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Thin-Sample Measurements and Error Analysis of
High-Temperature Coaxial Dielectric Probes

Shane Bringhurst,Member, IEEE,Magdy F. Iskander,Fellow, IEEE,and Mikel J White

Abstract— A metallized-ceramic probe has been designed
for high-temperature broad-band dielectric properties
measurements. The probe has been used to make complex
dielectric properties measurements over the complete frequency
band from 500 MHz to 3 GHz, and up to temperatures as
high as 1000 �C. In this paper, we investigate new aspects
of the development and utilization of this high-temperature
dielectric probe. The first aspect is related to the results of an
uncertainty analysis which was performed to quantify the errors
due to the differential thermal expansion between the inner
and outer conductors of metal coaxial probes. In this case, a
two-dimensional (2-D) cylindrical finite-difference time-domain
(FDTD) code was developed and used for this analysis. The
obtained results were compared and shown to be in good
agreement with error-analysis data based on analytical solutions
for the special case when an air gap exists between the probe
and the material under test. Additional new error-analysis
results show that differential thermal expansions and rough
surfaces cause considerable errors in these measurements, and
the use of probes of small differential thermal expansions,
such as the developed metallized-ceramic probe, is essential
for obtaining accurate results. We also used FDTD numerical
simulations to help investigate the use of this probe for the
nondestructive complex-permittivity measurements of electrically
“thin” samples. It is shown that by backing the material under
test with a standard material of known dielectric constant,
such as air or metal, the complex permittivity of thin samples
can be accurately measured. The other new development is
related to the use of the developed metallized-ceramic probe
to measure the dielectric properties of thin samples at high
temperature and over a broad frequency band. With the
developed knowledge from the error analysis, and the new
FDTD code for thin-sample measurements, the metallized-
ceramic probe was used to measure dielectric properties of
thin Al 2O3 and sapphire samples for temperatures up to
1000�C. This measurement method has important applications
in the on-line characterization of semiconductor wafers. Results
from the high-temperature thin-sample measurements and the
uncertainty analysis are presented.

Index Terms—Complex permittivity, dielectric constant, dielec-
tric probe, error analysis, FDTD, thin-sample measurement.

I. INTRODUCTION

OPEN-ENDED coaxial probes have been used for dielec-
tric properties measurements for several years [1]–[5].
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The attractiveness of the open-ended coaxial-probe measure-
ment procedure has been in the relative ease of the measure-
ment procedure, the broad-band measurement capabilities, and
the possible on-line use of the probe. The open-ended probe
basically consists of a truncated section of a coaxial line,
with an optional extension of a ground plane. The probe is
connected to a vector network analyzer (HP8510) through a
coaxial cable. The sample under test is placed flush with the
probe and the value of the complex permittivity is then deter-
mined from the measurement of the input impedance of the
probe. Several formulas are available for relating the measured
input impedance to the complex permittivity of the material
under test. Even a commercial software package is available
from Hewlett-Packard for making these measurements [6].

However, none of the available metal probes can be used to
provide accurate results at temperatures as high as 1000C.
This is due to problems with the differential thermal expansion
of the inner and outer conductors in metal probes. Even the use
of metals with small thermal-expansion coefficients, such as
kovar, has resulted in limited success in providing reasonable
results for temperatures up to 600C. At higher temperatures,
the differential thermal expansion between the inner and
outer conductors of the kovar probe significantly increased
and, hence, affected the accuracy of the measurements [7].
The metallized-ceramic probe solved the differential thermal-
expansion problem and made it possible to perform high-
temperature dielectric properties measurements with an open-
ended coaxial probe [1].

The use of open-ended coaxial probes has also been recently
extended to the measurement of the dielectric properties of
thin samples [8], [9]. This has not been done in the past due
to the requirement of satisfying the infinite sample criteria in
the calculation procedure. In this paper, we will describe the
use of the metallized-ceramic probe together with the utiliza-
tion of the FDTD calculation procedure to extend dielectric-
measurement capabilities to thin samples. The thin-sample
dielectric-measurements calculation procedure, together with
gained understanding from the uncertainty analysis of the
high-temperature measurements, were then used to measure
dielectric properties of materials of significant interest to the
semiconductor industry. Results of thin-samples measurements
on alumina and sapphire in the frequency band from 0.5 to 3.0
GHz, and for temperatures up to 1000C will be presented.

