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Abstract —We examine the effects on observed complex permittivity

caused by gaps between a sample and the conductors of the coaxial
sample holder. A transverse resonance model relates the observed and
true values given the dimensions of the gap. This model also confirms

the accuracy of the simpler capacitance model for small conductivities
and low frequencies. We describe, how, experimentally, variation in the

observed sample characteristics with frequency may be used to identify a
gap problem. Experimental results demonstrate the usefulness of con-

ducting pastes or copper plating in reducing the gap effect.

1, INTRODUCTION

K NOWLEDGE of the frequency variation of conductivity
and permittivity of solid-state electrolytes is essential

for understanding the transport process in these materials
[1]. It is well known that as conductivity increases errors in
measurement introduced by faulty contacts between the sam-
ple and metal walls of the sample holder become increas-
ingly serious, leading to an upper bound on measured con-
ductivity [2]–[7]. These errors are negligible only for low-loss,
low-permittivity samples. This problem has been studied for
coaxial line [4], [8] and waveguide sample holders [2], [3],
[5]-[9]. Prior work reported experimental results over small
bandwidths. With the availability of large-bandwidth sources
and network analyzers, the effect of errors caused by gaps
between the material and the sample holder is now being
examined over large frequency ranges. The problem became
particularly apparent to us during the development of a
scalar analyzer committed to materials characterization over
the 2-18 GHz range [10]. Large discrepancies between mea-
sured and known material parameter values led to the analy-
sis of the effect of gaps between the sample surface and the
walls in a coaxial line sample holder over a large frequency
range.

For coaxial structures with a transverse slab sample,
Westphal [4] models the gap as a distributed capacitance to
correct measured values. An example of results obtained
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with this model is shown in Fig. 1, which is a calculation of
an expected observation of conductivity as a function of true
conductivity for different air gap thicknesses. The dielectric
constant is 12, and the frequency is 2 GHz. The presence of
the gap places an upper limit on observed conductivity.

A transverse resonance model is used to correct observed
data in the presence of a gap and to validate the capacitance
model at low frequencies or for samples with low complex
conductivities. Observed irregularities in scalar analyzer
measurements identify the presence of a gap. The effect of a
gap is reduced by filling the gap with conducting pastes or
improving contacts by copper plating.

H. CAPACITANCE MODEL

Westphal [4] treats the gap by analyzing an equivalent
inhomogeneous coaxial transmission line (Fig. 2(a)), where ri

and r. are inner and outer conductor radii, and ri~ and ro~

are inner and outer sample radii sample, respectively. In a
homogeneous line, the inductance per unit length is L =
l/27r in (r-. / ri), and the capacitance per unit length is C*=
2~e;/in (rO / ri), where ● ~ is the complex permittivity.

When a gap of complex permittivity E)g is included (Fig.
2(b)), the observed capacitance is

C;apc:mp
c:= C:ap+C:amp (1)

where C;aP = 21rc;g/Ll, C;amP = 2r~;~/L2, c: =

2rr.e~O/L3, and L2 = ln(rO~/ri8), LB= ln(rO/ri), and L1 =
Lz – L2.

This model neglects the junction capacitance at the
boundary between the sample section and the transmission
line. Observed sample or material permittivity, ~:0, is a
function of gap permittivity, .s~,, and true sample perrnitt&-

@> E)s :

(2)

Separating (2) into the real and imaginary parts,

~,, Lltan8g(l +tan2ij,) + .s,gL2tani3$(l +tan28g)
tan 60 =

C,,LI(l +tan28,) + e,gL2(l+tan2~g)

(3)
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Fig. 1. Observed cmductivity versus true conductivity for different gap
thicknesses. It is assumed that 6,$= 12.0, ~rg = 1.0, Ug = 0.0, f = 2 GHz,
r, = 0.152 cm, and rO= 0.35 ~m.
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Fig. 2. (a) Schematic of a coaxial transmission line with a sample and
gap region. (b) Equivalent circuit of the coaxial transmission line with a
sample and lossless gap region.

and

‘ro
= ErgEr~L3

C,,L1(l +tan2 8,) + ●,8L2(1 +tanz 8g)

‘ (Ll%s+ ~,~rg )2+ (Lle,,tan8, + L,e,,tan 8,)2
(4)

where tan 8S= U~/tieOe,~, tan c$g= rrg /ro~Oerg, and tan 80 =
uo/ueoEro.

