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bstract

dielectric resonator technique has been developed for measurements of conductivity and surface resistance of thin metal films deposited on a
ielectric substrate. This technique allows for measurements of films having surface resistances that are smaller than 5 � without requiring the need

o perform measurements of the substrate thickness. The uncertainty of the surface resistance measurements is about 2–3% for both thin films and
ulk materials. The accuracy of the conductivity measurements of the thin films is similar to the accuracy of the measurements of their thickness.
everal samples have been measured having thicknesses that range from 66 nm to 50 �m.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

Measurements of surface resistance and conductivity at
icrowave frequencies have been known for many decades. The
ost accurate measurements can be performed on bulk materi-

ls using resonant cavity fully made of (or plated with) material
nder test. Using this technique surface resistances as low as
n� on niobium made cavities at temperatures in the range
–2 K have been measured.1 For such structures uncertainty of
he surface resistance measurements is essentially the same as
ncertainty of the unloaded Q-factor measurements, assuming
hat geometric factor for specific mode of the cavity under test
s accurately known. With discovery of high temperature super-
onductors that were grown on flat dielectric substrates several
ew techniques have been proposed that are applicable for mea-
urements of such samples. These techniques included TE011

ode cavities with one endplate terminated by sample under

est,2,3 parallel plate resonators4,5 and dielectric resonators.6–8

ost of these techniques are directly applicable for measure-
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ents of bulk materials having thickness few times larger that
he skin (or penetration) depth of such materials at a specific
requency.

Measurements of thin conductive or superconductive films,
aving thickness comparable or smaller than the skin (or pen-
tration) depth are more difficult since electromagnetic fields
enetrate through them which makes electromagnetic analy-
is of test structures difficult. One of the structures (sapphire
esonator technique) which is applicable for measurements of
hin superconducting films has been described in.9 In this paper
pplication of dielectric resonator technique for measurements
f thin conductive films deposited on dielectric substrates at is
resented.

. Theory and experiments

Resonant structure that has been proposed for measurements
f conductivity and the surface resistance of thin conductive
lms at frequency about 1 GHz is shown in Figs. 1 and 2.
Evaluation of the quasi TE011 mode resonant frequencies
-factors of the structure shown in Fig. 2 requires advanced
umerical modeling. This have been done employing rigorous
ode-matching technique.10,11 Alternatively other numerical

mailto:krupka@imio.pw.edu.pl
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Fig. 1. Photographs of 1 GHz dielectric resonator structure used for measure-
ments of conductivity of thin conductive films.

Fig. 2. Simplified structure used in electromagnetic modeling. Parame-
ters: Dc = 95.0 mm, dext = 56.9 mm, di = 4.75 mm, hd = 28.2 mm, ht = 5.0 mm,
hm = 0.01 mm, L1 = 30.0 mm, εd = 36 − 8.86 × 10−4j, εt = 2.06 − 3 × 10−4j,
εm = 1 − 8.43 × 108j, εs = 3 − 3 × 10−3j.
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echniques such as finite element or finite difference can be used
or this purpose.

In order to perform rigorous electromagnetic modeling all
imensions and material properties (complex permittivities of
ielectrics and surface resistances of metals) of the test struc-
ure have to be known. Material properties of major parts of the
tructure have been determined based on careful measurements
hat are described in details below.

The most important parameter of the resonant structure is
-factor which in general depends on conductor losses in con-
uctive film under test and on conductor and dielectric losses in
ll other parts of the structure. This can be written as follows:

−1 = Q−1
c + Q−1

p (1)

here Q is the measured unloaded Q-factor of the resonant
tructure; Qc the Q-factor associated with conductor losses in
easured conductive film; Qp is the Q-factor due to parasitic

osses in all other parts of the resonant structure.
Q-factor due to parasitic losses can be further evaluated as

ollows:

−1
p = pe1 tan δDR + pe2 tan δTeflon + pe3 tan δsubstrate

+ Rs1

Gb1
+ Rs1

Glat
(2)

here pe(n) is the electric energy filling factors in appropriate
ielectric parts of resonant structure; Gb1 the geometric factor
or lower bottom of resonant structure; Glat the geometric factor
or lateral surface of resonant structure; Rs1 the surface resistance
f the lower bottom and lateral surface of resonant structure.

All electric energy filling factors and geometric factors of the
tructure can be rigorously evaluated employing mode-matching
echnique. The major problem in Q-factor determination is the
nowledge of the surface resistance Rs1 and loss tangent of
ielectric resonator tan δDR. Contribution of dielectric losses in
eflon parts of the structure and in dielectric substrate is below

he level of experimental errors and can be neglected (this is
ecause electric energy filling factors in these pars are very
mall).