A. FDTD Code Development

Since air gaps that exist in coaxial probe measurements
are generally on the order of a fraction of a millimeter, it
was necessary to create an FDTD code capable of modeling
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(a) (b)

Fig. 1. Computational domain and probe geometry for both a (a) 3-D and (b) 2-D model.

extremely small cell sizes, and at the same time fitting within
available computational resources. To numerically model an
air gap on the order of 0.1 mm, a typical three-dimensional (3-
D) FDTD model of 30 30 120 mm would be on the order
of 100 million cells. Such a large model is far beyond available
computational resources. For this purpose, a cylindrical two-
dimensional (2-D) FDTD code was developed which makes
use of the -symmetry in coaxial probes, and the symmetry
around the center line of the probe.

Fig. 1 shows the computational domain and the probe
geometry for both a 2-D and 3-D model. First-order absorbing
boundaries are placed around the probe to limit the com-
putational domain and increase the computational efficiency.
The use of simple first-order radiation boundaries is justified
due to the limited radiation from the open-ended probe. The
computational domain was made two to ten cells larger than
the sample dimensions to avoid possible computational errors.

The excitation plane is placed inside the coaxial probe
about three-fourths of a wavelength from the open end of
the probe. A forward moving (toward the measurement end)
TEM wave is launched at the excitation plane, and the field
distributions in both the sample and the coaxial probe are
calculated using a routine Yee cell procedure [10]. “History”
test points were located in the coaxial probe and in the sample
to ensure convergence of the solution. The input impedance
of the material under test was obtained by calculating the
potential difference between the coaxial conductors, and the
current on the center conductor, using (1) and (2) [1], [11]:

(1)

(2)

With the cylindrical 2-D FDTD code using a cell size of
0.1 mm, the resulting model was only 180 000 cells, which is
certainly manageable and computationally efficient.

B. Uncertainty Analysis of High-Temperature
Dielectric Properties Measurements

It is of considerable interest to quantify possible errors that
may result from the differential thermal expansion between

the inner and outer conductors in open-ended probes. This
differential thermal expansion in metal probes may be caused
by the outer conductor heating faster during the heating cycle,
and cooling faster during the cooling cycle in a typical high-
temperature dielectric properties measurement. During the
heating cycle, therefore, the outer conductor expands faster
than the inner conductor, causing air gaps between the inner
conductor and the material under test. On the other hand,
during the cooling cycle the outer conductor shrinks faster
than the inner conductors, which causes an air gap between
the outer conductor and the material being measured. It
is of interest to quantify the errors in dielectric properties
measurements as a result of the differential thermal expansion
in metal probes.

The equation for calculating the length of the gap between
the inner and outer conductors ( ) due to thermal expansion
is given by [12] as follows:

(3)

where is the coefficient of thermal expansion, is the
temperature difference between the inner and outer conductors,
and is the length of the probe at room temperature. The
coefficient of thermal expansion for stainless steel is 19.1
(10 C) [13], therefore, a typical metal probe (12 cm
in length) made of stainless steel would have a 0.1-mm
air gap between the inner and outer conductors for only a
43.6 C temperature difference. This type of heat differential
is certainly possible when the probe is heated to temperatures
as high as 800C–1000 C, which are common for ceramic
sintering. Therefore, since the differential thermal expansion
between the inner and outer conductors is generally on the
order of a fraction of a millimeter, it was necessary to create
the previously mentioned FDTD code which is capable of
modeling extremely small cell sizes and at the same time fitting
within available computational resources.

