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Conductivity Measurements at the Interface Between
the Sintered Conductor and Dielectric Substrate at

Microwave Frequencies
Akira Nakayama, Yoshitake Terashi, Hiroshi Uchimura, and Atsuomi Fukuura, Member, IEEE

Abstract—A novel measuring technique of the effective conduc-
tivity at microwave frequencies for both the sintered conductor
surface and the interface between conductor and dielectric ma-
terials was developed. In the measurement, a dielectric rod res-
onator is placed between two dielectric plates, one side of which is
coated with a sintered conductor. For measuring the surface con-
ductivity, the dielectric rod is sandwiched by the conductor side
of the plates. On the other hand, for measuring the interface con-
ductivity, the dielectric rod is sandwiched by the dielectric side of
the plates. By the configuration, only interface conductivity con-
tributes to the conducting loss of the resonator, thus allowing the
measurement of the interface conductivity. Using the new tech-
nique, the frequency dependence of both the surface and interface
conductivity of a sintered copper, formed on a glass ceramic sub-
strate by the co-firing technique, was investigated in the frequency
range from 11 to 34 GHz. It was confirmed that the values of in-
terface conductivity of the sintered copper were smaller than the
values of the surface conductivity.

Index Terms—Complex permittivity, dielectric rod resonator,
glass ceramic substrate, interface conductivity, microwave mea-
surement, sapphire, sintered copper.

I. INTRODUCTION

T HE attenuation of planar transmission lines, such as
striplines, microstrip lines, and coplanar lines, are de-

termined by conducting, dielectric, and radiation losses. It is
commonly known that the conducting loss is the major factor
affecting the overall attenuation of those planar transmission
lines at microwave frequencies. In the microwave range,
electric current is concentrated within a skin depth of the order
of micrometer thickness. This is taken into account as actual
skin resistance, specifically the surface resistance and
the interface resistance , or effective surface conductivity

and interface conductivity . Evaluation of an accurate
value of the effective conductivity becomes very important for
conductor pattern designing and conductor formation process
development. When focusing on planar transmission lines,is
particularly important, because the microwave current is more
concentrated on the dielectric side, rather than the air side, of
the conductor due to a high dielectric constant. However, there
have been few efforts to measure the effective conductivity,
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particularly the interface conductivity, of a sintered conductor
formed on the ceramic substrate, while several studies have
been carried out for measuring the complex permittivity of
ceramic substrates [1]–[7].

Tanakaet al.[8] presented a technique for measuring theat
microwave frequency using stripline resonators. They have sep-
arately measured the conducting and dielectric losses of printed
circuit boards, using several stripline resonators of different di-
mensions. The result of their measurements indicated that the
effective conductivity of the industrial copper foil, widely used
for cladding, was significantly affected by the surface roughness
of its bonding side.

Multilayered ceramic substrates and packages, including
many transmission lines, are made by co-firing with the con-
ductor. In this case, the interface between the conductor and
ceramics usually has roughness, a reaction layer, and a concen-
tration of glass material, depending on the co-firing process
and the compositions of the ceramic and conductor materials.
Such interfaces usually have low conductivity. To design the
microwave circuit and develop the process technology of the
co-firing, an accurate and simple measurement technique is
needed for at microwave frequencies.

In this paper, we propose a novel technique for measuring
both the and at microwave frequencies. The technique is
based on the dielectric resonator method, a popular technique
for measuring dielectric constants at microwave frequency.
Using the proposed technique, we have investigated the fre-
quency dependence of both and of a sintered copper
formed on a glass ceramic substrate using the co-firing tech-
nique in the frequency range from 11 to 34 GHz.

