the complex permittivity, as discussed in 
Chapter 5. The second period of the current is basically used, in order to avoid the transient 
behavior seen during the first pulse.  
 
An ac pulse and a dielectric response measurement should give the same result, see Figure 
22a). However, since the voltage is applied during a very short time in the ac pulse 
measurement, time-delayed phenomena may not occur. Measurements can therefore be 
performed at higher applied electric fields, without electrical or thermal breakdown 
occurring. The amplitude of the voltage can be altered between 300 and 20000 V and the 
frequency can be varied between 10 and 300 Hz. A typical plot of the applied voltage and 
the measured current, for a non-linear composite material sample, is given in Figure 23. 
The current signal is filtered numerically before the measurement results are processed. 
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Figure 23. Applied voltage and measured current for a typical ac pulse measurement on a 

non-linear composite material. 

6.4.3 Capacitance-voltage measurements 
 
The same equipment as for the dielectric response measurements is used. The sinusoidal 
voltage is, however, superimposed on a dc bias. The dc voltage can be varied between 100 
and 1250 V. The sinusoidal voltage has an amplitude of 10 V and the frequency can be 
altered between 10 and 332 Hz. 
 
This measurement technique will give the differential complex permittivity, which can be 
calculated from the measured current in a normal way once the dc offset has been 
subtracted, see Chapter 5. If the loss is based on the dc conduction current, the obtained 
total ac conductivity will be related to the derivative of the current with respect to voltage 
at the applied dc bias. The principle of the measurement technique, in case of a non-linear 
sample, is illustrated in Figure 22b). 
 

6.4.4 Current-voltage measurements 
 
A dc voltage is applied across the sample. The voltage can be varied between 0 and  
6500 V. The current is measured by an electrometer. For the SiC powders, which are fairly 
conducting, a reading is taken after 2 minutes. The conductivity can be calculated by 
dividing the measured current with the applied voltage, see Figure 22b), and normalizing 
with the geometrical dimensions.  
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6.4.5 Time-domain measurements 
 
The experimental setup used for the time domain measurements is shown in Figure 24. A 
circuit diagram showing the principal components of the system is displayed in Figure 25. 
The charging current is measured as a function of time after the application of a dc voltage 
step. Once the sample is grounded, the discharging current is measured in a similar way, 
see Figure 26. If any influence from trapping of charges can be excluded, the charging and 
discharging current should have opposite sign and differ by the dc current-contribution 
present during charging. By varying the applied voltage step, the field dependent dc 
conductivity can be obtained as outlined in Chapter 5.  
 
In order to resolve the small currents in the pico-ampere range generated in materials of 
low conductivity, the power source must be very stable and have a low noise level. The 
measurement system must also be electrically shielded from external noise. A highly 
sensitive electrometer must finally be used. 
 

 

Figure 24. Experimental setup for time domain measurements. 

The required charging time depends on the properties of the sample. It must be chosen long 
enough for normal relaxation processes to have died off and a steady state or quasi-
stationary behavior to be discernible. A steady-state current may, in fact, never be reached 
in the complex composite materials. A charging time of 1 or 2 hours has been used for the 
composite field grading materials in this study. The discharging time, during which the 
sample is allowed to relax, must be several times longer than the charging time. 
Discharging times of 6, 8 or 10 hours have been used here.  
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Figure 25. Circuit diagram for the time domain measurement system. 
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Figure 26. Principle of time domain, current versus time, measurement. 
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7 SiC powder model 
One of the objectives of this work is to provide a physical explanation for the electrical 
characteristics of SiC powders. The deduced SiC powder model is outlined in this chapter. 
The details about Schottky barriers discussed in Chapter 4 are employed. The dc 
characteristics and the conduction mechanisms are investigated in Paper I. The 
corresponding work regarding the ac characteristics is discussed in Paper II. 
 

7.1 Electrical representation 

7.1.1 Equivalent circuit model 
 
The SiC powder consists of SiC grains surrounded by a dielectric, which in this case is air. 
The properties will be determined by the contact zones on a microscopic level, see Figure 
27, and by the conductive paths formed between the grains on a macroscopic level, see 
Figure 29. In order to create a model that can describe the electrical characteristics of the 
SiC powders under ac as well as dc conditions, both the particle contacts and the 
surrounding dielectric must be accounted for. Only considering the contacts, which 
determine the dc behavior, will not be sufficient.  
 

Particle contact

Dielectric

 

Figure 27. Sketch of a microscopic grain contact in SiC powder. 

The properties of the contact are governed by a resistive as well as a capacitive current 
contribution. An equivalent circuit model of the contact is presented in Figure 28. The lossy 
part is modeled by a pure dc resistance, RS. Its non-linear characteristic will be discussed 
further below. A non-linear capacitance, CS, represents the capacitive component of the 
contact. CS will be associated with the capacitance of a reverse-biased Schottky-like 
barrier, see Section 4.4. The characteristic is assumed to be voltage-dependent, but 
frequency-independent. The importance of the capacitive component of the actual contact 
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depends strongly on the effective contact area and on the properties of the SiC grains. The 
significance of the contact capacitance will therefore vary between different SiC powders.  
 
The surrounding dielectric will also affect the response of the SiC powder. Since the grains 
in this case are surrounded by air, the influence from the dielectric is modeled by a loss-
free, frequency-independent capacitance, CD. CD can, for each contact zone, be seen as the 
capacitance between two adjacent SiC grains. If the particles are assumed to be spherical 
and separated by a thin insulating interfacial layer, the capacitance between two metallic 
spheres can be used as an approximation [54]. Two isolated particles are then presumed. In 
the SiC powder this may lead to an overestimation of the capacitance. In Paper II, the 
measured ac properties are used to investigate the components of the equivalent circuit in 
more detail. The circuit is then used as a basis for the description of the grain contacts in 
the model for the composite material, see Section 8.3. 
 

CD CS RS

 
Figure 28. Equivalent circuit of a SiC-grain contact with surrounding dielectric. 