Papers have been recently published to quantify errors due
to air gaps between the coaxial probe and the surface of the
material under test [1], [14]. In this paper, focus will be placed
on quantifying errors due to air gaps which may result from
the differential thermal expansion between the inner and outer
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(a) (b)

Fig. 2. Calculated FDTD results versus analytical results of the reflection coefficient (a) magnitude and (b) phase. Results are for a sample with�
�

r
= 10�j1

measured with a probe with dimensionsa = 1:9 mm andb = 7 mm at 1 GHz. Probe has filler material of�0
r
= 2:54.

conductors, and also due to surface roughness of the sample
under test.

To verify the accuracy of the cylindrical 2-D FDTD code,
the input impedance of the probe was calculated as a function
of the air-gap width and the results were compared with ana-
lytical results recently published in [14]. The model consisted
of a probe with inner conductor of radius 1.9 mm and outer
conductor of radius 7 mm. The probe was filled with a filler
material of dielectric constant , and the sample under
test had complex-permittivity value of . The
measurements were done at 1 GHz. A uniform air gap of 0 to
1 mm (in increments of 0.1 mm) between the probe and the
sample under test was modeled. The results of the reflection
coefficient as measured with the FDTD modeling versus
analytical results available in [14] are shown in Fig. 2. The
magnitude of the reflection coefficient is shown in Fig. 2(a),
and the phase is shown in Fig. 2(b). After calculating the input
impedance, the reflection coefficient was calculated using
(4):

(4)

where is the input impedance of the probe and is the
characteristic impedance of the coaxial line.

Fig. 2 shows a high degree of accuracy between the ana-
lytical results [14] and the developed 2-D cylindrical FDTD
code. It should be noted that the air gaps due to differential
thermal expansion are different from the air gaps analyzed
using the analytical procedure [14]. The analytical results
are for uniform air gaps between the probe and the surface
of the sample. The air gaps of interest to our study are
between just the inner or outer conductor and the sample.
A series of simulations were modeled to quantify how air
gaps affect the obtained dielectric results for different types of
materials, and at different frequencies. Two typical materials
that are often used in microwave sintering were modeled. This
includes low-loss material AlO with complex permittivity

, and high-loss material SiC with complex
permittivity .

1) Air-Gap Effects for Different Materials:When simulat-
ing the effects of differential thermal expansion, the probe was
first modeled flush against the material under test, and then an
air gap of 0.1 to 1 mm (in increments of 0.1 mm) between the

inner conductor and the material under test was modeled. The
same procedure was repeated, but with the air gap between
the outer conductor and the material under test. Fig. 3(a) and
(b) show the errors in the measured input impedance due to
the differential thermal expansion during the heating cycle,
which results in an air gap between the inner conductor and
the material under test for both a high-loss material (SiC)
and a low-loss material (AlO ). Fig. 3(c) and (d) show the
corresponding errors in and of these samples.

Fig. 4(a) and (b) shows the errors in the measured input
impedance due to the differential thermal expansion during
the cooling cycle, which results in an air gap between the
outer conductor and the material under test, for both high-loss
(SiC) and low-loss (AlO ) materials. Corresponding errors in

and for these samples are shown in Fig. 4(c) and (d).
The results shown in Fig. 4 were calculated at 3 GHz.

From Figs. 3 and 4, it may be seen that a 0.1-mm gap, par-
ticularly between the center conductor and the material under
test, may result in a significant error in the input impedance
and the complex-permittivity values. It is interesting to note
that an air gap, on the order of 0.1 mm, between the inner
conductor and the material under test can cause an error in the
input impedance of 170%. This is the kind of gap that will exist
in a metal probe when the temperature difference between the
inner and outer conductors is less than 50C. Even in a low-
loss material there can be errors in the input impedance as high
as 50% and a corresponding error inas high as 43%. Use of
metal probes for these high-temperature dielectric properties
measurements is, therefore, highly undesirable. Furthermore,
it may be observed from Figs. 3 and 4 that errors in the input
impedance and complex permittivity are much larger for an
air gap between the inner conductor and the material under
test. This stands to reason since the inner conductor carries the
current and more of the electromagnetic fields are concentrated
between the center conductor and the sample.