II. M EASUREMENTPRINCIPLE

A. Conductivity Measurement

Configurations of the mode dielectric rod resonator
for measuring surface conductivity and the mode res-
onator for measuring interface conductivity are shown in
Fig. 1. Fig. 1 also illustrates typical electric and magnetic fields
for each TE mode resonator by solid and broken lines, respec-
tively. The resonators consist of a dielectric rod and two test
samples of circular dielectric substrate, covered with a sintered
conductor at one side. Here, the sintered conductor is supposed
to be much thicker compared with the skin depth. The rod has di-
ameter , height , relative permittivity , and loss tangent

. The corresponding sizes and dielectric constants of the
dielectric substrate are presented as, , , and . For
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(a) (b)

Fig. 1. Configurations of theTE and TE mode resonators for
measurements of effective surface conductivity� and interface conductivity
� . Typical electric and magnetic fields are illustrated. (a)TE mode
resonator for� . (b)TE mode resonator for� .

measurement of , both ends of the rod are short-circuited by
the surfaces of the sintered conductor of the sample, as shown in
Fig. 1(a). In such a configuration, only the of the conductor
contributes to the conducting loss in the mode resonator.
For measurement of , the rod is sandwiched by the dielectric
sides, as shown in Fig. 1(b). In this configuration, onlycan
contribute to the conducting loss in the mode resonator,
allowing the measurement of. By unloaded measurements
of the two resonators, and can be determined separately,
when the conductor is much thicker than the skin depth.

Moreover, it is important that the dielectric loss arising from
the substrate is very small in our resonator. The elec-
tric field in the mode vanishes on the both conductors
and reaches a maximum at the central transverse plane of the
sapphire rod. The electric field is very small in the substrates,
positioned at the both ends of the dielectric rod. Accordingly,
the effect of the dielectric loss by the substrate on theof
the resonator is relatively small, compared with the con-
ductor loss by interface conductivity and the dielectric loss of
the rod. The interface conductivity can be determined without
serious influence of the dielectric loss by the substrate.

The value of is calculated from the measured values of the
resonant frequency and the unloaded , of the
mode resonator shown in Fig. 1(a). The value ofis calculated
from those of the mode resonator shown in Fig. 1(b).
When is infinitely large, radiation loss can be neglected and

of the resonator in Fig. 1(a) is determined from the dielectric
loss by the rod and the conductor loss by the surface resistance
as follows:

(1)

In the same way, of the resonator in Fig. 1(b) is determined
from the dielectric losses by the rod and substrate, and conductor
loss by the interface resistance as follows:

(2)

Here, the subscripts and indicate the resonator shown in
Fig. 1(a) and (b), respectively. The in (1) is a partial elec-
tric energy filling factor [9] of the dielectric rod and in (2)
is that of the dielectric substrate, defined by

(3)

(4)

where is the electric energy stored in the rod, is
that stored in the substrate and is the total electric energy
stored in the resonator structure. The generally represents
relative permittivity in the resonant structure. Thein (1) and
(2) is a geometric factor of the resonator [9], defined by

(5)

where is a surface integration of the magnetic field
at the surface side for in (1) or the interface side for in
(2) of a sintered conductor. Furthermore, the relation ofand

, or and is given by

(6)

where is the permeability of the sintered conductor.
Values of and are calculated by exact equations

[10], [11], as follows:

(7)

(8)

(9)

(10)

where

(11)

(12)

(13)

(14)

Here, and are given by Hakki and Coleman [10], for de-
termination of using the mode dielectric rod res-
onator. is the velocity of light in the vacuum. and are the
first- and the second-order modified Bessel functions. For any
value of , the th solution exists between and in
(14), where and . In this study, the
values of and are calculated from the first solution

of (14) and by setting in (10) and (13), since these pa-
rameters correspond to the mode.

On the other hand, the , and are obtained by
axis symmetric FEM calculation. Accuracy of the FEM analysis
is described in Section IV.

Equations (1) and (2) are derived by assuming that the plate
sample has infinitely large. In practice, a suitable finite size of
the sample plates is permitted, since the TE-mode electromag-
netic field outside the rod rapidly decreases in the radial direc-
tion. We have analytically estimated the required value of the
diameter ratio , as a function of a thickness ratio of
the substrate to the rod and (see the Appendix).
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Fig. 2. Structure ofTE andTE mode resonators for measurements of
relative permittivity" and loss tangenttan � of dielectric rods. Typical
electric and magnetic fields are illustrated. (a)TE mode resonator. (b)
TE mode resonator.

