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Abstract

Recently developed capacitive sensor geometries provide
new capabilities for characterization and manufacturing
quality control of low conductivity dielectric materials.
Novel geometries incorporating multiple sensing elements
within a single footprint permit profiling of the properties
with depth (such as dielectric constant, conductivity, loss
tangent, complex permittivity and layer thicknesses) from
one side of the material. These sensors permit absolute
property measurements with  minimal calibration
requirements and noncontact measurements where the air-
gap thickness is also being measured. This paper reviews
the sensing technology and its use in cure monitoring of
epoxies and adhesives in thick and thin film applications.

Introduction

Electric field based capacitive sensors are often used to
characterize weakly conducting or insulating dielectric
materials. These sensors generally have the test material
placed between parallel plate electrodes so that the test
material is exposed to a uniform electric field and the
conversion of the measured terminal response into actual
material properties is straightforward. However, it is not
always practical to place electrodes on both sides of the test
material, dielectric property variations cannot always be
distinguished from geometric effects like material thickness,
and the uniform electric field prevents profiling of the
material properties at a single measurement frequency. In
contrast, fringing field sensors can overcome these
limitations through electrode structures that permit control
of the penetration depth of the electric field into the material
under test and one-sided measurements [1,2]. These
sensors provide measurements of the complex dielectric
permittivity (or dielectric permittivity and electrical
conductivity) which are typically then correlated to other
properties of interest, such as the cure state, moisture
content, temperature, concentration of impurities and
additives, coating thickness, density, thermal conductivity,
aging condition, etc [1, 3-5]. The analysis of spatial and
temporal variations of these dielectric and material
properties lends valuable insights into physical phenomena
which take place in materials and equipment, provides
instrumentation for system monitoring and diagnostics, and

can be used for optimization of design and performance
characteristics. This paper provides a review of single-
sided electrode structures for cure monitoring of thin and
thick films.

Interdigitated Electrode Dielectrometers

The basic structure for quantitative single sided
dielectrometry measurements is the interdigitated electrode
dielectrometer (IDED®) sensor shown in Figure 1a [1].
A commercial IDED sensor and enclosure are shown in
Figure 1b. One set of electrode fingers are driven by a
sinusoidally time varying signal with known amplitude Vp
and radian frequency w while the second set of
interdigitated fingers are capacitively loaded and float to a
sensed voltage Vs or are virtually grounded with a terminal
current ls. The sensed signal amplitude and phase with
respect to the driven voltage depends on the complex
permittivity e of the adjacent lossy dielectric, defined by

e*=e- js/w, where e is the material dielectric

permittivity and s is the ohmic conductivity with j = O-1.
This sensor can be thought of as two parallel plate
electrodes laid flat to lie in a single plane to cause a fringing
electric field region that penetrates into the unknown
dielectric. The spatial periodicity of the electrodes is
determined by the wavelength | . For layered media or
materials having dielectric properties that vary with depth,
the measured transadmittance between the drive and sense
electrode, or the effective complex permittivity of the
material, is a thickness and depth weighted response of the
dielectric properties of the various regions. Typical
excitation frequencies range from 0.005 Hz for highly
insulating materials to 10 MHz for semiconducting
materials.

The depth of penetration of the electric field into the
material at a given frequency is proportional to the spatial
wavelength of the periodic electrodes. The periodic
variation of electric potential along the surface in the y
direction produces an exponentially decaying electric field
that penetrates into the medium in the z direction.
The electric potential of the electroquasistatic electric field
excited by the driven electrodes can be expressed as a
Fourier series, where the decay length for each mode n is
given by 2pn/l . The depth of sensitivity is considered to be
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approximately 1/3 of the fundamental spatial wavelength.
This implies that small wavelength sensors will primarily
respond to changes of material properties near the sensor-
material interface, while larger wavelength sensors respond
to changes farther from the sensor interface. Thus multiple
wavelength sensors can be used to measure spatial profiles
of dielectric properties [2, US Patent 4,814,690].

