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Abstract

Estimation of physical properties of insulating
materials may effectively be done by using non-
destructive -k (frequency-wavelength) dielectrometry
technology. Essential to this technology are pairs of
interdigitated electrodes, which respond to the change
in resistive and capacitive properties of the surrounding
media. This paper presents both experimental and
theoretical data, which helps to investigate the ability
of the sensor to characterize multi-layered insulating
and semi-insulating materials. Issues of precision and
reliability of the measurements are discussed.

Introduction

Interdigital electrode structures are currently used in
microwave integrated circuits as capacitors, in surface
acoustic wave modulators as emitting electrodes [1], as
capacitive electrodes in various detectors, and for other
applications. The first works in using interdigital
electrodes for characterization of properties of multi-
layered materials had been conducted in the early
eighties {2]. Due to the small size of the sensors, the
thickness of each layer of studied materials was on the
order of microns. A promising technological step,
application of this technology to monitoring of moisture
dynamics in the transformer pressboard, requires
penetration depth of the sensor (and, consequently, its
spatial wavelength of interdigitation) to be on the order
of millimeters [3].

Although the idealized model of the interdigital
structure exists [2], various geometric factors introduce
distortions which become significant when relative
thickness of the electrodes, and the ratio of the finger
length to the meander length becomes small [4]. The
discrepancy between the idealized theoretical model
and the actual structure complicates development of

parameter estimation algorithms. The study presented
in this paper helps to validate the theoretical model and
to estimate the errors of the parameter estimation.

Description of the Sensor

The structure of the three-wavelength interdigital
sensor used in this investigation is shown in Figure 1.
The flexible sensor consists of three sets of electrodes
deposited on a common flexible polyimide substrate
(Kapton). The sensing electrodes are shielded by guard
electrodes driven by the buffer stage in the interface
circuit, and the guard electrodes are shielded by ground
electrodes [5].

The idealized model for which the closed form
expression for the electrodes’ electric field exists
requires the electrodes be an infinitely long and wide
array of infinitely thin microstrips placed on the surface
of the insulating substrate. The thickness of the
electrodes (35 pm in our case), the finite length and
finite number of the fingers, the capacitance of the
leads of the electrodes to the ground and to each other,
and the metallization ratio (described as ratio of the
area covered with copper to the total area of the sensor)
are the most important contributors to the discrepancies
between the theoretical model and the real
measurement data.

Theoretical Background

The sensor is connected to a microprocessor-controlled
voltage source through an electronic interface circuit.
Altogether with the interface, it creates a resistive-
capacitive divider, the output of which is recorded and
analyzed.

When the lumped parameter representation of the
sensor structure is used, the test response is equivalent
to voltage gain G and phase @ of a RC circuit. The
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voltage measured in the sensing electrodes Vs can be
expressed in terms of the driven voltage Vp as:

Vs
Vp

where Y, is the admittance between driven and
sensing  electrodes which reflects the dielectric
property of the test materials, Y), is the admittance
between the sensing electrode and the ground, and Y.
is the load admittance of the electronic interface.
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From the electroquasistatic field point of view, the
potential of the field excited by the driven electrodes is
a solution to Laplace’s equation. At any constant z
position, the field is periodic in the y direction and
uniform in the x direction. It can be written as an
infinite series of sinusoidal Fourier modes of
fundamental spatial wavelength A and decays away in
the z direction [5]):
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where hyp(k,z) stands for any hyperbolic function, the
trig(k,y) stands for any trigonometric function, and
k;, =2x=n/) is the wavenumber of each mode.
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Figure 1. The three-wavelength interdigital sensor.
Experimental Arrangement

The goal of the series of experiments presented in this
paper is to test the dependence of the sensor response
on the thickness of the material above the sensor.
Figure 2 depicts the cross-section of the experimental
sctup. Two materials with known properties form a

two-layer medium. When the thickness of the lower
material is reduced, the interlayer boundary moves
down, and the influence of the upper material
increases. The upper material is thick enough to be
considered infinitely thick.
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Figure 2. The cross-section of the interdigital sensor
with two fayers of materials above it.

Two commercially available insulating polymers,
monolithic pieces of Lexan (GE polycarbonate brand
name) and thin-filmed vinyl, had been used. The thin
film enables us to control the thickness of the test
sample by changing the number of sheets of vinyl. In
order to press the whole structure together and provide
a good contact between the materials, a heavy slab of
lead had been positioned on top of the test cell. In
general, highly conductive metal would strongly affect
the distribution of the electric field in the studied
region, unless it was sufficiently far from the strong
field region. It can be seen from (2) that the electric
field excited by the sensor dies away exponentially in
the vertical position with the penetration depth of
A2w. Let us denote the distance at which the electric
field potential reduces by one order of magnitude as an
effective penetration depth of our sensor. The total
thickness of Lexan was 17 mm, which is about 10 times
the effective penetration depth of the largest
wavelength.