B. Complex Permittivity Measurement

For measurements of and , relative permittivity and
loss tangent of the dielectric rod and substrate should first
be determined. The and were measured by a di-
electric rod resonator method [10], [11]. In the resonator used
for this method, both ends of the dielectric rod are short-cir-
cuited by the conducting plate. When both and effective
conductivity of the conducting plates are unknown, a pair of

and mode dielectric rod resonators must be used
[11]. The two resonators are required to have the same values
of and . Furthermore, same conducting plates are
used in these resonators.is commonly set to as shown
in Fig. 2. Both dielectric rods have the same diameterand the

mode rod is three times the height of the mode
rod. When the diameter of the conducting plateis larger than
four times the rod diameter , the conducting plate can be as-
sumed to be infinitely large. From resonant frequencymea-
surements of each mode, is calculated by

(15)

where and are given by (13) and (14). Next, and
are obtained from measurements of both mode resonators

by the following equations:

(16)

(17)

(18)

where is the skin resistance of the conducting plate. Sub-
scripts 1 and 3 indicate the and mode resonators,
respectively. and are calculated by (7) and (8), since
those values are the same as and , respectively.
and are also calculated by (7) and (8), whenis set to
for calculations of (9)–(14). When both dielectric rods precisely
have the same diameterand the mode rod is precisely
three times the height of the mode rod,
and are obvious from (3) and (5). On the other hand,
if is known, can be determined from measurements
of the mode resonator, using (16).

and were measured by a split-cavity resonator
method [1]–[4] at 10–20 GHz, using substrates without a sin-
tered conductor. In the split-cavity resonator method, the dielec-

Fig. 3. Structure ofTE mode cavity resonators for measurements of
relative permittivity" and loss tangenttan � of the dielectric substrate.
Typical electric and magnetic fields are illustrated.

tric substrate of thicknessis placed between the sections of the
cavity of internal diameter and height , as shown in
Fig. 3. The and are determined by resonant fre-
quency and unloaded , , measurements. In this study,

and were calculated by equations described in the
literatures[1], [2].

At frequency above 20 GHz, and were mea-
sured by the rod resonator method above-mentioned, using
rod samples cut out from the substrate and conducting plate of
known conductivity.

III. EQUIPMENT

The dielectric rod resonators for measuring, , ,
and , and the cavity resonator for measuring and

were undercoupled equally to input and output loops
on the top of semi-rigid cables. The insertion loss at was
adjusted to around 30 dB. , the half-power bandwidth ,
and were measured using the HP Network Analyzer 8757C
by the swept-frequency method. is obtained by

(19)

IV. RESULTS AND DISCUSSION

A. Complex Permittivity Measurement

The dielectric rod used for and measurements is re-
quired to have small , since the dielectric loss degrades the
accuracy of the measurements. We used single-crystal sapphire
rods with a rotational axis parallel to theaxis, because of its
extremely small .

Complex permittivity of the sapphire rod was obtained by the
dielectric rod resonator method [10], [11]. The copper plates,
with a mirror surface of about 0.03-m roughness, were set on
both ends of the rod for short-circuiting in the measurements,
by no applied pressure. The effective relative conductivity
of these plates and of the sapphire rods were simulta-
neously obtained from measurements of and
mode resonators [11]. Table I and Fig. 4 show the measured
values of and , perpendicular to the axis, of the
sapphire rods used in this study, at 298 K and in the frequency
range from 11 to 34 GHz. The values of , normalized by the
standard copper conductivity S/m, of the copper
plates are also listed in Table I. The values of of the sapphire
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TABLE I
MEASUREMENTS OF THERELATIVE PERMITTIVITY " AND LOSSTANGENT tan � OF SAPPHIRERODS, WHICH ARE VALUES PERPENDICULAR TO THEC AXIS

OF THESAPPHIRECRYSTAL. RELATIVE EFFECTIVECONDUCTIVITY � VALUES OFCOPPERPLATES USED FORMEASURING" AND tan � ARE ALSO LISTED.
THOSE ARENORMALIZED BY A CONDUCTIVITY OF � = 5.8� 10 [S/m] OF THE STANDARD COPPER

Fig. 4. Frequency dependence of the sapphire rod relative permittivity"

and loss tangenttan � , perpendicular to theC axis.

are about 9.41 and the frequency dependence of of the
sapphire is expressed by frequency/ GHz.
These values have good agreement with the reported dielectric
properties of sapphire perpendicular to-axis, that is,
and frequency/ GHz at room temperature
[12]. Table I and Fig. 4 also show random errors of measure-
ments. The random errors of , and are evalu-
ated by

(20)

(21)

(22)

Fig. 5. Frequency dependence of the glass ceramic substrate relative
permittivity " and loss tangenttan � .

where , , and are errors of induced by the
standard deviations of , rod diameter , and height . In
the same way, , , , and are
defined as errors induced by the standard deviations ofor

. Here, and are unloaded values of the
and mode resonators, respectively.