This may be further verified by viewing the resultant electric
field inside the probe and in the sample when air gaps
are present. Fig. 5 shows a comparison between a probe that
is flush with an Al O sample [Fig. 5(a)] and a probe that
has an air gap between the inner conductor and an AlO
sample [Fig. 5(b)]. Fig. 6 shows a comparison between a
probe that is flush with an AlO sample [Fig. 6(a)] and a
probe that has an air gap between the outer conductor and
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(a) (b)

(c) (d)

Fig. 3. Percent error in the input impedance and dielectric properties when air gaps are between the inner conductor and the sample under test. (a) Impedance
magnitude, (b) impedance phase, (c)�

0, and (d)�00 errors for both SiC and Al2O3. Air gaps between the inner conductor and the material under test result
from the differential thermal expansion in metal probes during the heating cycle. Calculations were made at 3 GHz.

(a) (b)

(c) (d)

Fig. 4. Percent error in the input impedance and dielectric properties due to air gaps between the outer conductor and the sample under test. (a) Errorsin
impedance magnitude, (b) errors in impedance phase, (c)�

0, and (d)�00 errors for both SiC and Al2O3. Air gaps between the outer conductor and the material
under test result from the differential thermal expansion in metal probes during the cooling cycle. Calculations were made at 3 GHz.
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(a) (b)

Fig. 5. Resultant electric fieldjEj2 as calculated with FDTD for (a) no air
gap between the probe and an Al2O3 sample, and (b) an air gap between the
inner conductor of the probe and an Al2O3 sample.

(a) (b)

Fig. 6. Resultant electric fieldjEj2 as calculated with FDTD for (a) no air
gap between the probe and an Al2O3 sample, and (b) an air gap between the
outer conductor of the probe and an Al2O3 sample.

an Al O sample [Fig. 6(b)]. These FDTD results clearly
demonstrate the enhanced sensitivity to air gaps between the
center conductor and the sample because of the larger fields
present in this case.

From Figs. 3 and 4, it may also be observed that errors are
much larger for the high-loss material than for the low-loss
material. Fig. 7 shows a comparison between a probe that is
flush with an SiC sample [Fig. 7(a)], and a probe that has
an air gap between the inner conductor and an SiC sample
[Fig. 7(b)]. Fig. 8 shows a comparison between a probe that
is flush with an SiC sample [Fig. 8(a)] and a probe that has
an air gap between the outer conductor and an SiC sample
[Fig. 8(b)].

From Figs. 7 and 8, it may be seen that when there is no
air gap between the probe and an SiC sample that there are
very little fields present at the surface of the sample. This is
because the dielectric properties of SiC are sufficiently high
that the sample almost appears as a short. Therefore, when a
gap appears between either the inner or outer conductor and
the SiC sample, there is a much greater distortion of the fields
than if the sample were an AlO sample or other type of low
complex-permittivity material. For this reason the errors are
greater when air gaps are present with high-loss samples than
with low-loss materials.

2) Frequency Effects on Air Gaps:Fig. 9 shows the fre-
quency dependence of errors in measurements due to air
gaps when the probe is used to test a high-loss material (e.g.,
SiC). Fig. 9(a) shows the percent error due to an air gap
between the inner conductor and the material under test at
the three frequencies 915 MHz, 2 GHz, and 3 GHz, while

(a) (b)

Fig. 7. Resultant electric fieldjEj2 as calculated with FDTD for (a) no air
gap between the probe and an SiC sample, and (b) an air gap between the
inner conductor of the probe and an SiC sample.

(a) (b)

Fig. 8. Resultant electric fieldjEj2 as calculated with FDTD for (a) no air
gap between the probe and an SiC sample, and (b) an air gap between the
outer conductor of the probe and an SiC sample.

Fig. 9(b) shows the percent error in due to an air gap
between the outer conductor and the material under test at
the same three frequencies. Fig. 10(a) shows the error due to
an air gap between the inner conductor and a low-loss material
under test while Fig. 10(b) shows the errors when the air gap is
between the outer conductor and the low-loss material (AlO )
under test.