Measurements of permittivity and dielectric losses in the
ielectric resonator puck have been performed in large copper
avity having diameter of Dc = 150 mm and length of Lc = 75 mm
uck. Dielectric puck was situated at the center of the cavity and
ts quasi TE011 mode resonant frequency was 931.3 MHz with
he unloaded Q-factor of Q = 36070. Because geometric factor of
he cavity with dielectric puck was G = 1608 � so Q-factor due
o metal wall losses Qc = 190900. As the result Q-factor due to
ielectric losses was determined: Qd = 44480 with pe1 = 0.977 at
31.3 MHz. This losses were then linearly scaled with frequency
o 1.069 GHz (frequency of test fixture). Surface resistance of

etal plates was determined from measurements of Q-factor of
mpty test fixture. Measured Q-factor of the TE011 mode of the
mpty cavity was Q = 38665 at 4.6309 GHz. Evaluated surface

esistance of 18.79 m� was then scaled to the frequency of inter-
st 1.069 GHz (proportionally to the square root of frequency
aw) and at this frequency it was 8.42 m�. Parasitic losses of the
est structure can be then evaluated in all of its parts except the top
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ottom plate. The top bottom plate losses will be included in fur-
her analysis of the structure. Evaluated Q-factor due to parasitic
osses was determined to be Qp = 34430 ± 2%. Validity of these

easurements and analysis have been checked by measurements
f bulk metals. If resonant structure is terminated at the top by
ulk metal plate (infinitely thick) then the surface resistance (or
onductivity) of the metal plate can be easily evaluated form
ormulae:

−1
c = Q−1 − Q−1

p = Rs∞
Gb2

(3)

nd

∞ = ωμ0

2R2
s∞

(4)

For our test structure geometric factor for top metal plate was
b2 = 312.1 � and measured Q-factor value of the structure ter-
inated by bulk copper plate was Q = 17,450 so conductivity

valuated at 1.069 GHz for bulk copper is σ∞ = 5.41 × 107 S/m
hich is in good agreement with all other experiments. Assump-

ion that sample is bulk is valid if sample thickness h > 3δ where
denotes the skin depth defined as:

=
√

2

ωμ0σ
(5)

For bulk copper at 1.069 GHz, δ = 2.1 �m.
For films having thickness comparable or thinner than the

kin depth electromagnetic filed penetrates through them and Q-
actor due to conductor losses in films under test (Qc) depend not
nly on their conductivity but also on film thickness and thick-
ess of the dielectric substrate. If film thickness becomes smaller
han penetration depth then Qc factor depends rather on the prod-

ct of film thickness times its conductivity than on conductivity
tself. It can be seen in Figs. 3 and 4. One can see in Fig. 3 that
f the thickness of the substrate is sufficiently large and if σh > 1
�−1) then Qc does not depend on hs. In such a case Qc depends

ig. 3. Q-factor depending on metal film losses of the resonant structure vs.
h product for various thickness of substrates and films. Top plate metal losses

ncluded.

Q
h
t

s

F
fi

ig. 4. Quasi TE011 mode resonant frequency of the resonant structure vs. σh
roduct for various thickness of substrates.

enerally on two variables film thickness and its conductivity.
or extreme cases if σh < 10 (�−1) then Qc depends only on
h and if h > 3δ Qc depends only on σ. In the first extreme case

semi-transparent sample) only σh can be determined and in the
econd one σ can be directly evaluated. In the first case determi-
ation of conductivity requires measurements of film thickness.
umerical computations of Qc factor have been performed for
umber of conductivities and film thickness and their results
re shown in Fig. 5. Results of these computations were used
n MATLAB program that evaluates conductivity of thin and
ulk metal films from measurements of the unloaded Q-factor
erminated by metal film deposited on a dielectric substrate. If
he thickness of substrate is small than then measurements of
-factors should be performed with additional dielectric sheet

aving thickness in the range 0.8–1.0 mm inserted between the
op metal plate and original substrate.

Results of measurements of various conductive films are
hown in Table 1. Measurement uncertainties of conductivity

ig. 5. Q-factor depending on metal film losses (Qc) vs. σh product for various
lm thickness. Thickness of substrates hs > 0.6 mm.
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Table 1
Results of measurements of various thin conductive films

Material h (�m) Q σh (�−1) Rs (�), 1.069 GHz Rs (�), 1 MHz σ (�m−1)

Cu (bulk) 50 17450 2685 0.000372 5.37 × 107

Cu (#2) 22 16900 1047 0.000955 4.76 × 107

Cu (#3) 26 16900 1238 0.000808 4.76 × 107

Cu (on Cr) 0.2 1896 6.44 0.155300 3.22 × 107

Cu 0.066 900 2.96 0.337500 4.49 × 107

Ag (plated on brass) 10 16600 447 0.002237 4.47 × 107

Al foil 10 14850 287 0.003484 2.87 × 107

Conductive ink 14 6600 34.6 0.028920 2.47 × 106

Conductive ink 6 3530 32.2 0.031040 5.37 × 106

ITO/metal layers 0.2 152 0.488 2.05 2.16 2.44 × 106

I 28 6

S 95
S 26

a
2

s
s
m
s
s
d

R

1

TO/metal layers 0.35 318 1.0
ilver (155) 0.402 92 0.2
ilver (710) 0.201 70 0.2

re of the order of 3–4% for thick samples and of the order of
% + �h/h for thin samples.

For samples with σh < 0.2 (�−1), equivalent to Rs > 5 � mea-
urement technique described above is not applicable. For such
amples measurements are possible but thickness of substrates
ust be precisely know. As one see in Fig. 3 if thickness of

ubstrate is smaller that 250 �m and σh < 0.2 (�−1), than the
lope of Qc-factor versus σh is steep and negative and σh can be
etermined for given thickness of substrate.
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