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Extended frequency range dielectric measurements of thin films
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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 30 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[S0034-67480)05106-9

I. INTRODUCTION of the wavelength and the concept of a capacitor loses its

. . . . . . meaning. In what follows, we will demonstrate a method that
The dielectric properties of materials used in commermahoverS the range from 1 kHz to 1 GHz with improved accu-

electronics packaging are becoming increasingly importantacy for hoth dielectric constant and loss over simpler meth-
as considerations for their use. As device capabilities ing g

crease, it is also becoming more important to measure these
properties over an increasingly broadband of frequencies. In
addition, many of the newer materials are available only as
films and are formed in place.
Older methods, such as American Society for the Testll' APPROACH

ing of Materials D150, were designed with thicker samples  ag |ong as a sample between two electrodes is thin com-
in mind and are d|ff|cullt to implement on thmner sar_nples.pared to the propagation wavelength inside the sample, the
They can require considerable sample handling, as in MOVsympje can still be regarded as a capacitance between the
able electrode schemes and become incompatible Withy, conductor€ Since the materials used in electronics
automatlon_l. Also, they may not be adaptable to materials j,ckaging applications are usually available in thin-film
that are thin layers on a substrate. Any given scheme may, ., the thin-film restriction is not much of a physical limi-
have a restricted range of frequencies so that many configyziion, especially if the dielectric constant is not too high.
rations may be needed to cover an extended frequency rang€,thermore, as long as a carefully metallized sample is
Since these materials must be formed in place, the usu@lseq, ajr-gap errors can be eliminated, so that extreme de-

desirability for using preferably as few samples as possible,anqs of flatness for purposes of contact are removed. This
becomes even greater than for bulk materials, as processifg an increasingly important consideration for samples in
variations can add to the sample-to-sample variations noisich the sample surface roughness becomes comparable to
mally encountered in many materials such as polymeriGhe total thickness.
ones. If different sgmples are used to' map out the loss over a  gyen if the sample capacitance and loss can be meaning-
range of frequencies, the interpretation can be made mucgyy defined, their values, usually in terms of an admittance,
more difficult than if sample variations are not present. st he measurable. At low frequencies, the equivalent par-
These variations can be accentuated by different stages Q| agmittance of a dielectric sample is such that a three-
aging, varying sample thickness, chemical composition, angbrminal configuration can be used and the contributions
other factors that may be actually more difficult to control ¢,y the connecting leads eliminated. This configuration de-
than in actual package fabrication. In fact, the sample-t0nengs on three factors. One is that the series impedance of
sample variations can be larger than the dispersive chang@$e jeads can be neglected. Another is that, at the measuring
in the dielectric constant due to loss. , _ terminals, all ground currents are not included in the mea-

~ The desirability for a single sample can easily conflictgrement. The last is that the effective admittance at the end
with the requirement for a broad range of frequencies. Sincgy¢ ihe eads is the same as at the measuring terminals: that is,
the dielectric constant for a low-loss sample does not changgqre are no measurable propagation effects.
in frequency very strongly, neither does the sample’s equiva-  \one of these factors can be realized at high frequencies
lent capacitance. As a result, the sample’s equivalent parallglpare the length can become long relative to the wavelength
admittance becomes proportional to frequency and at 1050 the connecting leads. There will be some frequency
frequencies can become comparable to a residual parallghqye which propagation along a transmission line will be-
admittance, while at high frequencies it can become compgsgme the best way to analyze the data and determine the
rable to an equivalent residual series impedance. In addition,oherties of the material. If the thin sample is placed at the
at high frequencies, the sample can be a significant fractionq of 4 precision, rigid coaxial line terminated with a short,
then, within the limits of available instrumentation, the
dElectronic mail: fim@nist.gov sample can become measurable over a wide-frequency range.
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APC7 Shorting Cap about the inner conductor. The inner surface was then met-
allized in a centering mask and jig so that an electrode of
well-defined diameter that was at least as large as the pin was

deposited. For the thin sample used, the effective area of the
Sample capacitor then becomes this electrode area. The sample could
then be inserted in the holder so that no torque was applied
to the sample and the pressure no more than necessary to
contact the metallized electrodes. In our work, we used
evaporated aluminum about 100 nm thick. Repeated closure
showed that the measured parameters were repeatable to
Pin described in text measurement resolution with multiple insertions of the
Deposited Aluminum samples.