The observed conductivity, UO, is shown in Fig. 1 as a
function of C, to illustrate the effect of the gap. A gap as
small as 0.01 ~m produces erroneous measurements for

1.08,.5’’’’’’’’’’’’’’’’’’’’’’”9620.00 40.00 60.00~ 100.00
True dielectric constant

Fig, 3. Observed dielectric constant versus true dielectric constant for

di~ferent gap thicknesses. It is assumed that u,= 0.01 S/cm, E,8 = LO,
Ug = 0.0, ~ = 2 GHz, r,= 0.152 cm, and rO = 0.35 cm.
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Fig. 4. Observed conductivity versus frequency for different gap thick-
nesses. It is assumed that u,= 0.01 S/cm, Erg= 12.0, erg = 1.0, Ug= 0.0,
rt = 0,152 cm, and rO= 0.35 cm.

conductivities greater than 100 S/cm. Similarly, crO is plot-
ted in Fig, 3 as a function of e.,. The presence of a gap
places a limit upon observed dielectric constant:

(5)

Using (3), the spectral response of observed conductivity
was calculated and plotted in Fig, 4 for a true conductivity of
0.01 S/cm and a true dielectric constant of 12, The figure
shows the spectral response of observed conductivity for air
gaps of 0.1, LO, 10, and 100 pm. Except for the 0.1 pm air
gap, as frequency increases, so does observed conductivity.
Even the maximum value for observed conductivity is not the
the value.
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Fig. 5. Cross-sectional view of the sample region in the presence of an

a

outer gap, and its equivalent netwo~k parameters.

III. TRANSVERSE RESONANCE MODEL OF THE

INHOMOGENEOUS COAXIAL LINE

Marcuvitz [11] presents a transverse resonance analysis of

coaxial line with a lossv dielectric which provides a more

- accurate analysis of the gap-sample geometry. This model
views the cross section of the partially filled coaxial line as a
radial transmission line, and the propagation constant for the
dominant mode in the inhomogeneous coaxial line is to be
determined. A single gap between sample and outer conduc-
tor simplifies the analysis. From a reference plane at the
boundary between the sample and the gap, an equivalent
network of two short-circuited radial transmission lines of
different characteristic admittance, YOI and Y02, is assumed
(Fig. 5). The method of transverse resonance states that the
system will propagate when it is resonant in the transverse
plane or, equivalently, when the admittances are equal at the
gap-sample boundary [11, eq. (l)], viz.,

Y(j~Ct [kclro., kclr~] = Y02Ct [~c2~os> ~c2~ol (6)

where

Y02 kC1&
—.
Yol kC2e:,

(7)

and the sample and gap permittivities are in general com-
plex, kC1,and kC2 are the wave numbers in each region, and
ct (x, y) is the radial cotangent. In the general case, both the
sample and the gap are 10SSY,consequently, the radial cotan-
gent functions are complex. The usual separation relations
apply:

W2
k:l – y2 = -# (8)

and

(02
k:2 – 72= -#g (9)

where y is the propagation constant of the region, y =

j(o /c)~. Solving for ~~0from (6)-(9), we have

C*_ * * (~tg(Ct)2[kc2~os, kc2~o]-~)s(Ct)2[~c,~os, kc,~i])

ro – E,,e,g

•;:(d)’[k,,~o,, k.zr. 1- %lct)’[k.lr~,>k.lri]

(lo)

Since the arguments of the radial cotangents are functions of

•~o, (10) is transcendental and is solved by iteration.
Marcuvitz presents an approximate solution in the low

frequency range: kC1rO,<1 and kC2r0<1. Here (10) reduces
to

()in 5

~ro

“r’’rg’ln(:)~,g’n(;)” ’11)
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Fig. 6. Observed conductivity versus true conductivity for the trans-
verse resonance model. It is assumed that E,J = 12.0, ●,g = 1.0, Ug= 0.0,
~= 2 GHz, r,= 0.152 cm, rO= 0.35 cm, and outer gap= 50 pm.

