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Extended frequency range dielectric measurements of thin films
Frederick I. Mopsika)
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A method is described to measure the dielectric constant and loss of thin films. It employs a sample
holder based on precision 50V air line and can be used from audio frequencies to 1 GHz with a
single sample. It is shown to maximize the precision available from commercial instrumentation
with minimal data correction. This is confirmed by regions in which the different instruments
overlap their frequency coverage.@S0034-6748~00!05106-6#
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I. INTRODUCTION

The dielectric properties of materials used in commerc
electronics packaging are becoming increasingly impor
as considerations for their use. As device capabilities
crease, it is also becoming more important to measure th
properties over an increasingly broadband of frequencies
addition, many of the newer materials are available only
films and are formed in place.

Older methods, such as American Society for the Te
ing of Materials D150, were designed with thicker samp
in mind and are difficult to implement on thinner sample
They can require considerable sample handling, as in m
able electrode schemes and become incompatible
automation.1 Also, they may not be adaptable to materia
that are thin layers on a substrate. Any given scheme m
have a restricted range of frequencies so that many con
rations may be needed to cover an extended frequency ra

Since these materials must be formed in place, the u
desirability for using preferably as few samples as poss
becomes even greater than for bulk materials, as proces
variations can add to the sample-to-sample variations
mally encountered in many materials such as polyme
ones. If different samples are used to map out the loss ov
range of frequencies, the interpretation can be made m
more difficult than if sample variations are not prese
These variations can be accentuated by different stage
aging, varying sample thickness, chemical composition,
other factors that may be actually more difficult to cont
than in actual package fabrication. In fact, the sample
sample variations can be larger than the dispersive cha
in the dielectric constant due to loss.

The desirability for a single sample can easily confl
with the requirement for a broad range of frequencies. Si
the dielectric constant for a low-loss sample does not cha
in frequency very strongly, neither does the sample’s equ
lent capacitance. As a result, the sample’s equivalent par
admittance becomes proportional to frequency and at
frequencies can become comparable to a residual par
admittance, while at high frequencies it can become com
rable to an equivalent residual series impedance. In addi
at high frequencies, the sample can be a significant frac

a!Electronic mail: fim@nist.gov
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of the wavelength and the concept of a capacitor loses
meaning. In what follows, we will demonstrate a method th
covers the range from 1 kHz to 1 GHz with improved acc
racy for both dielectric constant and loss over simpler me
ods.

II. APPROACH

As long as a sample between two electrodes is thin co
pared to the propagation wavelength inside the sample,
sample can still be regarded as a capacitance between
two conductors.2 Since the materials used in electroni
packaging applications are usually available in thin-fi
form, the thin-film restriction is not much of a physical lim
tation, especially if the dielectric constant is not too hig
Furthermore, as long as a carefully metallized sample
used, air-gap errors can be eliminated, so that extreme
mands of flatness for purposes of contact are removed.
is an increasingly important consideration for samples
which the sample surface roughness becomes comparab
the total thickness.

Even if the sample capacitance and loss can be mean
fully defined, their values, usually in terms of an admittan
must be measurable. At low frequencies, the equivalent
allel admittance of a dielectric sample is such that a thr
terminal configuration can be used and the contributio
from the connecting leads eliminated. This configuration
pends on three factors. One is that the series impedanc
the leads can be neglected. Another is that, at the measu
terminals, all ground currents are not included in the m
surement. The last is that the effective admittance at the
of the leads is the same as at the measuring terminals; th
there are no measurable propagation effects.

None of these factors can be realized at high frequen
where the length can become long relative to the wavelen
along the connecting leads. There will be some freque
above which propagation along a transmission line will b
come the best way to analyze the data and determine
properties of the material. If the thin sample is placed at
end of a precision, rigid coaxial line terminated with a sho
then, within the limits of available instrumentation, th
sample can become measurable over a wide-frequency ra
6
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At low frequencies, the sample is completely shield
from the outside. The capacitance between the inner con
tor and outer conductor up to the sample is included in
measurement, but it is well defined and can be estimated
enough to be subtracted from the measurement without
nificantly degrading the accuracy available with automa
bridges. The same is true for the equivalent series imp
ance.