The equivalent circuit in Figure 28 represents one contact zone. In the SiC powder, every 
contact zone will be different. The deviations should be most important for RS and CS, 
where differences in the SiC interface properties and small variations in the effective 
contact area could have a large effect. Some grains may not even be in actual contact. 
Variations in the overall geometry should, however, also influence CD. When a dc voltage 
is applied, only the dc resistances of the contacts are involved in the current transport. A 
single, effective contact can then be used to describe the whole SiC powder. With an 
applied ac voltage, the capacitances and resistances together determine the characteristic. 
This is illustrated in the sketch of Figure 29. The components describing a contact zone are 
non-linear, but frequency independent. The resulting impedance of a constant zone will, 
however, be both non-linear and frequency dependent. The current will then choose 
different paths depending on the applied voltage and the frequency. The capacitive or the 
resistive current component may dominate in a different way for each contact, see Figure 
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29. In order to fully reproduce the field and frequency dependent characteristics of the SiC 
powders, the use of a network model with individual contact zones is suggested in Paper II.  
 

 
Figure 29. Sketch of macroscopic capacitive and resistive conduction paths in SiC 

powder. 

 

7.1.2 Potential barrier model 
 
A physical model is needed if the conduction current, as well as the frequency dependent 
characteristic, of a contact between two SiC grains is to be described properly. The used 
model is the one proposed by Hagen [9]. Potential barriers formed at the inter-grain 
contacts control the charge transport and can be represented by two Schottky-like barriers 
connected back-to-back. Each contact then consists of a forward- and a reverse-biased 
barrier in series as illustrated in Figure 30.  
 
Surface states are usually present at the semiconductor surface [39, 41]. Acceptor-like or 
donor-like surface states can appear from dangling bonds, where impurity atoms have been 
adsorbed. An interfacial (oxide) layer is normally also present at the semiconductor surface. 
It can give rise to interface states related to fixed or mobile charges [41]. A potential barrier 
will arise at the semiconductor interface, because of the charge that is accommodated in the 
surface and interface states, see Section 4.1.  
 
The insulating interfacial layer is assumed to be very thin, less than 30 Å. A thick oxide 
layer would completely change the conditions for charge transport and could not explain 
the measured results. The charge carriers are supposed to tunnel through the barrier 
presented by the oxide layer quite easily, so that a detailed description of the mechanism is 
not needed. The interfacial layer is, therefore, assumed to have a negligible effect on the 
expression describing the conduction through the contact, except from a possible reduction 
in the current level [39]. The oxide will still have an influence on the current transport by 
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introducing additional interface states, which affect the effective barrier height. Further, 
irrespective of how thin the insulating layer is, it will give rise to a voltage drop. This will 
reduce the diffusion voltage in the semiconductor and consequently lower the height of the 
potential barrier. The reduction will be voltage-dependent. 
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Figure 30. Potential barrier model of a contact between (n-type) SiC grains with an 
 interfacial layer. SS are the surface/interface states and Vc the applied contact 
 voltage. 

An ordinary Schottky barrier arises at a contact between a metal and a semiconductor. The 
height of the barrier is determined by the properties of the metal, the semiconductor and the 
interfacial layer separating the two [39, 40]. In some cases, the interface states have such a 
dominating influence that the Schottky barrier is independent of the metal properties, see 
Section 4.1. This fact makes modeling the contact between SiC grains, where there is no 
metal, by Schottky-like barriers realistic. The model should be credible when the carrier 
transport is dominated by tunneling, possibly via the interface states, but more uncertain if 
thermionic emission over the barrier plays an important role. Image force lowering of the 
barrier, which may have a significant effect in ordinary Schottky contacts, is considered to 
be negligible without the metal. 
 
The potential barrier model is applied to measured dc characteristics of different SiC 
powders in Paper I. Possible conduction mechanisms, as discussed in Section 4.2 and 4.3, 
are analyzed and fitted to the experimental results. It is concluded that the Schottky-like 
barriers can be used to model the current transport at the SiC grain contacts. Tunneling by 
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field emission is shown to be the dominating conduction mechanism over the major part of 
the voltage range in the studied, heavily doped, SiC powders. Pre-avalanche multiplication 
influences the current at the highest voltages. The importance of pre-avalanche 
multiplication depends on the doping of the grains and is demonstrated to be substantial in 
the black SiC powder. A typical measured current characteristic of green SiC powder is 
shown in Figure 31. The calculated current densities associated with field emission solely 
and field emission affected by pre-avalanche multiplication are as well presented. 
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Figure 31. Typical measured and calculated current density as a function of voltage 
 per inter-grain contact in green SiC powder. The calculated current  density 
 takes tunneling by field emission and pre-avalanche multiplication into 
 consideration.  

7.2 Electro-mechanical representation 
The pressure dependence of the electrical characteristics of the SiC powders is studied in 
both Paper I and Paper II. It is shown that mechanical compression roughly can be used as 
an explanation. This holds for the properties that are related to the actual grain contacts, i.e. 
RS and CS. 
 
SiC is a very hard material. The area of a contact between two grains will therefore be 
extremely small, but should still depend on the compressive forces. The electro-mechanical 
effects that arise in a cubical array of resistive particles in air have been analyzed by 
Moslehi and Self [55, 56]. They conclude that the strong field enhancement that occurs 
around the contact area can give rise to self-compression by electrostatic forces. The 
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considered particles are assumed to be elastically deformable, see Figure 32, so that the 
Hertz formula can be used [57]. The contact angle between two spherical grains, resulting 
from an average pressure, p, is then found from 
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where Y is Young’s modulus and ν is Poisson’s ratio. When the externally applied pressure 
is negligible, there will still be a compressive stress between the particles caused by 
internal electrostatic forces.  
 

θ0
rg

 
 
Figure 32. Contact between two spherical particles of radius rg. 

The contact area is proportional to the square of the contact angle. The increase in contact 
area resulting from an increase in the applied pressure should, according to Equation (34), 
follow a power-law dependence with exponent 2/3. Figure 33 shows a typical result from 
measurements on green SiC powder with rounded grains. A constant dc voltage is applied. 
The average current density follows a power-law dependence on the applied pressure quite 
well and the exponent is close to 2/3. Black SiC powder with angular grains does, however, 
display a somewhat stronger dependence on the pressure, with a slope of about 1. This 
indicates that a non-spherical grain shape could affect the dependence, but also that other 
mechanisms than mechanical compression may influence. Deformation of the interfacial 
layer could then be a possible effect. 
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Figure 33. Typical pressure dependence of the current density measured for green SiC 

powder with rounded grains. A power-law is fitted to the results. A power-law 
dependence with exponent 2/3, corresponding to mechanical compression, is 
given in reference. 
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8 Composite material network model 
The principal aim of this thesis work is to present a scientific way to describe the non-linear 
frequency dependent electrical properties of composite field grading materials. The model 
must be applicable to actual composite materials, particularly those filled with SiC grains. 
The developed electrical network model is introduced in this chapter and presented in detail 
in Papers IV and V. The numerical implementation of the model is discussed in Chapter 9. 
The network approach is utilized in the investigation of percolation effects in Paper III, 
frequency-dependent characteristics in Paper IV and non-linearity in Paper V. 
 