Fig. 7. Observed dielectric constant versus true dielectric constant for
the transverse resonance model. It is assumed that u,= 0.01 S/cm,
~,g = 1.0, Ug= 0.0, ~ = 2 GHz, ri = 0.152 cm, rO= 0.35 cm, and outer
gap = 50 ~m.

Thus, in the low frequency limit, the transverse resonance
result reduces to the capacitance model when the model is
developed for a single gap (where r,i is set equal to r,) in (2).

We next compare both models by calculating an observed
conductivity and dielectric constant for an outer gap of
50 ~m and a true dielectric constant of 12. Fig. 6 shows
observed conductivity as a function of true conductivity,
obtained using (10). The dashed curve represents the capaci-
tance model, and the solid curve represents the transverse
resonance model. Both models coincide to a maximum and
then deviate’ for greater true conductivity, Fig. 7 shows
observed dielectric constant as a function of true dielectric
constant for a true conductivity of 0,01 S/cm,

The transverse resonance model establishes the range of
validity of the capacitance model. For example, the simpler
model is valid up to the peak in the true conductivity curve
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in Fig. 6: The capacitance model is also valid of the smaller (3) and (4) and using the small-gap approximation to obtain

values for low true dielectric constant (Fig. 7). If the gap
dimensions were known, either by observation or by calcula-

Er~L1
tan 80= tan 8,+ tan 13g (16)

tion of differential expansion arising from an extended tem- ErgL2(l +tan 8:)

perature range [131, then the true values of conductivity and
dielectric constant could be determined by using the trans-

and

verse resonance model. Solving for e~~from (6)–(9), we have e,~L3
● —

!“{~

i-o
z L2 ‘E’s”

(17)

~*=——
(12) If it is additionally assumed that the loss tangent of thers

sample is greater than or equal to 1, then the observed loss
where tangent is approximately equal to the loss tangent of the

2
k]

sample.
~}j(ct) [ k~2r0s > c2r0

b= (13)
(ct)2[kc.r0,,k.lr, ](~% - #g)” V. EXPERIMENTAL INVESTIGATION

If sample parameters are within the range of validity of
We now describe experiments for mitigating the gap effect

the capacitance model, then e~~for a two-gap model is (from
for lossy samples. The theoretical discussion indicates that

(7)) the gap effect is reduced if the gap is small, and if it contains
<~)!

a material with loss tangent greater than or ~qual to the loss
&#gL2

E* = (14) tangent of the sample. Thus the conductivity of the filling
rs

e;gL3 — E;OL1 limits the highest measurable sample conductivity.

Thus, with a knowledge of the dimensions and composi-
tion of the gap material, together with the observed dielec-
tric constant and conductivity, the true characteristics of the
sample can be determined.

>

IV. ELIMINATING GAP EFFECTS

In general, it is difficult to determine the size of the gap,
and thus we seek ways of reducing or eliminating the effect
of the gap. The capacitance model indicates that the gap
effect is reduced by increasing gap capacitance so that it
is much larger than sample capacitance. This is accom-
plished by filling the gap with high-dielectric-constant mate-
rial. Equations (3) and (4) are greatly simplified assuming

●rSL1 << ergL2, and L3 = L2.

There are two Ways of forcing the obseryed values to
appro~mate the true values. One way is to note that when
tan2 ~, <<1 and tan2 i3g <<1, the desired result for ●, can be
obtained, These inequalities are equivalent to stating that
the method is valid only for low-loss materials. The interim
result for tan 8 is

(15)

Tan 8, will be equal to tan i10 if C,,L1 tan C$g<< rE,gL2 tan i3,.