- Coaﬁgiﬁ;‘:ﬁple older cross section The actual diameter of the inner electrode was limited by
the maximum inner diameter of the outer conductor, the
outer diameter of the inner conductor, and the desire to keep

At low frequencies, the sample is completely shieldedthe admittance at the highest frequencies within the range set
from the outside. The capacitance between the inner COﬂdU@y the impedance meter. Also, for the highest frequencies
tor and outer conductor up to the sample is included in theised, where transmission-line corrections are used, the
measurement, but it is well defined and can be estimated weﬁamp|e admittance should not be too flass than a factor of
enough to be subtracted from the measurement without sigr00, if possiblg from the characteristic admittance of the
nificantly degrading the accuracy available with automatedtoaxial line, typically, 0.02)". This last requirement
bridges. The same is true for the equivalent series impedcomes from the desire to minimize the propagation of errors

ance. associated with the uncertainty of the definition of the line
As the frequency becomes high enough, these proceength.

dures become inadmissible, but the same capacitance can be |f the sample consists of an adherent film on a metal

viewed as an admittance at the end of a known transmissiogubstrate, then the substrate replaces the top metallization. In
line3 Then, the measured admittance can be translated to thgther case, metallization or substrate, the major contact
position of the sample by using a transmission line equatioproblem is between the reference short and the cap that holds

and a known propagation constant. it in place but that is easily verified by inspection.
The true advantage of a rigid coaxial system is that there

is sufficient overlap between low- and high-frequency meth-
ods for comparison. Also, the system is well enough definedV. IMPEDANCE MEASUREMENTS
so that the contribution of the coaxial line can be easily com-

puted from a few constants at any frequency. This allows the edance meters, a Hewlett Packard 4284A up to 1 MHz, a

sample measurement to be defined in terms of a quantit ewlett Packard 4285A from 100 kHz to 30 MHz, and a

d!rectly at the instrument terminals where the accuracy is th%ewlett Packard 4191A from 20 MHz to 1 GHz. The
highest and corrected back to the actual sample by a com- . : .
anufacturer claims that the first two instruments are about

puter program that does not rely on the usual limitations 0Ql% accurate in both capacitance and loss over most of the

the measuring instrumentation. ; . ;
measurement range in frequency and with admittances
within 10”4 to 10* Q ~1. The 4191A is claimed to be within

IIl. SAMPLE HOLDER 1% for frequencies above 10 MHz and for admittances cen-
tered about 0.02 1.

A sample holder, shown in Fig. 1, was fabricated from aA Four-terminal measurements t 30 MHz
short length of APC7 coaxial line that had a center conductor™
rigidly fixed to the outer conductofHP 16091A coupling The two instruments that cover the range to 30 MHz are
adaptey. The inner conductor was fitted with a small, flat- presented by the manufacturer as four-terminal devices that
headed pin to act as a contact for the sample shown as tlalow full compensation of leads of at least 2 m in length.
hatching in Fig. 1. For contact stability it was hard gold They were both calibrated against standard four-terminal re-
plated. The radius of the pin head is chosen to be at least astors and capacitors, and did meet specifications at their
large as the inner conductor, but smaller than that of théerminals except for a slight increase in uncertainty near
outer conductor. It is also as thin as possible, 0.2 mm, con30 MHz, apparently from internal residuals that could not be
sistent with mechanical rigidity. The top cap is a standardeasily eliminated. This uncertainty, however, could be deter-
APCY7 shorting cap. mined from the standard 10Q resistor and 10, 100, and

The sample was metallized, shown in Fig. 1 as a lattice4000 pF capacitors.
like fill. The top surface was metallized over an area much  To check their use as four-terminal devices at the end of
larger than the inner diameter of the outer conductor andhe leads, as they were intended, a residual-free guarded
contacted the top shorting termination, which was also goldample holder was modified so thaeth m high and low
plated. The sample was punched out to just fit inside theoaxial lead pairs were joined very close to the sample and
terminating screw thread so that it can be accurately centerdtie instruments calibrated at the sample position. A polyim-

Rigid coaxial /

line

The impedance measurements were made with three im-
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) ) . . residual parallel capacitance between the inner and outer conductors, while
FIG. 2. The real and imaginary component of the dielectric constant of & andL. are the series resistance and inductance
S S .