8.1 General 
The electrical characteristics of material mixtures can be studied numerically by use of e.g. 
the finite element method (FEM) [58, 59] or an impedance (RC) network [60]. The model 
developed in this work, with the intention of describing the electrical properties of real 
composite materials, is based on a network approach. The compound is represented by a 
square (two dimensions) or cubic (three dimensions) lattice in which a conducting and an 
insulating phase are distributed.  
 
Impedance or resistor networks are used to model inhomogeneous materials in a variety of 
electrical applications [61, 62, 63]. Special characteristics are addressed in different 
approaches. Dyre [64] as well as Tyc and Halperin [65] use not only two separate 
components, but allow a spatially varying conductance. Kar Gupta and Sen [66] consider 
non-linear conduction. In the developed model the following distinctive features are 
considered: 

• three dimensions; 

• different types of contacts between the conducting particles; 

• considerable (seven decades) contrasts in material properties; 

• well-dispersed, in distinction to random, particle distributions; 

• frequency dependence; 

• non-linearity. 

The specifics will be discussed in the subsequent sections. 
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8.2 Linear representation 

8.2.1 Model considerations 
 
A large part of the theoretical work on mixtures of a conductor and an insulator has been 
performed in two dimensions, in a random square ‘checkerboard’ geometry. This is by 
reason of easier geometrical considerations, the applicability of duality principles [67] and 
a simpler, less time and less memory consuming numerical treatment. Two-dimensional 
simulations are easier to visualize and can provide a qualitative understanding of 
characteristic phenomena. Every possible direction is, however, important in percolating 
systems and three-dimensional calculations are needed for quantitative comparisons with 
experimental results. 
 
A finite, three-dimensional, cubical lattice represented by an impedance network is, 
therefore, used as a base for the model. The conducting particles are assigned a finite dc 
conductivity σc, while the insulating phase is given a low, but still greater than zero, dc 
conductivity σi. The ratio between σc and σi is substantial, seven or eight orders of 
magnitude, but it is still finite and limited current transport can take place in the insulating 
polymer also under dc conditions. The permittivities are assumed to be frequency-
independent and free of ac losses and are given by the real values εc and εi, respectively. 
Complex frequency-dependent permittivities could be used, if required. Either of the 
phases can then be described by a complex frequency-dependent conductivity 

εωεσσ 0
~ i+= , see Chapter 5. 

 
Characterizing the normal angular SiC grains of Figure 15a), having sharp edges and rather 
flat surfaces, by cubical particles should be a reasonable approximation. When distributed 
in the lattice, three different types of contacts between the filler grains are possible [31, 32]. 
They can come into contact via faces, edges or corners as seen in Figure 34.  
 

a) b) c)  
Figure 34. Possible contacts between cubical conducting particles in a three-dimensional 
 lattice: a) faces, b) edges and c) corners. 
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The geometrical aspects are easier to illustrate in two dimensions, why various simulations 
on square lattices also were performed. The edge and corner contacts in two dimensions are 
modeled by impedance connections between nearest and second-nearest neighbors, 
respectively, see Figure 35a). The face, edge and corner contacts in three dimensions are in 
a corresponding way modeled by connections between nearest, second-nearest and third-
nearest neighbors, as shown in Figure 35b). Contacts between third-nearest neighbors are, 
however, too weak to have an influence on the electrical characteristics [34] and have 
therefore been neglected. In every node of the three-dimensional network, there are still 18 
possible directions in which the current can be transported.  
 

 
Figure 35. Impedance connections to neighboring nodes in the a) two-dimensional 
 (square) and b) three-dimensional (cubic) network model. 

A face connection represents a direct contact between two conducting particles. The current 
is transported through the contact area. With SiC grains, the charge transfer is controlled by 
the potential barrier region at the contact, as described in Chapter 7, Paper I and Paper II. 
An edge connection, on the other hand, represents an indirect contact involving the matrix. 
There are two possible paths for the current; it can either be transported through or around 
the contact perimeter. In the limit of a negligible contact perimeter, the current will be 
transferred through the insulating polymer, around the actual edge contact.  
 
There will be a local enhancement in the electric field around an insignificant edge contact. 
If the difference in material properties is small, e.g. at high frequencies where the 
permittivities control the behavior, there will only be a modest stress concentration. The 
electric field distribution can then be calculated by use of some discretization scheme. An 
impedance network with a finer lattice structure, so that each material region is described 
by many circuit elements, may be used. The equipotential distribution calculated at a high 
frequency, utilizing a two-dimensional network with a fine element structure, is displayed 
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in Figure 36. A small representative system with the conducting and insulating phase 
described by εc=10 and εi=2.5, respectively, was employed.  
 

 

Figure 36. Equipotential plot from a two-dimensional network simulation with a high 
resolution in the impedance grid. Calculation performed at a high frequency, 
where the conducting (red) and insulating (blue) phase are described by εc=10 
and εi =2.5, respectively. 

At low frequencies, where the conductivities dominate the performance and the contrast in 
material properties is considerable, the situation is completely different. There will be a 
drastic field enhancement in an extreme vicinity of the edge contact. The localized, rapid 
variation of the electric field is a major obstruction in any discrete modeling approach, such 
as a FEM representation or an impedance network. It is, in reality, impossible to achieve 
the required local resolution and at the same time consider the whole composite system 
[14]. In the developed network model this dilemma is avoided by the introduction of an 
equivalent circuit element, which describes the overall behavior of a sharp edge contact. 
 
An effective complex conductivity, eσ~ , can be associated with the indirect conduction 

around an edge contact between conducting particles. It is given by the geometrical mean 
of the complex conductivities of the constituents [31, 32, 68, 69], 
 

ice σσσ ~~~ = .              (31) 
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This effectively results in the emergence of a ‘third phase’, which gives an asymptotic 
description of the current transport through the insulating polymer, around the edge contact. 
It is shown in Paper IV that eσ~  gives a ‘universal’ description of the indirect edge contact. 

