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Mirror-image calibrator for resonant perturbation method in surface
resistance measurements of high T, superconducting thin films
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In surface resistance measurement of highsuperconductingHTS) thin films, the conventional
resonant perturbation methods have large uncertainties, because their calibrators usually have much
larger surface resistance than HTS thin films. This article describes a new type of calibrator,
mirror-image calibrator: when the open end of a dielectric resonator is connected to its mirror
image, the resonant frequency and quality factor of the resonator are equal to those of the dielectric
resonator when its open end is shorted by a perfect conductor. This principle is applied to modify
the dielectric resonator method in surface resistance measurement of HTS thin films. The structures
of the dielectric resonator for surface resistance measurenignprobe and its mirror-image
calibrator are explained in detail. Comparison is made between the present technique and the
conventional perturbation technique, and results show that the accuracy and sensitivity of the
resonant perturbation method are greatly improved by using the mirror-image calibratdi99®
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I. INTRODUCTION lems of the transmission method, the reflection method is

proposed and realized as an alternative to the transmission

The microwave syrface resistance .Of SuDerCf)ndUCtorﬁwethod. In this configuration, the HTS thin film under study
has been an object of intense research since the discovery pf

s ; - rms a short circuit to a coaxial line, and the complex sur-
superconductivity~ After the high Tc superconductivity face impedance of the HTS thin film can be extracted from
was discovered, highi; superconductingHTS) thin films

TS SRR X ; the complex reflection coefficiefitBecause there is electri-
show great application promise in microwave engineefing. cal current flowing between the inner and the outer conduc-

Because the surface resistance of HTS thin films is closelyors of the coaxial line through the HTS thin film, this

related to the performance of HTS planar microwave de'method requires that both the inner and the outer conductors

vices, ma“y]c effogshha\f/_? been made to itUdy the surfa((:ﬁ the coaxial line have very good electrical contact with the
resistance of HTS thin films at microwave frequencies, an TS thin film. Boothet al® designed a genius structure in

the methods developed generally fall into two categoriesyye 11s thin film/connector interface by employing a spring-
nonresonant methods and resonant methods.

loaded inner conductor pin. However, this method has strict
A. Nonresonant methods requirements in sample preparation.

Nonresonant methods, including transmission methods
and reflection methods, are applicable for the study of vortes- Resonant methods
dynamics of HTS thin films at microwave frequencies, asthe  The advantage of high accuracy and high sensitivity
broadband nature of these methods provides a wide “magmakes resonant methods widely used in the surface resis-
netic field—temperature-frequency” space. tance measurement of HTS thin films, although only the sur-
In a transmission method, the HTS thin film under studyface resistance at one or several discrete frequencies could be
forms a quasishort circuit in a waveguide transmissionmeasured. The additional advantage that makes resonant
line.>” From the ratio of the transmitted power to the inci- methods popular lies in the fact that these methods are non-
dent power and the phase shift across the HTS thin film, thgestructive and so the films after characterization can still be
surface resistance can be deduced. However this method iiged to fabricate actual devices.
only suitable for extra thin films whose thickness is less than  Generally speaking, there are two types of resonators in
the penetration depth of the superconductor, and requires surface resistance measurement of HTS thin films: hollow
measurement system with very high dynamics range. Bemetal resonant cavity and dielectric resonator enclosed in a
cause the thicknesses of most of the technologically usefuhetal shield. Due to the following two distinct advantages,
HTS thin films are often larger than the penetration depththe dielectric resonator method is much more widely
this method is rarely used in the current HTS microwaveused®'! (i) the dielectric resonator method has higher accu-
engineering. racy and sensitivity, an¢li) small samples can be measured
To overcome the attenuation and dynamic range probat lower frequencies, or different positions in a large sample
can be measured.

aAuthor to whom correspondence should be addressed: electronic mail; ~ Usually, a CY_”ndrica| dielectric pill |0C_ate_d in a cylindri-
clinfeng@dso.org.sg cal metal shield is used, and the HTS thin films under study
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Dielectric (1/Q), and is related to the surface resistance of the film.
r Pl The resonator constafitis determined by the properties of
W | Metal 4{ ‘ the resonator, and is independent of the sample under study.
Shield . .
If we focus our interest on the surface resistance, we Have
HTS
Thin Fitm 1 1
@ ) R52: R51+A - _) , (2)
FIG. 1. Dielectric resonators for surface resistance measurement of HTS Q: Q
thin films. where Ry, is the surface resistance of the original film in