polyimide. The upper curve is the real component and the lower the loss.
The real component is offset y’=2.7.

the constancy of these values over the entire frequency

ide sample with 2-cm-diam electrodes was then measured Ughnge.
to 30 MHz, as shown in Fig. 2.
The lowest-frequency data were measured in a three- ,
terminal mode by time-domain methddmnd have an uncer- C- Coaxial measurements to 1 GHz
tainty of less than 0.1% in value with a loss resolution in  As the measurements are extended to 1 GHz using the
tand of 1X10°°. The data cover the range from 10to  4191A impedance analyzer, the use of simple equivalent cir-
10* Hz. The Hewlett Packard 4284A overlaps the time-cuits fails. However, this instrument actually uses a
domain data within expected combined uncertainty atransmission-line measurement that can be referenced to an
10 kHz but there are clearly large errors for both bridgesarbitrary location using a short circuit for definition. There-
greater than 0.3%, as the frequencies rise above 1 MHz. Thigre, the holder can be represented by a capacitance at the
uncertainty seems to be well beyond the apparent claimednd of a coaxial line, as shown in Fig. 4.
accuracy of the bridges and is not too useful for most appli- By setting the sample distance to zero, the capacitance of
cations. the sampleC,mpeis determined directly. This can be accom-
This apparent discrepancy actually is not the case. Thelished by several procedures. If the line length is short, a
error bars shown in Fig. 2 have been computed from theeference short can be used to define the origin to the plane at
4285A manual for the conditions of use, including the uncerwhich the sample is inserted. If a longer line is used, then the
tainties from the lengths of cable. Within these larger limits,reference could be set at the analyzer terminal and the mea-
it can be seen that the data are quite reasonable, especiadrement translated back to this reference plane using
when one realizes that the wavelength in a cable at 30 MHz
is about 7 m, any propagation uncertainties will strongly af- C

fect the measurement at the bridge terminals. sample

B. Coaxial measurements to 30 MHz

Both lower-frequency instruments can be fitted with an
adaptor to the APC7 precision coaxial line. When the imped-

ance meters were directly calibrated at their terminals, the /—-'__\
adaptor appeared as a 1.7 pF capacitor that was of low loss.

There was no obvious frequency dependence up to 30 MHz. W
The sample holder was then attached to the adapter and mea-
sured using a short and open termination without any sample

I
present. These measurements allowed the sample holder plus :
the adaptor to be represented as the equivalent circuit shown |

I
I

in Fig. 3.

By direct measurement, using the impedance meters and
the short and open terminations, the equivalent parallel ca- |
pacitanceC, was found to be 3 pF while the equivalent \L___,/
Series 'ndU.CtanCEs and resistanc®; were 0.3 nH and 0.01 i, 4. Transmission line model of the holder. The samplBds,pieat the
), respectively. The adequacy of the model was shown bynd of the line.




Rev. Sci. Instrum., Vol. 71, No. 6, June 2000 Dielectric measurements of thin films 2459

40 20
304 19
201 .18

CER
C
=

15 -+ } + t + +
-10 + 0.01 0.1 1 10 100 1000
0.01 0.1 1 f (MHZ)

f(GHz) FIG. 6. Capacitance as a function of frequency for au@s-thick polypro-
FIG. 5. Measured capacitance for an open circuit 20 cm from the measuringylene film in the coaxial holder.
point. The vertical line is the point at which an open transforms into an
equivalent short and about which there is a change in sign.

deposited on the opposite side. Each piece was individually
transmission-line equations and an experimentally detefmeasured for thickness using a linear voltage differential
mined propagation constant and length. If this is done on fransformer and precision micrometer head certified to 0.1
computer, then these constants could be stored with differetm. Each sample was measured at frequencies from 1 kHz
values for different experimental conditions. tol GHzinal, 15, 2, 3, 4.5, 6, 8, 10 sequence for each

This translation fromy, which is the admittance of the decade in frequency. The results are shown in Fig. 6.

sample reduced by the characteristic admittance of the co- The data shown in Fig. 6 are for one specific sample
axial line, atx=0 to the valuey, at a locatiorx, along a line using the three bridges that covered the range from 1 kHz to
with a propagation constan, is easily carried out using the 1 MHz, 100 kHz to 30 MHz, and 20 MHz to 1 GHz. The

transmission-line equation data in the regions of instrumental overlap were within the
manufacturers’s claim of accuracy, less than 0.1% for the