Several types of multiple wavelength sensors have been
developed. In one approach, multiple sets of interdigitated
spatially periodic electrodes are laid out on a common
substrate, as shown in Figure 2a, placed in proximity to the
test specimen. While this provides distinct wavelength
IDEDs, each IDED is sensitive to different regions of the
test material. As a result, if there are variations in the
thickness or dielectric properties of the test material, or if
there are air gap variations, due for example to uneven
pressure against the material or dust particles, it can be
difficult to combine the measurements for meaningful
property estimates. As a simple example, consider an
insulating, homogeneous dielectric material that is
“infinitely” thick. (A material is considered “thick” and
can be modeled as an infinite half-space when the thickness
is much larger than the sensor wavelength. When the
material is not considered “thick,” the model must account
for the thickness). Since the material is insulating, there is
no information in the phase of the terminal measurement
and the magnitude from each individual IDED provides a
measure of the permittivity and the local air gap or lift-off.
If the air gap is constant, then two IDEDs can be used to
determine uniquely the two unknown properties. However,
in general, the air gap thickness varies so that there are three
unknowns for the two IDEDs: the lift-off for each IDED
and the permittivity of the test material. Each additional
IDED provides one additional measurement magnitude and
an unknown lift-off so that there are always more unknowns
than measurement values [7].

In a second approach, multiple sensing elements are
integrated into a single sensing structure so that all of the
sensing elements interrogate the same region of the material
under test, as illustrated in Figure 2b [US patents pending].
A schematic for the electric field distribution is shown in
Figure 3, where multiple sensing electrodes are placed
within each interdigitated electrode period and respond to
different effective wavelength (short or long) modes of the
electric field. These sensors are well suited to single-sided
noncontact dielectric measurements of the test material.

Representative Results

The dielectric properties of the material under test are
obtained from measurements at the electrode terminals by
parameter estimation methods. A convenient method for
obtaining property values is to use grid measurement
methods, which use a database of sensor responses to map
the measured signals into the physical properties of interest.

[6, US Patent 5,629,621]. This database is generated, prior
to data acquisition, using a physical model of the sensor
response to various material properties and layer
thicknesses. Two-dimensional subsets of the database can
be visualized as a measurement grid that relates two
measured parameters, such as the magnitude and phase of
the transadmittance measured at the electrode terminals, or
the magnitudes of two IDED sensors with different
wavelengths to two unknown parameters of interest, such as
the permittivity and conductivity of a dielectric layer or
permittivity and lift-off. These grids are then used to
provide real time conversion of the measurement data into
properties of interest. This algorithm for quantitative
property determination is readily implemented in the data
acquisition instrumentation software.  The alternative,
conventional, technique for solving the inverse problem is
to use a method that iteratively applies a forward model that
computes the sensor response from the physical properties
of the material and the sensor geometry. This technique is
relatively slow and is not guaranteed to converge to a
physical solution.

Figure 4a shows an example measurement grid for
monitoring the cure state of a thick layer of epoxy placed
over an IDED sensor. To permit reuse of the sensor, the
epoxy is placed on top of a disposable polymer layer. The
thickness of the epoxy layer (D) is large compared to the
sensor wavelength so that the epoxy can be modeled as an
“infinitely” thick layer. As the epoxy cures, the magnitude
and phase of the sensor transadmittance change as
illustrated on the measurement grid. Interpolation of these
data points on the grid then provides the transient
measurements of the permittivity and conductivity for the
curing epoxy. The time and value of the peak in the
permittivity and conductivity are dependent upon the
chemistry of the epoxy and reflect the cure state of the
material. Figure 4b shows, for these chemistries, that the
nominal cure time is reflected in the time transient variation
in the conductivity, rather than the permittivity.

For the spatial profiling of layered media or for
measurements of insulating materials when there is no
phase information, the magnitude response from multiple
wavelength dielectrometers can be used. As an example,
consider the layered geometry of Figure 5a. This geometry
can represent noncontact measurements of a coating on a
substrate or contact measurements if the lift-off (proximity),
h, is zero. In either case, measurement grids can be
generated for any set of two unknown properties, assuming
that the other properties are known, as illustrated in
Figure 5b. For example, assuming that the thickness and
permittivity of the substrate are known and contact with the
material is allowed, then using two different wavelength
measurements allow the thickness and permittivity of the
coating layer to be determined. If contact with the material
is not allowed, then one of the unknowns to be determined
is the lift-off. Assuming that the coating thickness, the
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substrate permittivity, and substrate thickness are known
yields the noncontact grid shown in Figure 5c. For a given
coating application, the sensitivity of the measurement
depends upon the choice of the sensor wavelengths, the
material properties, and the layer thicknesses.