To make a test sample, we used a new glass ceramic mate-
rial [13] developed by Kyocera. Fig. 5 and Table II show the
frequency dependence of dielectric properties of the new mate-
rial that relative permittivity is 4.8 0.1 and dielectric loss
tangent increases from 7 10 to 8 10 with in-
creasing frequency from 10 to 35 GHz. This slope in frequency
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TABLE II
MEASUREMENTS OF THERELATIVE PERMITTIVITY " AND LOSSTANGENT tan � OF A NEW GLASS CERAMIC SUBSTRATE. (a) VALUES OF" AND tan �

OBTAINED BY SPLIT-CAVITY RESONATOR AT 10, 16,AND 20 GHz, USING PLATE SAMPLE. (b) VALUES OF " AND tan � OBTAINED

BY A DIELECTRIC ROD RESONATOR AT35 GHz, USING THE ROD SAMPLE

(a)

(b)

dependence of is very small compared with conven-
tional glass ceramics or other ceramic substrate. The measured
values at 10, 16, and 20 GHz were obtained by the split-cavity
resonator [1]–[4], using a plate sample. Those at 35 GHz were
obtained by the dielectric rod resonator [10], [11], using a rod
sample. Random errors of , by the split-cavity res-
onator evaluated by

(23)

(24)

where , , , and are the errors of
induced by the standard deviations of, plate thickness, in-
ternal diameter , and height of the cavity. In the same
way, and are defined as the errors by the
standard deviations of and effective conductivity of cavity

. Furthermore, random errors of , by the di-
electric rod resonator evaluated by

(25)

(26)

where , , and are the same as those in (20).
and are the errors by the standard devi-

ations of and effective conductivity of the copper plate
used in the rod resonator method.

B. Calculation of Parameters for Measurements

For measurements, a partial electric energy filling factor
of the sapphire rod and glass ceramic substrate, and

, and geometrical factor corresponding to each dielec-
tric rod (R1-1 R5-1) were obtained by axis symmetric FEM. In

the analysis model of the resonator, a side wall of the conductor
was placed at diameter. The diameter ratio of the substrate to
the rod, , was set to 5, to let the electromagnetic field
be negligibly small near the side wall.

Calculated results for the dielectric rod R1-1 are shown in
Fig. 6, as a function of the thicknessand relative permittivity

of the substrate. The calculation model is also shown in
Fig. 6(a). Fig. 6 shows some basic tendencies. The partial elec-
tric energy filling factor of rod decreases with increasing

and . That of substrate , on the contrary, increases
with increasing and . These dependencies onand are
reasonably understood from the definition of and by
(3) and (4). On the other hand, decreases with increasing

and increases with increasing . When increases, the con-
ductor goes away from the dielectric rod where the electromag-
netic field is concentrated. In this case, magnetic field intensity
at the conductor decreases and also decreases. When
increases, the electromagnetic field concentrated in the rod rela-
tively spreads to the substrate. Then, the magnetic field intensity
at the conductor increases and also increases.

C. Conductivity Measurement

Values of and of a sintered copper 10-m thick formed
on the glass ceramic substrate by co-firing were inferred from
unloaded measurements of and mode sapphire
resonators. The sintering temperature was less than 1000C.
The substrate was 45-mm square with thickness
mm with about 1- m surface roughness, and the sapphire rods
of R1-1 R5-1 with ends of about 0.01-m surface roughness,
shown in Table I, were used for measurements in the frequency
range from 11 to 34 GHz. Using FEM analysis of the measure-
ment configurations (see the Appendix), it was found that the
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(a) (b)

(c)

Fig. 6. Calculations of partial electric energy filling factor of sapphire rod and substrate,P P , and geometric factorG , for � measurements by
sapphire rod R1-1, using FEM analysis. (a)P (b) P . (c)G .

effect of radiation losses is below a typical resolution limit of
our measurements and are therefore negligibly small, under the
condition of and in Table III.