= 1+p exp(—yx) (1)  firstbridge, 0.2% to 5 MHz rising to 0.3% at 30 MHz for the
1-p exp(—yX) second, and 2% for the third. The measured sample-to-

sample relative uncertainty for the nine samples was less
than 1%. No calibrations were applied to the data except for
subtraction for the known, constant residuals measured with-
out the samples for the first two bridges.
When this is done, one must be aware that there are lengths A comparison with .F|g. 2, Wh'Ch is drawn to a compa-
. . rable vertical scale, will immediately show the great im-
of line, especially near odd quarter wavelengths, where the : ] . .
transformation will have numeric difficulties provement in precision up to 30 MHz, the limit of the earlier
j data. Except for the data above 500 MHz, the data can be

This is illustrated in Fig. 5 where a capacitance is com- :
o - regarded as essentially constant to measurement accuracy,
puted at the end of an open-circuited 20 cm air line for fre-

guencies of 10 MHz to 1 GHz. The equivalent capacitance \thICh is expected for these samp!es asa resu_lt of their very
: . . . ow loss and the very small associated dispersion. There is a
20 cm from its location goes through a singularity near 40 oo . .

X small rise in the capacitance starting above 500 MHz and
MHz. If data are measured near this frequency for a sample . : . L .
L . . rising to 5% at 1 GHz that is outside the limits of the bridge
at the end of this line, it can be shown that there will be a : .
o ) i o ..error and is probably due to the presence of higher-order

large loss of precision. However, since this region is quite . . L r 2 .
N . . . odes becoming excited, possibly in a radial direction. This

small on a logarithmic scale, it can be easily avoided and ¢S L S
L . . excitation marks the limit of accuracy for any lumped circuit
data in this narrow window interpolated from measurements o e . .

. ! approximation and the limit of this method. This phenom-

on either side. : ) ; . .
enon remains to be confirmed using smaller diameter inner
electrodes where this effect should be minimized.
For the measured loss, tawas within zero to the mea-

To demonstrate the attainable accuracy of the method, surement uncertainties for all frequencies. The data are not
nominal 25um film of capacitor grade polypropylene was plotted as they would lie along the frequency axis with a
chosen. The film measured at 25 °C showed adtafiless  scatter comparable to that in Fig. 6. These results for the loss
than 50< 10 ® measured at 1 kHz with the time-domain measurements are expected, as mentioned previously, and
spectrometer in a good three-terminal holder. From thelemonstrate that the limit of loss resolution is being set by
known behavior of polypropylene, the film should have zero-the measuring instrumentation rather than the sample holder.
measurable loss and constant capacitance to the accuracyiis result was verified using low-frequency measurements
the high-frequency instrumentation. The sample was metakthat had much higher loss resolution. Therefore, any measur-
lized on one side with aluminum, punched into 9 disks 1.45able loss will be subject to the specified uncertainties at the

cm in diameter, and had a centered spot 0.50 cm in diametdridge terminal, just as for the capacitance.

of the coaxial line, where is given by

_ 7n—1
7+1

p )

V. RESULTS AND DISCUSSION
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The use of a precision coaxial air line and connector has'M. G. Broadhurst and A. J. Bur, J. Res. Natl. Bur. Stand., Se69,a65
allowed a sample to be measured as a direct capacitance and965.
an associated tah For most free-standing films, it is pos- K. Baba, T.'Yamakami, and T. Fujimura, Jpn. J. Appl. Phys., Pa,1
sible to define an inner electrode area that does not compro3—1532(1985' L : R
mise the overall bridge resolution over the entire frequenc C.G. Montgomery, irPrinciples of Microwave Circuits.edited by R. H.
. 9 . q y Dicke and E. M. Purcel{McGraw-Hill, New York, 1948.
range. In addition, the sample holder does achieve the goa‘JSpecific instrumentation is mentioned in order to properly characterize the

of covering a very broad range of frequencies on a single procedure. This does not imply any endorsement by the National Institute
sample and within the best possible published instrumental of Standards and Technology for suitability.
uncertainty. 5F. I. Mopsik, Rev. Sci. Instrunb5, 79 (1984.