As another example, the noncontact measurement of the
permittivity of an insulating dielectric material of known
thickness is demonstrated in Figure 6. Here, the material is
insulating so there is no phase information in the
measurement and the magnitudes from two different
wavelength-sensing elements are used to create the
measurement grid. The grid illustrates the dependence of
the sensed magnitudes on the dielectric constant of a
material with a known thickness and the air gap between the
material under test and the sensor. Sets of data points for
two different materials, each 1.58-mm thick, are plotted on
the grid of Figure 6b. The first material is Lexan™, which
has a dielectric constant of approximately 3.2, while the
second material is a printed circuit board substrate material,
which has a dielectric constant of approximately 4.6. The
flat and rigid sample materials were suspended above the
face of the sensor to simulate noncontact measurements of
the materials with various liftoffs or air gaps. For each
material, the sample points approximately follow lines of
constant dielectric constant, which illustrates the use of
multiple wavelengths to provide noncontact measurements
of the material dielectric constant.

Figure 7 shows the results of a co-located two-wavelength
sensor measurement of the permittivity and lift-off as the
sample thickness is varied. The first data set corresponds to
a 25-micron (1 mil) thick Teflon™ sample. The remaining
measurements correspond Kapton™ samples where 25-
micron (1 mil) layers were sequentially added to the
sample. In this case, three-dimensional databases of
responses were used, with the thickness of the sample
assumed known. For both materials, reasonable values for
both the permittivity and lift-off are obtained.

As a final example, Figure 8 shows the results of dielectric
measurements of an adhesive film at several different states
of cure. The film was sandwiched between polycarbonate
support sheets and had a nominal thickness of 0.010 inches
(0.25 mm). The protective polycarbonate sheets allowed
the samples to be placed in contact with the IDED sensor.
Initial measurements, using "infinite" half-space grids, did
not show a correlation between the effective permittivity
and the relative cure state of the samples because of film
thickness variations of up to approximately 0.0005 inches
(0.012 mm). However, after creating measurement grids
that could account for the film thickness variations, the
correlation between the permittivity and cure state becomes
clear. These measurements demonstrate the value of being
able to measure the film permittivity and thickness
simultaneously.

Conclusions

This paper described the use of co-located multiple
wavelength capacitive electrode structures that control the
penetration depth of the electric field into dielectric
materials. These sensors provide a noncontact
measurement capability, suitable for coating
characterization, which can self-consistently account for
lift-off or air gap thickness variations. Measurements have
demonstrated the capability to correlate the effective
dielectric property measurements with the state of cure.
Ongoing work is aimed at increasing the number of
wavelengths to permit higher resolution spatial profiling of
the dielectric properties with depth, extending the
measurements to multiple frequencies for characterization
of dispersive media, and developing high resolution
imaging arrays for the detection of defects, flaws and
hidden objects.
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(b)
Figure 1. (a) Interdigitated electrode (IDED™) sensor in
contact with a test material of complex permittivity e*; and
(b) commercially available JENTEK sensor and enclosure
for capacitive sensing of dielectric samples.

(b)
Figure 2. (a) A three-wavelength sensor formed on a Teflon
substrate with wavelengths of 2.5 mm, 5 mm, and 1 mm.
(b) Photograph and corresponding schematic for a two-
wavelength co-located interdigitated electrode sensor.
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Figure 3. Multiple co-located dielectric sensors sense the
same region of the test material, ensuring that the longer
and shorter wavelengths have the same average lift-off or
air gap thickness.
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Figure 4. (a) Measurement grid with data for epoxy cure
measurements. (b) Effective property estimates normalized
by the peak value.
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Figure 5. (a) Layered geometry for dielectrometry
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