Values of the and were obtained by unloaded mea-
surements of and mode sapphire resonator, re-
spectively, using (1) and (2). In the calculation, and
as a function of frequency showed in Table I were used. A typ-
ical complex permittivity of substrate material, and

, were also used for the and calcu-
lations. Fig. 7 shows an example of resonant peaks in the mea-
surements. Results of the and measurements are shown in
Table II, with corresponding and . Here, and are
listed as the relative conductivity of and normalized by
the standard copper conductivity S/m. Fig. 8
shows the frequency dependencies of and . We can see
that values of are smaller than those of , and both values
of and degrade as the frequency increases. The smaller
values of are considered to come from roughness and a reac-
tion layer on the interface between the sintered copper and the
substrate. Table IV and Fig. 8 also show random errors of mea-
surements. The evaluation of the random errors ofand
are described in the next section.

D. Accuracy of Measurement

Random measurement errors of are determined by
errors of and . In the case of , the error of

should be also considered. The mean-square error

and are estimated from the standard deviations of
, , and by

(27)

(28)

where , , and are the errors of
or by standard deviations of , , and . The
standard deviation of was assumed to be 1 10 ,
comparable to the typical uncertainty and the variation in the
frequency range from 10 to 35 GHz of the substrate material
used in this study, as shown in Fig. 5. The other standard devi-
ations were determined from each measurement.

The values of and obtained by (27) and (28) are
shown in Table III, with errors of skin resistance, and .

and were estimated to be within 5%. To show typ-
ical values of , , and , those in mea-
surements at 17–22 GHz are shown in Table IV. Table IV in-
dicates that and are dominant errors. In con-
trast, by is negligibly small,
since the partial electric energy filling factor of the substrate

is very small compared with that of rod . Table III
shows varies from 1/10 000 to 2/1000 of . On the
other hand, because of the difference in the thermal expansion
coefficients of Cu and glass ceramic substrates, the substrate
somewhat bends in co-firing with the Cu paste on one side of
the substrate. The bend of the substrate is considered to be a
main cause of .
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TABLE III
MEASUREMENTS OF THERELATIVE SURFACECONDUCTIVITY � AND INTERFACECONDUCTIVITY � FORSINTERED COPPERFORMED ONGLASS CERAMICS BY

THE CO-FIRING TECHNIQUE (� = � =� , � = � =� , � = 5:8 � 10 S/m). PARAMETER S = D=d IS A DIAMETER RATIO OF SUBSTRATE

TO ROD AND t=H IS A THICKNESS RATIO OF SUBSTRATE TO ROD. ELECTRIC ENERGY FILLING FACTORS OFSAPPHIRE ROD AND

SUBSTRATE, P AND P , AND GEOMETRIC FACTORG ARE ALSO SHOWN

(a)

(b)

Fig. 7. Resonant peaks for: (a) surface conductivity� and (b) interface
conductivity� measurements using sapphire rod R3-1.

Fig. 8. Frequency dependence of relative surface conductivity� and
relative interface conductivity� of sintered copper formed on the glass
ceramic substrate by the co-firing technique.

E. Accuracy of FEM Calculation

The FEM analysis was used to calculate the parameters,
and in (2). We have evaluated accuracy of the

FEM analysis by comparing and obtained by the
FEM analysis to the values obtained from exact equations in
(7)–(14) [10]. In the FEM model, the outside of the resonator
for was short-circuited by a cylindrical conductive wall of
diameter , as shown in Fig. 9(b). Table V shows calcu-
lation results for mm, mm, , by total
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TABLE IV
EVALUATION OF RANDOM ERRORS OFRELATIVE SURFACECONDUCTIVITY AND

INTERFACE CONDUCTIVITY, �� AND �� , BY (27) AND (28), IN

MEASUREMENTS AT17–22 GHz.�� AND �� ARE THE ERRORS OF

� OR� BY STANDARD DEVIATIONS OFQ AND tan � . THE��
IS CALCULATED BY �tan � = 1 � 10

(a) (b)

Fig. 9. Configurations ofTE mode dielectric resonator models for
comparing FEM analysis to exact analysis. (a) Exact analysis model. (b) FEM
analysis model.