The schematic view of the experimental setup in Figure
2 shows one and a half periods of the interdigitated
electrodes. The character D refers to the driven
electrode and S refers to the sensing electrode. A one
volt peak sinusoidal voltage was applied to the driven
electrode. The voltage magnitude and phase of the
sensing electrode was measured and recorded. As the
distance d, becomes smaller the influence of dielectric
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properties of the Lexan becomes stronger which is
illustrated in the following sections.

Results of Measurements

The dielectric permittivity of the materials had been
predetermined using a parallel-plate capacitor of
known geometrical dimensions with (3):

n-C
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where L and # are the length and width of the parallel-
plate capacitor, d is the distance between the plates, and
C is its capacitance, Equation (3) takes into account the
fringing fields of a parallel-plate capacitor and is
derived using a Schwarz-Christoffel transformation.
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The dielectric permittivity of the polycarbonate Lexan
sheet has been estimated to be equal to 2.6, and that of
vinyl film is equal to 3.8. The conductivity of Lexan is
on the order of 10”7 Sm/cm and in our frequency range
its effect is negligible. The conductivity of vinyl is on
the order of 10"! Sm/cm, and the vinyl appears to be a
dispersive material. Only qualitative discussion of
conductivity effects is given in this paper. Precise
measurements of all quantities with interdigital sensors
will be performed in the near future.

As discussed above, according to the idealized model,
the effective penetration depth of an interdigital sensor
must be about one-third of the sensor’s spatial
wavelength A. In our case, the metallization ratio is
close to 0.5 for 5 mm and 2.5 mm wavelengths, and it
.is about 0.36 for the 1 mm wavelength. The results of a
high frequency scan (1 kHz) are shown in Figure 3 for
all three wavelengths. A good correspondence with the
theory can be observed. The smallest structure does not
respond to the changes of the thickness because in
almost all cases it exceeds one-third of 1 mm. The
response of the 2.5 mm structure flattens off at about
0.7 mm, and for 5 mm at about 1.2 mm. It should be
noted, however, that since the distinction must be made
between levels of attenuation which differ only by 1 or
2 dB, the sensitivity to the error in such measurements
is relatively high. Of course, if the difference between
the values of the dielectric permittivity of the two
materials was larger, the effect of the movement of the
interlayer boundary would have been more observable.

As seen from Figure 3, given the geometrical
dimensions of this setup, the measurements with the 5
mm wavelength are the most descriptive in terms of
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sensitivity of the sensor to the position of the interlayer
boundary. The results of the frequency scans of setups
with varying thickness are shown in Figures 4 and 5.
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Figure 3. Experimental estimation of the effective
penetration depth of a three-wavelength sensor.

At high frequencies,. the gain is approximately equal to
the ratio of the capacitances in (1). Since the dielectric
permittivity of vinyl is higher than that of Lexan, the
equivalent capacitance  measured by the sensor
becomes smaller as the distance d, decreases. Thus, the
gain shifts towards the flat gain of the non-conductive
Lexan-insulated interdigital capacitor. As the frequency
is lowered, the slightly conductive vinyl makes the test
cell behave like a first order system with one pole and
one zero in the transfer function. It has a minimum in
the phase-frequency curve whose position is determined
by the location of the pole and zero (see Figure 5). It
should be noted that depending on the ratio of
interelectrode capacitances and conductances, and the
load capacitance, the phase minima may shift either to
the left or to the right, since the conductivity of Lexan
is lower, and the dielectric permittivity is lower than
that of vinyl.

In the curves shown in Figure 3, the small negative
phase-shift is not considered, primarily because it does
not affect the overall estimation of the effective
penetration depth. In the graphs shown in Figure 6, the
gain, measured at the frequency of 10 kHz (the right-
most data points in Figure 4, curve 1), is compared
with the gain calculated with a finite-element electric
and magnetic field calculation package Ansoft (curve
2). The irregularity of the shape of the experimental
curve 1 is mostly due to the A/D conversion limitations
at 10-kHz. The highest frequency of the sweep had
been used to reduce effects of the conductivity on the
output data.
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Figure 4. Response of the sensor’s gain to the
movement of the interlayer boundary, d..
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Figure 5. Response of the sensor’s phase to the
movement of the interlayer boundary, d..
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Figure 6. Comparison of measured (1) and theoretical
(2) response of an interdigital sensor (A=5 mm).

Conclusions

Monitoring of changing physical properties of the two-
layered structure had been performed using interdigital
frequency-wavelength dielectrometry technology. The
theoretical values of the penetration depth of the three-
wavelength interdigital sensor had been confirmed with
experimental data.

In general, both conductive and capacitive properties of
the media can be used for the characterization of the
materials with spatially varying properties. However,
additional work is needed for reliable solution of the
inverse problem of parameter estimation.
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