The equivalent square root representation of Equation (35) can be used at any frequency 
and thus at any degree of localized field enhancement effects. 
 
Berlyand and Golden [32] introduce the concept of a ‘choke point’ for the limiting edge 
contacts. Only the edge connections that are possible choke points are regarded in the 
network model. In a two-dimensional cut through the contact, the adjacent sites should be 
insulating as shown in Figure 37. The four impedances normally related to the adjoining 
face connections are then assigned edge equivalent values, Ze. Ze corresponds to the inverse 
of eσ~ , inclusive of geometrical considerations. Edge connections from cuts in all three 

directions must be coupled in parallel. If the contact area is not negligible, the restricted 
current transport through the contact perimeter is incorporated by the specified edge 
impedance, Za. Since SiC is an extremely hard material, the edge contact area has been 
assumed to be insignificant in the studies of this work.  
 

Ze

 

Figure 37. Two-dimensional cut showing a choke point, where the current must be 
 transported via an edge contact between conducting (gray) particles. The edge 
 connection is modeled by four equivalent impedances Ze and an impedance Za, 
 to characterize conduction around and through the contact area, respectively. 

The conducting and the insulating phase are usually randomly distributed in the lattice. The 
conducting particles will then often form large agglomerates as seen in Figure 38a) and 
Figure 39a). Complete randomness and large agglomerates can, however, not be allowed in 
real composite materials. The matrix must show good wettability to the filler and the 
compound is always mixed until the grains are well dispersed in the polymer. A strategy to 
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generate a more uniform dispersion of the conducting particles, still keeping a certain 
randomness, has therefore been developed. A more well-dispersed, in contrast to random, 
arrangement is in this way obtained. The method is described in Paper IV. The effect on the 
material distribution is easier to demonstrate in two dimensions, Figure 38b), but the 
scheme is utilized for simulations in three dimensions, Figure 39b). Very small three-
dimensional systems are displayed for clarity.  
 
As a result of the fixed lattice, the insulating phase also appears in the shape of unit cubes. 
The polymer matrix is, in reality, continuous and forms irregular insulating layers between 
the filler grains. In order to attain a somewhat more continuous representation of the 
polymer, ‘cluster-particles’ are employed. They are formed from a certain number of 
smaller particles by utilizing a finer sub-lattice. Material distributions with well-dispersed 
3x3 and 2x2x2 cluster-particles are shown in Figure 38c) and Figure 39c), respectively. 
 

a) b)

c)

 
Figure 38. Typical material distributions in two-dimensional, square lattices.  

a) Randomly distributed particles, b) well-dispersed particles and c) well-
dispersed 3x3 cluster-particles at 50 vol% filler concentration. 
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b)a)

c)

 
Figure 39. Typical material distributions in three-dimensional, cubical lattices. 

 a) Randomly distributed particles, b) well-dispersed particles and c) well-
dispersed 2x2x2 cluster-particles at 10 vol% filler concentration. Very small 
systems are shown for clarity. 

8.2.2 Model characteristics 
 
In Paper III, it is shown that two percolation thresholds appear when the conductivity of 
EPDM mixed with angular SiC grains is measured as a function of filler concentration. In 
composites with rounded SiC grains, only one threshold is seen. It is concluded that the two 
critical concentrations are related to different types of contacts between the angular SiC 
particles and that edge and face connections, respectively, can characterize these contacts 
[31, 32]. The experimental results are consistent with the double-percolation behavior 
demonstrated theoretically by Sheng and Kohn [31]. The conductivity level of the central 
plateau is, further, in agreement with the theoretical limit established by Berlyand and 
Golden [32]. 
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The conductivity calculated by use of the impedance network model also displays two 
percolation thresholds. Typical results from both two- and three-dimensional simulations 
with randomly distributed particles are presented in Figure 40. The experimental data are 
shown as a reference. The calculated critical concentrations related to percolation via edges 
and faces are in agreement with theory. The theoretical threshold values are 14 and  
31 vol%, respectively, in three dimensions [70]. The corresponding values are 41 and  
59 vol%, respectively, in two dimensions [70]. The two-dimensional simulations give 
unrealistic critical concentrations and deviate considerably from the experimental data, 
which confirms the necessity of a three-dimensional model. 
 
The general characteristics of the measured results, including the slope of the central 
region, are reproduced in the three-dimensional network simulations. The experimental 
percolation curve is, however, shifted about 10 vol% towards higher concentrations. It is 
shown in Paper III that the use of well-dispersed material distributions, as outlined above, 
shifts the calculated percolation thresholds towards higher concentrations as observed in 
the experiments. 
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Figure 40. Calculated and measured conductivity as a function of filler concentration. 
 Two- and three-dimensional network simulations with randomly distributed 
 particles are compared to measurements on EPDM filled with angular SiC
 grains. Measurements at 0.3x106 V/m.  

Modeling the frequency dependent electrical properties of binary material mixtures often 
leads to a ‘Debye-like’ response of the complex permittivity [47]. By Debye-like is meant a 
response governed by a loss peak and a possible contribution from dc conduction at low 
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frequencies, as illustrated in Figure 41. Real composite materials do, however, commonly 
display a power-law ‘universal’ relaxation [46]. Experimentally attained examples of this 
type of behavior are presented in Papers IV, VI and VIII. A representative result obtained 
from a low voltage (10 V) measurement on EPDM filled with 50 vol% angular SiC grains 
is given in Figure 42. An increasing influence from dc conduction is seen at the lowest 
frequencies, aside from that, a universal relaxation can be recognized. 
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Figure 41. Frequency dependence of change in permittivity, ∆ε’, and loss, ε”, for a 
 fictitious Debye-like response, including a contribution from dc conduction. 
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Figure 42. Measured change in permittivity, ∆ε’, and loss, ε”, as a function of frequency. 
 Low voltage, 10 V, data for EPDM filled with 50 vol% angular SiC grains. 
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It is demonstrated in Papers IV and VIII that the developed three-dimensional impedance 
network model can be used to describe the essential features of the frequency dependent 
electrical properties of real composite materials. Typical results from three-dimensional 
simulations with randomly distributed particles are presented in Figure 43. The loss 
calculated at 25 and 50 vol% filler concentration is compared to the loss measured at 50 
vol% particle loading, as shown in Figure 42.  
 