contact with the dielectric resonatdr;, is the surface resis-

may be placed in contact with one end plane of the pl” Oltance of the Samp|e under studyi and Q, are the quahty
with both end planes, as shown in Fig. 1. For the schemgactors of the dielectric resonator with its end plane in con-
with HTS thin films placed in contact with both end p|aneStact with the origina| film and the samp|e under Study, re-
of the dielectric pill, as shown in Fig.(), there is an ana- spectively; and the constaAtis only related to the proper-
lytic field solution, so the surface resistance can be calculateges of the resonator, and can be determined by calibration.
from the resonant properties of the dielectric resonktor: It should be noted that Eq$l) and (2) stand on the
However, the disadvantages of this scheme are also obviougssumption that the total stored energy and the field configu-
(i) the calculated value of surface resistance is the averag@tion in the resonator do not change due to the introduction
value of the two pieces of HTS thin films; arfi) the cal-  of the perturbatiod® So in Eq.(2), the difference between
culation ignores the radiation loss, shield loss, and other losR_, andRg, should be small. Equatiof®) works quite well
contributions to the quality factor of the dielectric resonator.for the measurement of normal conducting materials, be-
Fortunately, the above disadvantages could be circumventegause it is easy to find a calibrator whose surface resistance
and this scheme has achieved success. is close to the surface resistance of the sample under study.

For a scheme with a single piece of HTS thin film placedHowever, at microwave frequencies, the surface resistance of
in contact with one end plane of the dielectric pill, as shownhigh quality HTS thin films is often less than 1(m while
in Fig. 1(a), the surface resistance of the HTS thin film caneven the surface resistance of the best normal conducting
be measured directly, and with higher sensitivity, althoughmaterial(such as silver or golds at least larger than 106h
there is no analytical solution for this schefhgsually, the  sg it is not suitable to deduce the surface resistance of HTS
calibration method, based on resonant perturbation theory, iin films from normal conducting materials using E8g).
used to deduce the surface resistance of HTS thin ﬁ|m%esides, ifRSl is much |arger tharRSz, a small uncertainty
However, resonant perturbation theory requires that the suin the resonator constaAtmay result in a large error iR, .
face resistance of the calibrators should be close to those of The ideal condition for the measurement of HTS thin
the HTS thin films under study. As the surface resistance ofjim is that the value oR; in Eq. (2) is zero, which means

the best metalgsuch as silver and golds much larger than 3 zero surface resistance plate. Under this condition(Hq.
that of HTS thin films, the surface resistance obtained fronpecomes
the traditional perturbation methods is not very credible.

In this article, a new type of calibrator, the mirror-image 1 B i 3
calibrator, is employed and so the accuracy and sensitivity of s ' ©)

=Al =
. . Q Q
the perturbation method are greatly improved. The structure ) ) o
of the R probe and its mirror-image calibrator will be ex- where R is the surface resistance of HTS thin film under

plained in detail. Experimental results show that, because citUdy, @ndQo andQ are the quality factors of the dielectric

its sensitivity, accuracy, reliability, simplicity, and nonde- résonator when the zero surface resistance plate and the HTS
structive property, the modified perturbation method is ideathin fllm are placed in contact with the dielectric resonator,
for quality control in the fabrication of HTS thin films. respectively.

1. MEASUREMENT PRINCIPLE . . . . .
B. Dielectric resonator and its mirror image

A. Resonant perturbation caused by the change of

wall loss In order to increase the accuracy and sensitivity of the

resonant perturbation method, a mirror-image calibrator has
According to the resonant perturbation thebty® the  been employed: when the end plane of the dielectric resona-
change of the surface impedans&; of the film placed in  tor (R, probe is in contact with the mirror image of the
contact with one end of a dielectric resonator causes thprobe, the quality factor of the resonator, consisting of the
change of the formal resonant frequericl of the resonator:  probe and its mirror image, is equal to the quality factor
when the end plane of the probe is in contact with an ideal

i
Af= EFAZS, (1) zero surface resistance pldfeThe principle of the mirror-
image calibrator is explained in the following.
where the real part ch f corresponds to a shift in the actual The dielectric resonators used for surface resistance