Since ●r,$L1 << e,gL2, from the small-gap approximation, this
inequality is easily satisfied,

This result agrees with the well-known approximation that
small air gaps can be neglected for low-loss materials. It
extends this idea by’ showing that filling the gap with a
high-dielectric-constant material expands the range of gap
widths which can be tolerated. For example if e,g is large,
the small-gap approximation can be satisfied for larger gaps.
And if tan 8g and ●,g still satisfy Er,L1 tan ~g -=-KErgL2 tan 8,,

the observed values equal the true values.
Another way of forcing the observed values to approxi-

mate the true values ‘is filling the gap with a highly conduct-
ing materialj’ arid thus approach the limit of a perfect fit. If
we assume small gaps (E,~L ~ c< ●,gL2, and L2 = L3), and
tan ~g > tan 8,, then observed values will approach true val-

ues. This result is established by using these assumptions in

Two techniques were used to fill the gap. The first em-
ployed a silver conducting paste, 5450 Thermoplastic.l The
paste was painted on the curved surfaces of the sample, the
sample was inserted into the sample holder, and excess paste
was removed. The second technique is to electroplate a rigid
sample. The process requires four steps [14]. 1) Solutions of
nitric and hydrofluoric acid are used to clean the sample.
2) A sulfuric acid and potassium bichromate solution pre-
pares the surface qf the sample to receive an adherent
metallic film for carying the current necessary for subse-
quent electroplating. 3) An ammonium hydroxide based sil-
vering solution and a formaldehyde-based reducing solut ion
chemically deposit the silver film. 4) The sample is electro-
plated with copper. The flat surfaces are sanded to remove
the copper and silver, and the curved surfaces are sanded for
a snug fit.

The characteristics of three known samples of varying
conductivities were measured using a scalar network ana-
lyzer method [10], Measurements were made on Stycast
HiK2 and on two silicon samples at room temperature. In
each case, an APC-7 connector was used as the sample
holder. Fig. 8 is a graph of the magnitude of the reflection
coefficient versus frequeney for a 4.43-mm-thick &ycast HiK
sample. The stated dielectric constant of the sample is 16.
The crossed points joined by a dashed curve represent mea-
surements of the sample with an air gap. This curve has large
irregularities, which are attributed to the simulation of higher
order modes in the air gap, The half-wavelength resonant
point gives an erroneous dielectric constant estimate of 10.4.
From the capacitance model, an air gap of 10 @m would
cause this shift in dielectric constant. The circled points
represent measurements of the sample with the gap filled
with the conducting paste, The half- and one-wavelength
resonant point gives a dielectric constant estimate of 15.9.
The solid line represents theoretical magnitude of reflection
coefficient of the known sample, assuming ~ero gap, a dielec-
tric constant of 16, and a conductivity of 0.005 S/cm. This

,,

‘5450 Thermoplastic is a silver polymer conducting paste made by
Cermalloy Inc., Union Hill Industrial Park, West Conshocken, PA
19428.

ZStyca5t HiK is a product of Emerson & c~mrninq! inc.



536 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 39,NO. 3, MARCH 1991

-5.00

-15.00

I OP%
$’

Iv’
\%?\f

Jr

{1

‘1
‘1
;1

‘1

Stycast HiK i
o-=o. oo5s/cf+

1

i
er=16 ‘

-20”08!;’’’’’’’’’’’’’’’’’’’’’’’’1’”’’’’’’’’’’”;5.00 10.00 15.00 20.00
frequency (GHz)

Fig. 8. IPI versus frequency for the Stycast HiK c,= 16 material. The
crossed points connected by a dashed curve represent the experimental
results with an air gap. The circled dots are the experimental results
with the filled gap, and the solid line is the theoretical curve based on
m = 0.005 S/cm.

conductivity was chosen for best fit of the theoretical reso-
nance curve to the experimental data.