The principal experimental characteristics are reproduced in the simulated results. The 
calculations at 50 and 25 vol% display a dc behavior linked to the face contacts and a 
universal relaxation related to the edge contacts, respectively. No loss peaks appear. The 
power-law dependence is approximately the same as that seen in the measurement. The 
simulations do, however, give a too strong influence from dc conduction at 50 vol% and 
from universal relaxation at 25 vol%. A matching concentration should be possible to find 
in the range between 25 and 50 vol%. It is suggested that the shift in filler concentration 
seen between the simulated and experimental results is correlated to the shift between the 
corresponding percolation curves seen in Figure 40. The influence of the distribution of the 
filler grains on the dielectric relaxation is investigated in Paper IV. It is shown that well-
dispersed material distributions, according to the developed strategies, give better 
agreement between calculated and measured results.  
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Figure 43. Calculated and measured loss, ε”, as a function of frequency. Three-
 dimensional network simulations with randomly distributed particles at 25 and 
 50 vol% filler concentration are compared to the measurement on EPDM filled 
 with 50 vol% SiC grains as given in Figure 42. 
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8.3 Non-linear representation 
Non-linear electrical properties are usually requested in field grading materials, as 
discussed in Chapter 2. Several essential characteristics can be analyzed and described by 
the linear impedance network model. It is, however, ultimately of interest to study the non-
linear behavior of the composite materials. The network model was therefore amended so 
that non-linear time-dependent simulations could be performed. The modified network is 
presented in Paper V, where it is also used to investigate the field dependent properties 
measured for EPDM filled with SiC grains. The problem must be solved in time domain in 
the non-linear case, since the signals become distorted and deviate from a sinusoidal shape. 
The mathematical approach taken to implement the model is discussed in Chapter 9. 
 
The equivalent circuit shown in Figure 28 was used as a basis for the representation of the 
SiC grains. The non-linear capacitance of the barrier region was neglected due to the higher 
permittivity of the surrounding dielectric, being the polymer and not air as in the powder 
case. The effective contact area is also presumed to be smaller in the composite. The 
conducting particles were therefore assigned the non-linear conductivity and the field-
independent high frequency permittivity measured for the unconsolidated SiC powder. The 
polymer matrix was given the constant conductivity and permittivity found in low field 
measurements on EPDM. The numerical implementation can, however, handle non-linear 
properties of the insulating phase. The primary concern of the performed studies was the 
low frequency properties, which are dominated by the resistive currents. Any frequency or 
field dependent properties of the capacitive components were then irrelevant.  
 
The current transport in a composite material is filamentary. There are favorable 
conduction paths and obstructing choke points. The current and field concentrations can 
give rise to local heating effects [71] that can be a concern for the electrical performance of 
the composite [72]. The results from typical calculations on a square lattice with 70 vol% 
randomly distributed particles are used to illustrate the significance of the filamentary 
behavior. In two dimensions, 70 vol% is located above the second percolation threshold 
and the current transport is controlled by the face contacts. The simulations were performed 
at low frequencies, where the conductivities are dominant. The outcome from the non-
linear time-dependent simulations is displayed in Figure 44.  
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b)a)

c)

 
Figure 44. Typical results from a two-dimensional network simulation with a non-linear 

conductivity of the filler grains. Low frequency calculation with 70 vol% 
randomly distributed particles. Concentrations in connection a) currents,  
b) voltage drops and c) losses. Line thickness indicates relative increase above 
the average. 

There are a few strongly preferred conduction paths, where the maximum connection 
current becomes 10 times larger than the average. Concentrations in the voltage drops 
occur where there are edge contacts or thin insulating layers and the maximum is 5 times 
the average. The highest losses are clearly correlated with the favored conduction paths and 
thus with the maximum currents. The hotspot gives 10 times the average loss. The 
maximum values only give rough indications of possible local concentrations. There will 
be variations between different systems and three-dimensional lattices give more 
significant enhancement effects. The behavior should be still more pronounced in a real 
composite material, where the effective contact areas may be very small. The particle 
loading will further influence. At lower filler contents, the edge contacts dominate the 
performance and stress concentrations will occur at the choke points. Depending on the 
applied voltage, the highest losses can then be linked to the field enhanced regions. 
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Linear simulations were conducted on the same system. The conductivity of the filler 
particles was then fixed at its low field value. The results can be seen in Figure 45. A larger 
number of conduction paths are now involved and the filamentary character is less striking. 
The elevated voltage drops are more distributed and significant stress concentrations can be 
seen in the conducting particles as well. The important losses are correlated to the 
conduction paths and the hotspots are as severe as in the non-linear case.  
 

b)a)

c)

 
Figure 45. Simulations on the same system as in Figure 44, but now with a linear 

conductivity of the filler grains. Concentrations in connection a) currents,  
b) voltage drops and c) losses. Line thickness indicates relative increase above 
the average. 

In Paper V, the results from three-dimensional non-linear network simulations at low 
frequencies are compared to the field dependent conductivities measured for EPDM filled 
with angular SiC grains. A typical result from a calculation with 50 vol% randomly 
distributed particles is shown in Figure 46. The simulation is compared to a measurement 
on a composite with 50 vol% filler concentration. The non-linear characteristic of the 
unconsolidated SiC powder is given as a reference. It is established that the agreement 
between calculation and experiment is good, considering the complexity of the composite 
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material and of the non-linear time-dependent simulations. Fewer complete conduction 
paths can explain the conductivity level being more than a decade lower in the composite 
than in the powder. At the highest stresses, the measured as well as the calculated non-
linearity of the composite is weaker than that seen for the powder. Tortuosity effects, 
giving longer conduction paths, may then play a role. The experimental data do even show 
a tendency to level out. It is suggested that this behavior is related to local heating and a 
thermal expansion of the polymer matrix.  
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Figure 46. Calculated and measured conductivity as a function of applied electric field. 
Three-dimensional non-linear network simulation with 50 vol% randomly 
distributed particles compared to measurement on EPDM filled with 50 vol% 
angular SiC grains. Measured characteristic of the unconsolidated SiC powder 
given in reference. 