TABLE V
COMPARISON OFCALCULATED PARAMETERS GEOMETRIC FACTORG AND

ELECTRIC ENERGY FILLING FACTORP OF THE DIELECTRIC ROD BY

FEM WITH THOSE BYEXACT EQUATIONS (7)–(14), UNDER THECONDITION OF

D = 10 mm,H = 5 mm,d = 50 mm, AND " = 9:4

mesh number of about 5000. The evaluated error is about 0.1%
for and about 0.01% for , as shown in Table IV.
These values of error are negligibly small compared with other
random errors described in the previous section.

V. CONCLUSION

A microwave measurement method for the surface conduc-
tivity and interface conductivity was developed. The di-
electric rod resonators were used for the measurements. Using
the proposed technique, we investigated frequency dependen-
cies of both and of a sintered copper formed on a glass
ceramic substrate by the co-firing technique in the frequency
range from 11 to 34 GHz. The measurement results have shown
obvious difference between the values ofand of the sin-
tered copper, and their degradation with increasing frequency.

Present measurement technique will give an important infor-
mation for designing and developing multi-layered substrates
for high-frequency circuits, as well as a process technology to

Fig. 10. Calculation model for estimation of required size ratioS = d=D in
the resonator for interface conductivity� measurements.

control the interface conductivity. The standard deviation
of the relative interface conductivity was within 5%.

APPENDIX

When is small, skin resistance at interface and
at surface calculated by (2) and (1) have errors

and caused by radiation loss, respectively. In
the same , the is expected to be larger than

, since the distance between two conductors for
measurements is larger. We estimated the required value of
for measurement, by calculating the using FEM
analysis. In the analysis, the resonator for measurements
is set in cylindrical conductive wall of no loss, as shown in
Fig. 10. To estimate radiation loss, an ideal wave absorber, with
relative permittivity and loss tangent , is
filled in the outside , the upper and lower side of the resonator.
The diameter and height of the conductive wall is
fixed to 5 times of and 3 times of , to let the field be
negligibly small near the wall. The of the resonator, shown
in Fig. 10, is

(29)

where is the partial electric energy filling factor of the
absorber defined as

(30)

Here, is the electric energy in the ideal absorber, which
all dissipates as radiation loss. is defined as the total en-
ergy stored inside the conductive wall shown in Fig. 10.
represents the reciprocal of , -factor by radiation loss.
When is small, (29) gives an accurate from the measured
value of . The use of (2) in place of (29) induces an error
for . From (2) and (29), the by radia-
tion loss is written by\rm

(31)

To obtain the , , ,
and are firstly calculated by FEM. Secondly,

, and are
assumed for sufficiently large. We chose 5 as the sufficiently
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Fig. 11. Calculation of resonant frequencyf as a function of size ratioS =
d=D, in the case of" = 5, t=H = 0:1 and0:2. The calculation model is
illustrated in the figure.

Fig. 12. Calculation of error of skin resistance at interface�R (S) by
radiation loss as a function of size ratioS = d=D, for " = 9:4 andH=D =
0:48 in the model shown in Fig. 10.

large , since calculation of the resonant frequency was
fully saturated at , as shown in Fig. 11. The calculation of

was performed for , mm
and , corresponding to the experimental conditions
of present study. Then, is calculated by (29), using typ-
ical values of , , and . Finally, is
obtained by (31), using .

Fig. 12 shows the calculated results of for
corresponding to / m, with the condi-
tions: , , , , , , mm
and , and

. The results of for in Fig. 12 cor-
respond to , which is an error of skin resistance of
surface side by radiation. Obtained values of shown
in Fig. 12 do not depend on , and , since the
first three terms in (31) are negligibly small and the last term
in (31) mainly determines the values of under the
actual condition of / m,

and . Furthermore, the values of
in Fig. 12 do not depend on the size of the res-

onator when the resonator keeps ratios of , , and

, since the last term of (31) is determined not by the size
itself, but the size ratio of the resonator. This is attributable to
the fact that the partial electric energy factor and the geo-
metric factor depend not on the size, but the size ratio of the
resonator. must be set to satisfy
m , since the measuring error of is less than about 1 min
the present method. From Fig. 12, we conclude that
and are required for and , re-
spectively, in the case of .
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