An evaluation of the effectiveness of copper plating for a
sample of p-type, (111) oriented, single-crystal silicon is
considered. Measurements of the sample at dc, using the
four-point probe method [15], showed a dc conductivity of
0.017 S/cm. Silicon has a published permittivity of 11.8 in
the microwave range [16]. Parts (a) and (b) of Fig. 9 are
graphs of the magnitude of the measured reflection and
transmission coefficients as a function of frequency for the
4.50 mm sample. Measurements of reflection with the air gap

(dashed curve) are again characterized by comparatively large
irregularities and a shifted resonant point. Measurements of
the magnitude of the reflection coefficient of the copper-
plate sample produced a half-wavelength resonant point
from which a dielectric constant estimate of 11.6 was ob-
tained. In addition, by theoretically fitting the resonance
curve to the experimental one (solid line), an approximate
conductivity of 0,02 S/cm is calculated. Fig. 9(b) shows that
the magnitude of the transmission coefficient for the sample
with the air gap (dashed curve) is greater than that of the
copper-plated sample (circled points).

Lastly, we evaluate the effectiveness of a copper-filled gap
for a high-loss p-type, (111) oriented silicon sample. Mea-
surements at dc gave a conductivity of 0.28+ 109Z S/cm. Fig,
10 is a graph of the transmission coefficient as a function of
frequeney for a 3.60 mm sample. A thinner sample is chosen
to increase transmission through the 10SSYmaterial. Mea-
surements of the copper-plated sample are compared with
theoretical curves for conductivities of 0.2, 0.25, and
0.3 S/cm and an assumed dielectric constant of 11.8. The
transmission coefficient agrees at 10V frequencies with the
0.2 S/cm theoretical curve and at high frequencies with the
0.25 S/cm curve. The discreparrey between dc conductivity
and measured microwave conductivity is attributed to imper-
fect contact between the copper plating and the sample
holder, Imperfect contact was detected by placing candle
soot on the copper plating, inserting and removing the sam-
ple from the sample holder, and noticing that some soot
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Fig. 9. (a) Ipl versus frequency for the p-type silicon sample. The
crossed points connected by a dashed curve represent the experimental
results with an air gap. The circled dots are the experimental results
with the filled gap, and the solid line is the theoretical curve based on
~ = 0,017 S/cm and 6, = 12. (b) Irl versus frequency for the P-type

cr = 0.017 S/cm and c, = 12 silicon sample. The crossed points con.
netted by a dashed curve represent the experimental results with an air
gap. The circled dpts are the experimental results with the filled gap,
and the solid line is the theoretical curve.

remained on the plating. The magnitude of the reflection
coefficient is not shown because it was too small and pro-
duced no resonant curves for characterizing samples accu-
rately with the scalar network analyzer [10].

These results confirm the usefulness of the gap-filling
technique. Furthermore, they demonstrate the effectiveness
of using conducting paste or electroplating to reduce the gap
effect.

VI. CONCLUSION

A gap between a sample and the conducting walls of its
holder can severely limit accurate microwave material char-
acterization, There are several ways of modeling the gap.
One of the simplest is the capacitance model, According to
this model, if the square of the loss tangent of the sample is
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Fig. 10. 171versus frequency for the p-type u = 0.28 S/cm t 10 circled
dots are the experimental results with the filled gap.

less than 1 and if the air gap is small (~r,l,l << ~rgL2), the

gap does not introduce significant errors, Fig. 1 demon-

strates that the severity of the gap effect increases as sample
loss tangent increases. Scalar analyzer measurements identify
a gap problem by observing large irregularities in the data as
a function’ ‘of frequency when a gap is present. In a coaxial
transmission-line sample holder, the only solution to the gap
problem for wide-band measurements of solid samples is to
fill the gap with a conducting material. The capacitance
model also shows that the highest measurable conductivity is
limited by the conductivity of the gap material. The error
becomes larger as the conductivity of the sample exceeds the
conductivity of gap material. The gap can be filled by using a
conducting paste for lower-conductivity samples or by plating
for higher-conductivity samples.
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