As the frequency becomes high enough, these pro
dures become inadmissible, but the same capacitance ca
viewed as an admittance at the end of a known transmis
line.3 Then, the measured admittance can be translated to
position of the sample by using a transmission line equa
and a known propagation constant.

The true advantage of a rigid coaxial system is that th
is sufficient overlap between low- and high-frequency me
ods for comparison. Also, the system is well enough defi
so that the contribution of the coaxial line can be easily co
puted from a few constants at any frequency. This allows
sample measurement to be defined in terms of a qua
directly at the instrument terminals where the accuracy is
highest and corrected back to the actual sample by a c
puter program that does not rely on the usual limitations
the measuring instrumentation.

III. SAMPLE HOLDER

A sample holder, shown in Fig. 1, was fabricated from
short length of APC7 coaxial line that had a center conduc
rigidly fixed to the outer conductor~HP 16091A coupling
adapter!.4 The inner conductor was fitted with a small, fla
headed pin to act as a contact for the sample shown as
hatching in Fig. 1. For contact stability it was hard go
plated. The radius of the pin head is chosen to be at lea
large as the inner conductor, but smaller than that of
outer conductor. It is also as thin as possible, 0.2 mm, c
sistent with mechanical rigidity. The top cap is a stand
APC7 shorting cap.

The sample was metallized, shown in Fig. 1 as a latti
like fill. The top surface was metallized over an area mu
larger than the inner diameter of the outer conductor
contacted the top shorting termination, which was also g
plated. The sample was punched out to just fit inside
terminating screw thread so that it can be accurately cent

FIG. 1. Coaxial sample holder cross section.
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about the inner conductor. The inner surface was then m
allized in a centering mask and jig so that an electrode
well-defined diameter that was at least as large as the pin
deposited. For the thin sample used, the effective area of
capacitor then becomes this electrode area. The sample c
then be inserted in the holder so that no torque was app
to the sample and the pressure no more than necessa
contact the metallized electrodes. In our work, we us
evaporated aluminum about 100 nm thick. Repeated clos
showed that the measured parameters were repeatab
measurement resolution with multiple insertions of t
samples.

The actual diameter of the inner electrode was limited
the maximum inner diameter of the outer conductor,
outer diameter of the inner conductor, and the desire to k
the admittance at the highest frequencies within the range
by the impedance meter. Also, for the highest frequenc
used, where transmission-line corrections are used,
sample admittance should not be too far~less than a factor of
100, if possible! from the characteristic admittance of th
coaxial line, typically, 0.02V21. This last requirement
comes from the desire to minimize the propagation of err
associated with the uncertainty of the definition of the li
length.

If the sample consists of an adherent film on a me
substrate, then the substrate replaces the top metallizatio
either case, metallization or substrate, the major con
problem is between the reference short and the cap that h
it in place but that is easily verified by inspection.

IV. IMPEDANCE MEASUREMENTS

The impedance measurements were made with three
pedance meters, a Hewlett Packard 4284A up to 1 MHz
Hewlett Packard 4285A from 100 kHz to 30 MHz, and
Hewlett Packard 4191A from 20 MHz to 1 GHz. Th
manufacturer claims that the first two instruments are ab
0.1% accurate in both capacitance and loss over most o
measurement range in frequency and with admittan
within 1024 to 104 V 21. The 4191A is claimed to be within
1% for frequencies above 10 MHz and for admittances c
tered about 0.02V21.

A. Four-terminal measurements to 30 MHz

The two instruments that cover the range to 30 MHz
presented by the manufacturer as four-terminal devices
allow full compensation of leads of at least 2 m in leng
They were both calibrated against standard four-terminal
sistors and capacitors, and did meet specifications at t
terminals except for a slight increase in uncertainty n
30 MHz, apparently from internal residuals that could not
easily eliminated. This uncertainty, however, could be de
mined from the standard 100V resistor and 10, 100, an
1000 pF capacitors.

