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Application Note 339-13

MEASURING THE DIELECTRIC CONSTANT OF
SOLID MATERIALS

- HP 4194A Impedance/Gain—-Phase Analyzer -

Introduction

Dielectric constant measurements are one of
the most popular methods of evaluating solid
materials, such as electric insulators and poly-
mers, because dielectric constant measure-
ments can be performed easier than chemical
analysis techniques. You can evaluate not
only the electrical characteristics, but also the
physical characteristics, the structure of ele-
ments and their density can be derived from
measured dielectric constant information.

This application note gives the theoretical
explanation of Dielectric Constant, and a
method for deriving the dielectric constants of
solid materials using the HP 4194A Im.
pedance/Gain-Phase Analyzer.
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Figure 1. Test Device with Electrodes
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Deriving the Dielectric Constant of
Solid Materials

Here is theoretical explanation of deriving the
dielectric constant of a material based on its
measured C-D values. The dielectric constant
of solid materials which can be shaped into a
disc can be obtained using the following equa-
tion ( see Figure 1).

t
€ = €46, =TC[F/m]

t x¢C t xC

€R= =

A X g, v x (d/2) x €,

€ : Dielectric constant
€, : Dielectric constant of vacuum (= 8.854
x 10712
g - Relative dielectric constant of test device
: Thickness of test device [m ]
. Area of face of test device [ m? |
Capacitance of test device [ F ]
Diameter of test device [m ]
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Generally, the relative dielectric constant ( ¢, )
is the main parameter evaluated, and this is
what is generally called the ~ diclecrric constant
". When the strength of the electric field
through a solid material changes, the poliriza.
tion change lags the electric field change.

_ This phenomenon is called the “ dielectric after

effect ", and can be derived as a function of
time as follows:

s = et
T

1 : Dielectric Relaxation Time
t: Time

In this case, the dielectric constant should be
modeled in complex form as follows:
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€, COSE =
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€ = €, siné = X sin{

A X €4

eall
=D =

€q

tané

€": Complex dielectric constant

€' : Real part of dielectric constant

€”: imaginary part of dielectric constant

: Dielectric dissipation factor
Dissipation factor of test device

€' and ¢" can be obtain using
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€reo +{ €Ro - Croo )
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€' = ( €0 - fRee )

1 + wiq?

(Debye equation)

€go * Dielectric constant when frequency = 0
€pe - Dielectric constant when frequency =
This equation shows that €' and €" are a
function of frequency, and this frequency
dependent effect is called ° Diclectric
Dispersion *. The following equation is derived
from the above equation, and the plot of this
derived equation is called a Cole-Cole plot
{ Figure 2 );

€o T €pw

x cos( tan™t

tan™’

D)

D)

1 + wir?

€go and €, are derived from the Cole-Cole
plot using the measured value of €' and €".
The Cole-Cole plot is helpful for the physical
analysis of organic substances.

The HP 4194A performs accurate measure-
ments of capacitance and D ( dissipation
factor ) of test devices by using its compensa-
tion function to eliminate errors due to stray
admittance and the residual impedances of the
test fixture (HP 16034E). By using ASP
( Auto Sequence Program ), the HP 4194A’s
internal programming function, the HP 4194A
can perform C-D measurements, caiculation of
dielectric constants, and display the frequency
characteristics and a Cole-Cole plot simul-
taneously without using an external computer.
You can reduce evaluation time significantly
compared to using a bridge.
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Figure 2, Cole-Cole Plot



Dielectric Constant Measurements
using the HP 16034E

The following describes one method of
measuring the dielectric constant of solid
materials using the HP 4194A with the
HP 16034E Test Fixture.

1. Test Device Preparation

The material to be tested should be accurately
shaped into a constant thickness disc ( as
close as possible to a perfect circular shape of
constant thickness ). The electric field dis-
tribution of a disc shaped object is will known
and understood, and it is easy to calculate the
dislectric constant. The diameter and thick-
ness of the disc must be accurately measured
( use a micrometer for these measurements ).
Take a number of measurements and average
them to reduce the dielectric constant mea-
surement error due to the dimensionai mea-
surement error,

2. Mount the Test Device on the Fixture

Remove the HP 16034E€'s Teflon insulator
( refer to Figure 3). Connect the HP 16034E
test fixture to the HP 4194A's measurement
terminals, and carefully perform the Zero
OPEN/SHORT compensation. Stable, accu-
rate compensation is required to obtain accu-
rate measurements, especially for tans. When
performing the SHORT compensation, short
the HIGH and LOW contact pins of the
HP 16034E completely, and when OPEN com-
pensation is performed, leave a space between
the HIGH and LLOW contact points equai to the
thickness of the material to be tested. Mount
the test device between the HIGH and LOW
pins of the HP 16034E.

Remove Teflon insulator.

Figure 3. HP 16034E

3. Measurement and Calculations

Measure C, ( paraltel capacitance ) - D of the
test material. This measurement value of C,
includes the edge capacitance which is an
additional error factor { Figure 4). The edge
capacitance can be calculated as follows: |

Cepoe = (0.029 - 0.058 10g tyy ) X T X { Ay + Ly}

Cepee - Edge capacitance [ pF |

t.y : Thickness of device [ cm ]
d

cu - Diameter of device [ cm ]

{ t >> Thickness of electrode )

The dielectric constant and tan$ are calculated
as follows:

t X ( Cp - Cppge )

€ =
A X g,
tan§ =D
€, = € xcos{ Tan' D)

€' = € xsin{ Tan' D)
C,. D = Measured values

Figure 5 shows a sample ASP program listing
for dielectric constant measurement, and
Figure 6 shows the displayed results (di-
electric constant and tan$ of Teflon). This
ASP program can also be used to obtain the
complex dielectric constant, and produce a
Caole-Cole plot for organic substances. Figure
7 and 8 show the frequency characteristics of
a complex diefectric constant and a Cole-Cole
plot of a polymer.