The characteristic at lower filler concentrations is as well addressed in Paper V. The 
situation is, however, complex. It is shown that indirect edge contacts involving the 
polymer dictate the current transport also in the non-linear regime at high electric fields. 
Critical stress concentrations will occur at the choke points and the field enhancement 
locally around an edge contact allows for high field effects and non-linear conduction 
mechanisms in the conducting grains as well as in the polymer [73, 74, 75]. Space charge 
limited like conduction [76, 77] or tunneling injection of the Fowler-Nordheim type [78, 
79] may e.g. be involved in the insulating matrix. The universal square root description in 
Equation (31), which was used in the linear case, is no longer applicable. An equivalent 
circuit element with a case and field dependent resulting expression is needed to represent 
the non-linear conduction at an edge contact. 
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9 Numerical methods 
This chapter deals with the mathematical approaches taken to implement the network 
model described in the previous chapter. The numerical methods used to solve the obtained 
equations are also discussed. Scaling effects need to be considered due to the finite size of 
the studied system. 
 

9.1 Model implementation 

The electrical network model has been implemented in a MATLAB [80] program. The 
basic grid consists of nodes placed at the center of each square or cube of the two- or three-
dimensional lattice. The nodes are interconnected by circuit elements between nearest and 
next-nearest neighbors, as illustrated in Figure 35. An addressing scheme was developed to 
manage the interrelations between the nodes and the circuit connections. This rendered 
ordering of the elements arbitrary and an expansion of the system from two to three 
dimensions could quite easily be made. The three-dimensional scheme is still more 
complicated, since there are eighteen possible directions for current transport to be 
considered at each node. In two dimensions there are only four. Finite systems with L 
nodes in each dimension are regarded. Periodic boundary conditions are employed in the 
horizontal directions. A sinusoidal voltage of amplitude Ua and angular frequency ωa is 
applied to the top ‘electrode’ of the lattice, while the bottom one is grounded. 
 

9.1.1 Linear representation 
 
When the material properties and thus the circuit elements are linear, a fixed complex 
potential Ua can be used to represent the applied ac voltage. The angular frequency ωa is 
common to all node potentials and connection currents and a stationary description in 
frequency domain is possible by use of the jω-method. A system of linear, complex 
equations was obtained by making use of Kirchhoff’s and Ohm’s laws. A general equation 
structure with a compact matrix notation applicable to e.g. electrical networks was 
employed [81]. The node potentials, x, can be found from 
 

YbAYAxA TT = ,              (32) 
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where A describes the node-connection interrelations, Y are the complex connection 
admittances and b are the boundary conditions. The matrix representation is suitable for 
MATLAB and the equation is solved numerically by a direct method based on Gaussian 
elimination. Once the node potentials are obtained, the voltage drops, e, and currents, y, 
correlated to the connections are calculated from 
 

Yey
Axbe

=
−=

.              (33) 

 
The losses in the connections can then easily be computed as well. The effective electrical 
properties of the material mixture are calculated by relating the applied voltage and the 
lattice dimensions to the total current, found by summing all the connection currents 
entering the bottom electrode.  
 
The matrices of Equation (32) and (33) become very large, especially with three-
dimensional networks. The full matrices would have on the order of 109 elements in a 
24x24x24 system. Utilizing the compressed sparse matrix representation in MATLAB is 
therefore crucial for the numerical management of these networks. The simulations are still 
very memory and time consuming. The size of the three-dimensional lattices must therefore 
be constrained. The influence of the finite system size on the calculated electrical properties 
is investigated in Paper IV. The scaling effects are also discussed in the next section.  
 

9.1.2 Non-linear representation 
 
When field dependent material properties give rise to non-linear circuit elements, the 
mathematical treatment becomes more complicated. The angular frequency ωa is only 
related to the applied voltage. The node potentials and connection currents will have 
different non-linear characteristics involving a variety of frequencies. The field dependent 
problem must consequently be solved explicitly in time domain. The handling of frequency 
dependent circuit elements would be ambiguous. A basic circuit element, an RC-link, 
consisting of a pure dc resistance in parallel with a frequency-independent, loss-free 
capacitance was hence used. A series or parallel coupling of additional resistances and 
capacitances could be exploited, if frequency dependent effects need to be considered. The 
initial concern was, however, the low frequency properties dominated by the resistive 
currents, rendering any frequency or field dependent properties of the capacitive 
component unimportant. Each network connection was, therefore, described by a single 
RC-link involving a non-linear resistance and a field independent capacitance.  
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With the same approach as in the linear case, a system of first-order non-linear ordinary 
differential equations was attained. The node potentials can now be found from 
 

( ) ( )
dt
dbCAbxGAAxxGA

dt
dxCAA TTTT ++−=  ,            (34) 

 
where C and G are the connection capacitances and conductances, respectively. The time-
dependent problem is solved numerically by utilizing one of MATLAB’s internal solvers, 
‘ode15s’, suitable for stiff ordinary differential equations. This is a multistep solver based 
on the numerical differentiation formulas [80]. The voltage drops and currents associated 
with the connections can be determined by the time-dependent expressions 
 

( )exG
dt
deCy

Axbe

 +=

−=
.              (35) 

 
The time derivative of the voltage drops is calculated by first applying a spline fit to the 
discrete data points and then taking the derivative of the obtained curve. The losses are 
obtained by numerical integration. The effective properties of the composite are calculated 
according to the method described in Section 5.2, by making use of the discrete Fourier 
transform. Convergence is reached in systems with a contrast in properties between the 
conducting and insulating phase of seven decades and where the conductivities have very 
strong exponential field dependencies. The simulations do, however, become extremely 
time-consuming and the analyzed system sizes must be restricted. 
 

9.2 Scaling effects 
The three-dimensional network simulations have been performed on finite LxLxL systems. 
The system size must be constrained due to limitations in computer capacity regarding 
memory and time requirements. The difference in material properties between the 
conducting particles and the insulating matrix is most prominent under dc conditions, 
where the ratio between the conductivities, σc/σi, is seven or eight decades. The contrast is 
therefore substantial, but still finite. The theory on percolating composite materials does, 
however, normally consider the limiting conditions of an infinite system size and an infinite 
conductivity ratio [28]. 
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The combination of a finite system size and a random character of the material distribution 
will cause an error in the calculated electrical properties of the mixture. It is hence 
important to make sure that a studied lattice can give a representative description of the 
actual composite material. In a finite system, there is a certain probability of obtaining a 
conducting path below the percolation threshold associated with the infinite configuration. 
The influence on the results can be significant, especially close to a critical concentration. 
In this work, however, the objective is to describe the general characteristics of the 
electrical properties outside the percolation regions. Boundary conditions must further be 
specified on all sides of a finite lattice. This will affect the node potentials. The resulting 
error in the calculated effective properties of the mixture will depend on several other 
parameters, as will be demonstrated below. 
 