From the results shown in Figs. 9 and 10, it appears that
frequency has more effect on errors for high-loss materials
than it does on low-loss materials. Frequency effects were
small when measuring the properties of both AlO and
SiC, although there was slightly more variation between
the frequency results for the SiC. The observed relative
insensitivity of the calculated errors at different frequencies
may be justified in terms of the relatively small sizes of these
gaps compared to the wavelength at the reported frequencies.
Therefore, larger frequency effects may be expected at higher
frequencies, which are beyond the scope of the developed
probe.

3) Surface Roughness Effects:Another analysis was done
to examine how roughness would affect the measured input
impedance of the samples under test. For this analysis, ex-
tremely small discontinuities or aberrations were numerically
simulated on the surface of the sample under test and compared
with the case of a smooth-surface simulation. Several simu-
lations were done with various patterns of surface roughness
to determine general trends in errors caused by the surface
roughness. The obtained results suggested that the magnitude
of errors strongly depends on the location of the aberration
with respect to the probe. Therefore, a set of FDTD simulations
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(a) (b)

Fig. 9. Percent error in�0 measurements of SiC at three different frequencies: 915 MHz, 2 GHz, and 3 GHz. Errors are due to an air gap between (a) the inner
conductor and the material under test and (b) the outer conductor and the material under test. Gaps at the inner conductor result from the differentialthermal
expansion in metal probes during the heating cycle while gaps at the outer conductor result from differential thermal expansion during the cooling cycle.

(a) (b)

Fig. 10. Percent error in�0 measurements of Al2O3 at three different frequencies: 915 MHz, 2 GHz, and 3 GHz. Errors are due to an air gap between
(a) the inner conductor and the material under test and (b) the outer conductor and the material under test.

were undertaken by placing just one aberration on the surface
of the sample, but at various locations with regards to the
probe. The surface aberrations were placed in six different
spots, as illustrated in Fig. 11. The aberrations were located
directly below the center of the inner conductor, below the
edge of the inner conductor, right in the middle of the inner and
outer conductors, below the inside edge of the outer conductor,
below the center of the outer conductor, and below the outside
edge of the outer conductor. The aberrations were also made
to be two different sizes: 0.1 0.1 0.1 mm , and 0.2
0.2 0.2 mm . However, these aberrations were simulated
using the 2-D FDTD code and, hence, cylindrical symmetry
was assumed. In other words, each aberration was represented
by a circular ring of 0.1 0.1 mm and 0.2 0.2 mm
cross-sectional dimensions. The impedance calculations were
made and compared to the test case when there was no
surface roughness. Tests were once again conducted on both a
high-loss material (SiC) and on a low-loss material (AlO ).
Tables I and II show the FDTD results of the effect of
surface roughness on the input impedance values for both
0.1 0.1 mm and 0.2 0.2 mm aberrations, respectively.
Because of the 2-D nature of these calculations, the results

Fig. 11. Placement of surface roughness with respect to dielectric probe.
FDTD calculations were used to study the separate effect of each of these
aberrations on the calculations of the input impedance.

presented in Tables I and II may be considered as upper limits
to expected errors.

The results show that the surface roughness has to be on the
edge of one of the conductors to produce a significant effect.
Even then the effect on the magnitude of the input impedance
is negligible unless the surface roughness is on the edge of the



BRINGHURSTet al.: THIN-SAMPLE MEASUREMENTS AND ERROR ANALYSIS OF HIGH-TEMPERATURE COAXIAL DIELECTRIC PROBES 2079

TABLE I
PERCENTAGE CHANGE IN THE MAGNITUDE AND PHASE OF THE INPUT IMPEDANCE DUE TO SURFACE ROUGHNESS

(ON THE ORDER OF 0.1 � 0.1 MM2) OF A LOW-LOSS MATERIAL Al2O3 AND A HIGH-LOSS MATERIAL SIC

TABLE II
PERCENTAGE CHANGE IN THE MAGNITUDE AND PHASE OF THE INPUT IMPEDANCE DUE TO SURFACE ROUGHNESS(ON THE ORDER

OF 0.2� 0.2 MM2) ON THE INPUT IMPEDANCE OF A LOW-LOSS MATERIAL Al2O3 AND A HIGH-LOSS MATERIAL SIC

inner conductor. In all cases, the effect of the surface roughness
on the phase of the input impedance is rather small.