To check their use as four-terminal devices at the end
the leads, as they were intended, a residual-free gua
sample holder was modified so that the 1 m high and low
coaxial lead pairs were joined very close to the sample
the instruments calibrated at the sample position. A poly
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ide sample with 2-cm-diam electrodes was then measure
to 30 MHz, as shown in Fig. 2.

The lowest-frequency data were measured in a th
terminal mode by time-domain methods5 and have an uncer
tainty of less than 0.1% in value with a loss resolution
tand of 131026. The data cover the range from 1023 to
104 Hz. The Hewlett Packard 4284A overlaps the tim
domain data within expected combined uncertainty
10 kHz but there are clearly large errors for both bridg
greater than 0.3%, as the frequencies rise above 1 MHz.
uncertainty seems to be well beyond the apparent claim
accuracy of the bridges and is not too useful for most ap
cations.

This apparent discrepancy actually is not the case.
error bars shown in Fig. 2 have been computed from
4285A manual for the conditions of use, including the unc
tainties from the lengths of cable. Within these larger lim
it can be seen that the data are quite reasonable, espe
when one realizes that the wavelength in a cable at 30 M
is about 7 m, any propagation uncertainties will strongly
fect the measurement at the bridge terminals.

B. Coaxial measurements to 30 MHz

Both lower-frequency instruments can be fitted with
adaptor to the APC7 precision coaxial line. When the imp
ance meters were directly calibrated at their terminals,
adaptor appeared as a 1.7 pF capacitor that was of low
There was no obvious frequency dependence up to 30 M
The sample holder was then attached to the adapter and
sured using a short and open termination without any sam
present. These measurements allowed the sample holder
the adaptor to be represented as the equivalent circuit sh
in Fig. 3.

By direct measurement, using the impedance meters
the short and open terminations, the equivalent parallel
pacitanceCp was found to be 3 pF while the equivale
series inductanceLs and resistanceRs were 0.3 nH and 0.01
V, respectively. The adequacy of the model was shown

FIG. 2. The real and imaginary component of the dielectric constant
polyimide. The upper curve is the real component and the lower the
The real component is offset by«052.7.
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the constancy of these values over the entire freque
range.

C. Coaxial measurements to 1 GHz

As the measurements are extended to 1 GHz using
4191A impedance analyzer, the use of simple equivalent
cuits fails. However, this instrument actually uses
transmission-line measurement that can be referenced t
arbitrary location using a short circuit for definition. Ther
fore, the holder can be represented by a capacitance a
end of a coaxial line, as shown in Fig. 4.

By setting the sample distance to zero, the capacitanc
the sampleCsampleis determined directly. This can be accom
plished by several procedures. If the line length is shor
reference short can be used to define the origin to the plan
which the sample is inserted. If a longer line is used, then
reference could be set at the analyzer terminal and the m
surement translated back to this reference plane u

a
s.

FIG. 3. Equivalent low-frequency circuit of the coaxial holder.Cp is the
residual parallel capacitance between the inner and outer conductors,
Rs andLs are the series resistance and inductance.

FIG. 4. Transmission line model of the holder. The sample isCsampleat the
end of the line.



te
n
re

c

e

g
th

m
re
e
0
p

it
n
n

d,
s

in
th
ro
cy
ta

.4
e

ally
tial
0.1
kHz
ach

ple
z to
e
he
the
e
-to-
less
for
ith-

a-
-

er
be

racy,
ery
is a
nd

ge
der
his
it
-

ner

-
not
a

loss
and
by

lder.
nts
sur-
the

ri
a
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transmission-line equations and an experimentally de
mined propagation constant and length. If this is done o
computer, then these constants could be stored with diffe
values for different experimental conditions.

This translation fromh, which is the admittance of the
sample reduced by the characteristic admittance of the
axial line, atx50 to the valueh r at a locationx, along a line
with a propagation constantg, is easily carried out using th
transmission-line equation

h5
11r exp~2gx!