The dependence of the calculated effective conductivity on the size of the three-
dimensional network is discussed in Paper IV. It is shown that the impact of the lattice size 
is connected to the conductivity ratio σc/σi, the filler concentration p and the distance to a 
percolation threshold p-pc. Simulations were performed at a low frequency, where the 
conductivities are dominant, and with the conducting particles randomly distributed. The 
results from 50 repeated calculations at each system size are displayed in Figure 47.  
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Figure 47. Calculated effective conductivity as a function of the size, L, of a three-
dimensional network with randomly distributed particles. Fifty repeated 
calculations at each size with p=22.5 vol% and σc/σi=102 (blue); p=22.5 vol% 
and σc/σi=108 (red); p=7 vol% and σc/σi=108 (green). 

 



 73 

The material mixture has two percolation thresholds, related to edge and face contacts, 
located at 14 and 31 vol%, respectively [70]. At a filler concentration of 22.5 vol% and a 
modest conductivity ratio of 102, the system size has only a small influence. With a low 
particle loading of 7 vol% and a considerable conductivity contrast of 108, the scattering in 
the results is also unimportant. The behavior should be similar at high filler concentrations. 
With p=22.5 vol% and σc/σi=108, however, the spread in the results shows a clear 
dependence on the lattice size L. For the smallest systems, there are extreme points located 
several orders of magnitude above and below the central ‘typical’ values. These extreme 
points appear when there is a change in the ruling type of conduction path. The extreme 
configurations become less probable and less influential with increasing L. The scattering 
decreases and there is a tendency towards the typical values. Extreme points should appear 
also for the larger systems, if a greater number of repeated calculations were conducted. 
The spread within the central values only displays a slight dependence on the lattice size. 
The error in the calculated conductivity linked to the extreme points is related to an 
uncertainty in the percolation threshold. This uncertainty can by finite size scaling be 

estimated to ν/1−∝∆ Lp , where ν=0.88 in three dimensions [28]. Any influence from the 

imposed boundary conditions has then been neglected. 
 
The dependence of the calculated effective conductivity on the number of repeated 
calculations, or samples, N, is also considered in Paper IV. It is demonstrated that after 
some initial simulations, there is no reduction in the scattering with an increased number of 
repeated calculations. The result obtained for each of 250 simulations on the previous 
system with p=22.5 vol% and σc/σi=108 can be seen in Figure 48. The system size was held 
at L=8. A standard deviation computed on a logarithmic scale was used to measure the 
spread in the results.  
 
For random sampling, a decrease in the resulting error is expected with an increased 
number of samples. No such reduction can, however, be seen in Figure 48. After a few first 
calculations, the same data pattern more or less reappears. It is suggested that the behavior 
is distinctive for percolating systems, where the configurations formed by groups of 
particles and the sizes of these clusters are fundamental. The properties of the separate 
particles are, however, not a concern. The characteristics of a large system can therefore 
never be found from an average over a great number of calculations performed on a small 
system. A ‘fractal’ averaging of the type described by Riedel and Dyre [61] may though be 
used to obtain an apparent expansion of an undersized lattice. 
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Figure 48. Conductivity obtained from 250 repeated calculations on a three-dimensional 
network with randomly distributed particles; p=22.5 vol% and σc/σi=108. 
Solid lines give upper and lower bounds corresponding to one logarithmic 
standard deviation. 

The system size should consequently be chosen large enough for extreme configurations to 
be highly unlikely and of little influence, so that the typical properties can be analyzed. For 
the linear simulations, L=18 was considered to be satisfactory. It should be noted that the 
required side length, L, is much smaller in three dimensions than in two dimensions. Only a 
few repeated calculations are needed to reproduce the regular scattering pattern and 10 
samples were normally used. With non-linear networks, the size had to be restrained to 
L=6. A system being representative of the typical performance was then chosen. 
 



 75 

10 Summary of papers 

Paper I E. Mårtensson, U. Gäfvert and U. Lindefelt: “Direct current conduction in 
SiC powders”, J. Appl. Phys. 90, 2862 (2001) 

The dc characteristics of SiC powders have been studied by current-voltage measurements 
and the influences of grain size and doping have been investigated. The effects of pressure 
and moisture have also been analyzed. The good agreement between theory and 
experiments confirms that the SiC-grain contacts can be modeled by Schottky-like barriers. 
The SiC is heavily doped and it is demonstrated that tunneling by field emission is the 
dominating conduction mechanism. Pre-avalanche multiplication influences the current at 
the highest voltages, especially for the p-type black SiC. Mechanical compression is used 
to roughly explain the dependence of the current on the applied pressure. 

Paper II E. Mårtensson, U. Gäfvert and C. Önneby: “Alternate current 
characteristics of SiC powders”, J. Appl. Phys. 90, 2870 (2001) 

The ac characteristics of SiC powders have been analyzed by dielectric response, 
capacitance-voltage and ac pulse measurements. The frequency, electric field and pressure 
dependencies have been analyzed. The results show that depending on the doping of the 
SiC-grains, either the non-linear capacitance of the barrier region or the linear capacitance 
of the surrounding matrix is dominant. Each contact zone can be modeled by a non-linear 
resistance in parallel with both a non-linear and a linear capacitance.  

Paper III B. Nettelblad, E. Mårtensson, C. Önneby, U. Gäfvert and A. Gustafsson: 
“Two percolation thresholds due to geometrical effects: experimental and 
simulated results”, J. Phys. D: Appl. Phys. 36, 399 (2003) 

The existence of more than one percolation threshold has been studied and the conductivity 
of EPDM rubber filled with SiC grains was measured as a function of filler concentration. 
It is shown that the composites containing angular SiC grains display two percolation 
thresholds. With rounded SiC grains only one threshold is obtained. Different types of 
contacts between the angular particles can explain the behavior and the contacts can be 
represented by edge and face connections. Three-dimensional network simulations, with 
edge and face contacts incorporated, reproduce the general double-percolation 
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characteristic. With a more well-dispersed, and not only random, particle distribution the 
thresholds are shifted towards higher concentrations as observed in the experiments. 