C. Thin-Sample Measurements

To make thin-sample dielectric properties measurements,
thin samples of various thicknesses and complex permittivities
were modeled using the FDTD code. The input impedances
were then graphed versus complex-permittivity values for
different thicknesses and frequencies. To help standardize
the measurement procedure, all samples are backed with a
standard material such as a highly conducting metal plate. The
impedance of the desired sample (backed with the standard
material) is then measured with the open-ended probe using a
vector network analyzer. The measured impedances are then
compared with the FDTD graphs and the values of the complex
permittivity, as a function of frequency, are obtained through
interpolation.

1) Room-Temperature Measurements:Two different sam-
ples, a 5-mm-thick Teflon and a 2.5-mm-thick ZrO8 mol%
Y O , were measured using this method to determine the
validity of the developed analysis procedure. In both cases,
the samples were modeled and measured using both a highly
conducting plane (metal) and air as the standard material.
The dielectric constant of Teflon is generally known to be
about [15]. The value for , though not generally
agreed upon, is expected to be extremely small and of the
order of 10 . Therefore, when modeling Teflon a value
of was used in the FDTD modeling and
calculations. For the analysis, 5-mm samples withvalues

of 1.5, 2.1, and 3 were modeled (with both a metal backing
and an air backing) over the frequency range from 500 MHz
to 3 GHz in steps of 100 MHz.

The ZrO was measured using cavity-perturbation methods
and was found to have the complex-permittivity value of

[16]. For low-loss materials, changing small
values such as from 0.02 to 0.03 causes only negligible

differences in the FDTD simulated impedance values. This
implies that this method can be used with only a rough estimate
of the loss factor of the material under test, provided that
the material is a low-loss material, which is generally true of
ceramic substrates used in the semiconductor industry. There-
fore, 2.5-mm-thick samples with and , ,
and were modeled, once again (with both a metal backing
and an air backing) over the frequency range from 500 MHz
to 3 GHz in steps of 100 MHz. Fig. 12 shows the results of the
FDTD modeling of 5-mm-thick samples with various values of
the dielectric constant . Fig. 12(a) shows the metal-backed
results, while Fig. 12(b) shows the air-backed input-impedance
results. Fig. 13 shows the results of the FDTD modeling of
2.5-mm-thick samples with various values of the dielectric
constant . Fig. 13(a) shows the metal-backed results, while
Fig. 13(b) shows the air-backed input-impedance results.

The impedance values of the Teflon and ZrOsamples were
measured over the frequency range of 500 MHz to 3 GHz
using the metallized-ceramic probe. Once again, the samples
were measured with both a metal and an air backing. Figs. 14
and 15 show the measured results that have been superimposed
on the calculated FDTD impedance values.
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(a) (b)

Fig. 12. The FDTD numerical simulation results of a 5-mm-thick sample with various dielectric constants with (a) sample backed with metal and (b)
sample backed with air. The input impedance of the probe is shown versus frequency over the frequency range from 500 MHz to 3 GHz. Dielectric
constant of the material under test is obtained through interpolation.

(a) (b)

Fig. 13. The FDTD numerical simulation results of a 2.5-mm-thick sample with various dielectric constants with (a) sample backed with metal and (b)
sample backed with air. The input impedance of the probe is shown versus frequency over the frequency range from 500 MHz to 3 GHz.

(a) (b)

Fig. 14. Measured results of a 5-mm-thick sample of Teflon with (a) sample backed with metal and (b) sample backed with air, superimposed over the
FDTD simulation results shown in Fig. 12. Results are shown over the frequency range from 500 MHz to 3 GHz.

By interpolating the experimentally measured impedance
results with the FDTD calculated results, the dielectric constant
of both the Teflon and the ZrOwere calculated. Fig. 16 shows
the results for Teflon compared to the literature values, and
Fig. 17 shows the results for ZrO compared to values from
measurements using the cavity perturbation technique.

Upon analyzing the results from these measurements, it was
found that the worst-case error for the ZrOresults were about
8%. These results show that the developed procedure will
provide valid and accurate complex-permittivity results.