Edge Capacitance

Figure 4. Additional Error Due to Edge Capacitance



1@

2@

30

490

5@

60

7o

80

a0
129
110
120
13
140
150
160
170
18¢
190
220
210
220
238
240
250
26@
2re
8@
290
300
3e
320
330
340
350
360
370
300
390
400
41@
420
430
440
450
460
470
480
490
508
5@
520
830
549
550
=11
S7e
5g@
c9¢
60
610

Figure 5. ASP Program for Dielectric Constant Measurement

IDIELECTRIC CONSTANT MEASUREMENT

! USING HP 1B@34E

| SRR ERRRER AN R RS SR AR B RS ERERERRRRNRS
R@=8,854E-12 | E@

R3=38E-3 t DIAMETER OF DEVICE
R1=(R3/2)=«2«PI | AREA OF OEVICE
R2=3.@5E-3 ! THICKNESS QE DEVICE
I RJ t EDGE CAPACITANCE

! FE4RERFRFAAARAERATHERFARAXARBIERAES A I RN
RST

IMP143SWT2;START=1K ; STOP=40M
NOP=101; ITMZ 1 NOA=2Z ;CMPNZ
BEEP
=8
DIsP
PAUSE
IF Z=1 THEN 605uUB 490
OPNI1;SHTH

BEEP
DIsP
PAUSE
IF 7=0 THEM 6070 240

RZ={

! LEEEZEEAS RS ARRRS R SRR RRERRRRE RS ER:
CMT OIELECTRIC CONSTANT®

BEEP
oIsp
PAUSE
SWTRGE
RA=A1RB=B

R2Z=R2#1E-Z3R33=R3+1E-2

RJ=(.029- OSB*LOG(RZZ)J'(PI*(R33+R22))
A=(RA-RJ*1E-12)+R2/(RA*R1 )
UNITQ1AUTOsMKR=tM16=A

DISP "A=D.CONST. / B=TAN.DELTA"

BEEP

PAUSE

I #8840 80400000 aRaatintiattsntassan
CHT"COMPLEX DIELECTRIC CONSTANT®
A=G+COS(ATAN(RB) }3B=G+SIN(ATAN(RB )}
AUTO4DISP "A=REAL / B=IMAGINALY"

BEEP

PAUSE

! XXX EEZEIEEESRAEES RS R RS RERER SRR R RS S
CHMT"COLE-COLE PLOT®

0sP2;:AUTO

BEEP

END

! FEEFEARRRAFRAAAAAA S I AR RABRARERRRRFERE
t OPEN/SHORT COMPENSATION

ITM3

BEEFP

DISP "OPEN (AT 1GO34E)"

PAUSE

ZOPEN

BEEP

OISP "SHORT (AT t&O34£1"

PAUSE

ISHRT

OPN13SHT1:1TMZ

RETURN

“COMPEN? Y=1 / N=CONT"

“T{m)? DFT=" ,RZ

"CONNECT DEVICE"
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D[ELECTRIC CONSTQNT
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Figure 6. Dielectric Constant and Tan& of Teflon

COMPLEX DéELECTRIC CONSTANT

o MKR 1 0680 900.000 H:
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Figure 7. Complex Dielectric Constants of Polymer
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Figure 8. Cole-Cole Plot of Polymer



4, For More Accurate Measurements

« Measurement Frequency Range Using the
HP 16034E

The HP 16034E can be used at frequencies up
to 40 MHz. However, when measurement
frequencies over 1 MHz are used, the in-
cremental error is not negligible, and this is
ospecially true for frequencies over 10 MHz
{ additional error in  capacitance s
+ 15 x (tMHz X 10)2% ). The practical
measurement frequency range when using the
HP 16034E for dielectric constant measure-
ment is approximately 10 MHz.

¢ Working Standard for Dielectric Constant
Measurements

It is very difficult to measure dielectric con-
stant and tan$§ under the following conditions:

Dielectric constant < 2
Device thickness < 100 um
tans < 0.001

The measurement conditions, including com-
pensation and shielding, can be a source of
measurement errors under these conditions.
Using a " Working Standard " is an effective
means of measurement verification under
these conditions.

Teflon is a popularly used material for working
standards, its dielectric constant ig 2, tan§ is
less than 0.0002, and its characteristics are not
frequency dependent.

e Size of Test Device

The maximum test material thickness for
measurement using the HP 16034E is 8 mm
{ refer to Figure 10 ), The height of the contact
points excluding the Teflon insulator is ap-
proximately 6 mm, so the appropriate diameter
of the test material is approximately 10 mm.

Test Device

HP 16034E

"

Shield
Cover

*13: mm Contact Pin

I height = 6 mm

Figure 10. Contact Pins for the HP 16034E

Note: Measuring the dielectric constant of test
materials having low dielectric constants and 1
cm in diameter is difficult. Increase the capac-
itance of the test sample material by decreas-
ing its thickness or by modifying the test fix-
ture to take a larger diameter test sample.
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