Paper IV E. Mårtensson and U. Gäfvert: “Three-dimensional impedance networks 
for modelling frequency dependent electrical properties of composite 
materials”, J. Phys. D: Appl. Phys. 36, 1864 (2003) 

A developed three-dimensional impedance network model for describing the frequency 
dependent electrical properties of composite materials is presented. It is shown that the 
character of the contacts between the particles has a critical effect and two different types, 
represented by edge and face connections, are taken into account. An equivalent circuit 
element reproducing the overall behavior of the edge contact is introduced. Resolving the 
rapidly diverging field at the contact can then be avoided and simulations with considerable 
contrasts in material properties are possible to perform. Several methods to create a more 
even than random distribution of the conducting particles are utilized. It is shown that the 
network simulations reproduce the essential features of the frequency dependent 
experimental results.  

Paper V E. Mårtensson and U. Gäfvert: “A three-dimensional network model 
describing a non-linear composite material”, submitted to J. Phys. D:  
Appl. Phys. (2003) 

An amended three-dimensional network model for performing non-linear time-dependent 
simulations is demonstrated. The model can manage a considerable contrast in properties 
between the constituents and very strong field dependencies. The calculations are compared 
to measurements on EPDM filled with SiC grains. The non-linear conductivity measured 
for the unconsolidated SiC powder is used as input, by being assigned to the conducting 
phase of the simulations. The network calculations replicate the experimental characteristic 
at high filler concentrations. At lower concentrations, it is shown that the polymer is 
involved in the current transport also in the non-linear high field range. 

Paper VI E. Mårtensson, B. Nettelblad, U. Gäfvert and L. Palmqvist: “Electrical 
properties of field grading materials with silicon carbide and carbon 
black”, Proceedings of the International Conference on Conduction and 
Breakdown in Solid Dielectrics, (Västerås, Sweden, 1998) 

EPDM filled with both SiC and carbon black grains has been studied. The electrical 
properties have been characterized and analyzed both at low voltage in frequency domain 
and at high voltage in time domain. Space charge measurements have also been performed. 
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It is shown that the different dielectric processes that occur in the composite can be related 
to the polymer and to the filler grains, respectively. 

Paper VII C. Önneby, E. Mårtensson, U. Gäfvert, A. Gustafsson and L. Palmqvist: 
“Electrical properties of field grading materials influenced by the silicon 
carbide grain size”, Proceedings of the International Conference on Solid 
Dielectrics, (Eindhoven, The Netherlands, 2001) 

The electrical properties of EPDM filled with SiC grains have been measured as a function 
of the size of the filler particles. The median particle diameter was varied between 0.7 and 
23 µm. It is shown that the onset field for non-linearity increases with decreasing grain 
size. The contact behavior is seen to be the same in the investigated size-range.  

Paper VIII E. Mårtensson, U. Gäfvert and B. Nettelblad: “Physical modeling of 
composite materials utilizing 2D and 3D impedance networks”, 
Proceedings of the Conference on Electrical Insulation and Dielectric 
Phenomena, (Cancun, Mexico, 2002) 

Impedance network simulations in two and three dimensions have been compared. It is 
shown that characteristic effects are qualitatively displayed in two dimensions. Calculations 
in three dimensions are necessary for comparisons with experimental data. The three-
dimensional simulations copy the essential characteristics of the measured results. 
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11 Conclusions and future work 
The investigations of green and black SiC powders, with different doping, have confirmed 
that the SiC-grain contacts can be modeled by Schottky-like barriers. The conduction 
current is determined by the transport mechanisms at the contacts. The SiC is heavily 
doped and tunneling by field emission is the dominating conduction mechanism over the 
major part of the voltage range. Pre-avalanche multiplication influences the current at the 
highest voltages, especially for the black SiC.  
 
The frequency dependent properties of the SiC powders also involve the surrounding 
dielectric. Depending on the doping of the SiC-grains, the capacitance will be controlled by 
either the non-linear capacitance of the contact barrier region or the linear capacitance of 
the surrounding dielectric.  
 
The developed three-dimensional electrical network model can be used to describe the 
general characteristics of the non-linear frequency-dependent electrical properties of actual 
composite field grading materials. The different types of considered contacts between the 
angular filler grains, represented by edge and face connections, have a fundamental 
influence on the electrical characteristics. The edge contacts are indirect and involve the 
polymer, while the face contacts are direct and do not include the matrix.  
 
In the linear case, an equivalent circuit element giving an asymptotic description of an edge 
contact is introduced. This renders simulations with considerable differences in material 
properties possible. Taking the edge connections into account gives rise to a second 
percolation threshold in the variation of the conductivity with filler concentration. It also 
induces a universal relaxation in the frequency dependence of the complex permittivity. 
Comparisons between calculations and measurements on EPDM filled with SiC grains, 
show that the network simulations reproduce the essential features of the experimental 
results. 
 
The large agglomerates that appear in random distributions of the conducting particles are 
not representative of the well-dispersed real composite materials. The developed methods 
to generate a more even than random dispersion gives better agreement between calculated 
and measured results.  
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With the non-linear conductivity of the conducting particles set to that measured for the 
unconsolidated SiC powder, good agreement between simulations and experiments is 
obtained at high particle concentrations. At lower concentrations, it is shown that the 
polymer is involved in the conduction process also in the non-linear high field range. The 
equivalent circuit element used to describe an edge connection in the linear case is no 
longer applicable. An equivalent element with a case-dependent expression is needed to 
represent the complicated non-linear conduction at an edge contact. 
 
There are many interesting issues that can be explored in future activities. The influence of 
high field effects in the polymer on the resulting electrical characteristics needs to be 
investigated in detail. Knowing the correct properties of a single SiC-SiC contact and not 
only the average over the whole SiC powder would improve the modeling at high 
frequencies. Other fillers than SiC would be interesting to analyze by use of the network 
model. The model further gives the possibility to study the influence of elongated particles, 
anisotropy, agglomeration etc. 
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