2) High-Temperature Measurements:With the developed
knowledge obtained from the high-temperature error analysis,
as well as the newly developed thin-sample measurement
technique, it was decided to extend the measurement of thin
samples to high temperatures. Two different ceramic substrates

used in making microwave circuits were measured at tempera-
tures up to 800C. The substrates measured were alumina and
sapphire, with both of the substrates being measured at 0.6 mm
thick. The same procedure as explained in the previous section
was used, and the sample was backed with air.

Figs. 18 and 19 show the interpolated values of the dielectric
constant of both alumina and sapphire as compared to values
obtained using cavity perturbation techniques. Fig. 18 shows
the results at 600C, and Fig. 19 shows the results at 800C.
Using cavity techniques, the value of the dielectric constant

of alumina is at 600 C, and at
800 C. The value of the dielectric constant of sapphire
is at 600 C, and at 800 C. It is
shown in Figs. 18 and 19 that there is good agreement between
the newly developed method for thin-sample measurements
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(a) (b)

Fig. 15. Measured results of a 2.5-mm-thick sample of ZrO2 + 8 mol% Y2O3 with (a) sample backed with metal and (b) sample backed with air,
superimposed over the FDTD simulation results shown in Fig. 13. Results are shown over the frequency range from 500 MHz to 3 GHz.

(a) (b)

Fig. 16. Measured results of a 5-mm-thick sample of Teflon with (a) sample backed with metal and (b) sample backed with air, compared to values from
literature. Results are shown over the frequency range from 500 MHz to 3 GHz.

(a) (b)

Fig. 17. Measured results of a 2.5-mm-thick sample of ZrO2 + 8 mol% Y2O3 with (a) sample backed with metal and (b) sample backed with air.
Results are compared with values from perturbation techniques.

using FDTD numerical simulations and results from the cavity
perturbation technique.

II. CONCLUSIONS

New aspects of the development and utilization of a
metallized-ceramic probe were investigated in this paper.
First, an uncertainty analysis was performed to quantify the
errors due to the differential thermal expansion between the
inner and outer conductors of the metal coaxial probes. It was
determined that an air gap as small as 0.1 mm between the
inner conductor and the material under test can cause errors as
high as 170% in the measured input impedance, and can even
cause errors as high as 50% in low-loss materials. To assist in
the numerical modeling of air gaps on the order of 0.1 mm,
a 2-D cylindrical FDTD code was developed and used. The

2-D code was validated by comparison with analytical results
published in [14] for the special case when an air gap exists
between the coaxial probe and the sample under test. Another
error analysis was completed to quantify the effect of surface
roughness on the measured input impedance of the sample
under test. It was determined that surface roughness has
negligible effect unless the roughness aberration just happens
to be below the edge of either the inner or outer conductor.
This type of measurement error may, hence, be overcome
by repeating the measurements at different locations on the
sample and then averaging the obtained results.

A second new aspect of the developed metallized-ceramic
probe is related to the use of FDTD numerical simulations
to make dielectric properties measurements of electrically
“thin” samples. By backing the material under test with a
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(a) (b)

Fig. 18. Measured results of a 0.6-mm thin sample of (a) alumina and (b) sapphire at 600�C. Results are compared with values from cavity
perturbation techniques.

(a) (b)

Fig. 19. Measured results of a 0.6-mm thin sample of (a) alumina and (b) sapphire at 800�C. Results are compared with values from cavity
perturbation techniques.

standard material such as a conducting plate or air, the complex
permittivity of thin samples can be accurately measured.
A 5-mm-thick sample of Teflon as well as a 2.5-mm-thick
sample of ZrO were accurately measured using the developed
method. Another new aspect related to the use of the probe
is the extension of the thin-sample measurements to high
temperatures. A 0.6-mm substrate of alumina and sapphire
were measured at temperatures as high as 800C. These
materials are both used in the production of microwave in-
tegrated circuits. Therefore, this newly developed method has
important applications in on-line wafer characterization in the
semiconductor and microwave integrated-circuit industries.
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