12r exp~2gx!
~1!

of the coaxial line, wherer is given by

r5
h r21

h r11
. ~2!

When this is done, one must be aware that there are len
of line, especially near odd quarter wavelengths, where
transformation will have numeric difficulties.

This is illustrated in Fig. 5 where a capacitance is co
puted at the end of an open-circuited 20 cm air line for f
quencies of 10 MHz to 1 GHz. The equivalent capacitanc
20 cm from its location goes through a singularity near 4
MHz. If data are measured near this frequency for a sam
at the end of this line, it can be shown that there will be
large loss of precision. However, since this region is qu
small on a logarithmic scale, it can be easily avoided a
data in this narrow window interpolated from measureme
on either side.

V. RESULTS AND DISCUSSION

To demonstrate the attainable accuracy of the metho
nominal 25mm film of capacitor grade polypropylene wa
chosen. The film measured at 25 °C showed a tand of less
than 5031026 measured at 1 kHz with the time-doma
spectrometer in a good three-terminal holder. From
known behavior of polypropylene, the film should have ze
measurable loss and constant capacitance to the accura
the high-frequency instrumentation. The sample was me
lized on one side with aluminum, punched into 9 disks 1
cm in diameter, and had a centered spot 0.50 cm in diam

FIG. 5. Measured capacitance for an open circuit 20 cm from the measu
point. The vertical line is the point at which an open transforms into
equivalent short and about which there is a change in sign.
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deposited on the opposite side. Each piece was individu
measured for thickness using a linear voltage differen
transformer and precision micrometer head certified to
mm. Each sample was measured at frequencies from 1
to 1 GHz in a 1, 1.5, 2, 3, 4.5, 6, 8, 10 sequence for e
decade in frequency. The results are shown in Fig. 6.

The data shown in Fig. 6 are for one specific sam
using the three bridges that covered the range from 1 kH
1 MHz, 100 kHz to 30 MHz, and 20 MHz to 1 GHz. Th
data in the regions of instrumental overlap were within t
manufacturers’s claim of accuracy, less than 0.1% for
first bridge, 0.2% to 5 MHz rising to 0.3% at 30 MHz for th
second, and 2% for the third. The measured sample
sample relative uncertainty for the nine samples was
than 1%. No calibrations were applied to the data except
subtraction for the known, constant residuals measured w
out the samples for the first two bridges.

A comparison with Fig. 2, which is drawn to a comp
rable vertical scale, will immediately show the great im
provement in precision up to 30 MHz, the limit of the earli
data. Except for the data above 500 MHz, the data can
regarded as essentially constant to measurement accu
which is expected for these samples as a result of their v
low loss and the very small associated dispersion. There
small rise in the capacitance starting above 500 MHz a
rising to 5% at 1 GHz that is outside the limits of the brid
error and is probably due to the presence of higher-or
modes becoming excited, possibly in a radial direction. T
excitation marks the limit of accuracy for any lumped circu
approximation and the limit of this method. This phenom
enon remains to be confirmed using smaller diameter in
electrodes where this effect should be minimized.

For the measured loss, tand was within zero to the mea
surement uncertainties for all frequencies. The data are
plotted as they would lie along the frequency axis with
scatter comparable to that in Fig. 6. These results for the
measurements are expected, as mentioned previously,
demonstrate that the limit of loss resolution is being set
the measuring instrumentation rather than the sample ho
This result was verified using low-frequency measureme
that had much higher loss resolution. Therefore, any mea
able loss will be subject to the specified uncertainties at
bridge terminal, just as for the capacitance.

ng
n

FIG. 6. Capacitance as a function of frequency for a 25-mm-thick polypro-
pylene film in the coaxial holder.
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The use of a precision coaxial air line and connector
allowed a sample to be measured as a direct capacitance
an associated tand. For most free-standing films, it is pos
sible to define an inner electrode area that does not com
mise the overall bridge resolution over the entire freque
range. In addition, the sample holder does achieve the
of covering a very broad range of frequencies on a sin
sample and within the best possible published instrume
uncertainty.
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