resonant frequencfy and is associated with the surface re- measurement of HTS thin films usually are cylindrical di-
actance of the film, while the imaginary part Aff corre-  electric resonators working at the JjE mode. As shown in
sponds to the change of the reciprocal of the quality factoFig. 2(a), the TEy;, mode is axisymmetric, and it has closed
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loops of transverse electric field, whose centers lie on the /
axis, and closed loops of magnetic field which lies in planes perfect
containing the axis. There is no axial current across any pos- Celibrator
sible joints between the dielectric resonator and the HTS thin
film, so this mode is not sensitive to the small gaps between
the dielectric resonators and HTS thin filffs.
Figure 2 shows three cylindrical dielectric resonators,
which are made of the same material and have the same rig, 3. structures of th&, probe and its mirror-image calibrator.
diameterd. In Fig. 2a), the dielectric resonator with length
is in contact with a conducting plate, and it resonates at th
TEy11 mode. The resonator shown in Figbphas length?l,
and resonates at the JEmode. The resonator shown in Fig.
2(c) also resonates at the & mode, and it consists of two
pieces of identical dielectric cylindrical pills, each of which lll. EXPERIMENTS
has length. If the surface impedance of the conducting plate,
shown in Fig. 2a) is zero, there is no electric field in the
plate, and the magnetic field near the plate is parallel to the In our experiments, th& probe is a Tl cylindrical
surface of the plate. From the field distributions of theyJ;E  dielectric resonator, and its working frequency is 10.65 GHz.
and TEy;, modes, we find that the field distribution of the Its mirror-image calibrator is a dielectric pill that is made of
dielectric resonator are shown in FigaPRis the same as that the same material and has the same dimensions aRghe
of the upper part of the dielectric resonator shown in Fig.probe. Figure 3 shows ol probe at a calibration state: the
2(b), and these two resonators have the same resonant frBrobe (the upper pajtis in contact with its mirror-image
quency. As the plate shown in Fig(a? does not dissipate calibrator(the lower pant The probe and its mirror-image
microwave energy, the dielectric resonator shown in Figcalibrator have the same structures except that the probe has
2(b) has twice the stored energy, and at the same time twicBv0 coupling loops, while the mirror-image calibrator does
the energy dissipation as the dielectric resonator shown ot have. The key components of the probe and the mirror-
Fig. 2a). Therefore, they have the same quality faéfbBe- ~ image calibrator are the dielectric pills, the Teflon holders,
cause there is no axial current across the plane perpendicul@fd the metal shields.
to the axis at the middle of the cylinder, a small gap perpen- L
dicular to the axis at the middle of the cylinder hardly affects® Dielectric pills
the resonant properties of the resonator. As such, the resona- The probe and its mirror-image calibrator have the same
tor shown in Fig. 2a) and the one shown in Fig.(@ also dielectric pills. Each dielectric pill is a piece of LaA{O
have the same resonant frequency and quality factor. In owsingle crystal with dimensionsP6.0X5.5 in mm, and the
experiments, the size of the gap between the two pieces aivo dielectric pills are made from the same piece of LapAlO
dielectric pills is close to the light wavelength that is muchsingle crystal, and the symmetrical axis of each dielectric pill
smaller than the microwave wavelength, so the uncertaintys the ¢ axis of the crystal. The two end planes of each
caused by the gap is negligible. dielectric pill are finely polished. When the two dielectric
The above discussions show that, if the zero surface repills are connected by end plane to end plane, as shown in
sistance plate shown in Fig(& is replaced by the mirror Figs. 2c) and 3, light interference fringes can be observed,
image of the dielectric resonator, although the electromagindicating that the size of the gap between the two dielectric
netic boundary condition of the dielectric resonator ispills is on the order of light wavelength. Besides, experi-
changed from a short circuit condition to an open-circuitments made at room temperature show that the twg,.TE
condition, its quality factor does not change. Therefore, thenode dielectric resonatofformed by sandwiching each of
quality factor of the dielectric resonator, when it is connectedhe two dielectric pills between two conducting platesd
to its mirror-image structure, can be usedgsin Eq.(3). In  the TE);, mode resonatofformed by sandwiching two di-

L1 HTTHTITITIMINGY

N\

7

this article, the mirror-image structure is also called the
mirror-image calibrator.

s probe and its mirror-image calibrator
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C TABLE |. Calibrations of Egs(2) and(3). Equation(3) is calibrated twice,
as indicated by calibratiofi) and calibration(ll). All the calibrations are
performed at 10.65 GHz and 77 K.

) Calibration of Calibration(l) Calibration(ll)

A Eq.(2) of Eq. (3) of Eq. (3)
X }; Mirrqr-image Qp=31095 Qp=31095
| calibrator
X Silver plate Rs;=11.5 m() Rs=11.5 m)

Q,=15126 Q=15126

| Gold plate Rs,=20.8 m() Rs=20.8 m}
: Q,=10879 Q=10879
e A 3.603x 10° 3.387x 10° 3.481x 10°

FIG. 4. Structure of the Teflon holder.

o . surement of HTS thin films, Eq.3) is more accurate and
electric pills connected face to face between two conducting . sitive provided that the mirror-image calibrator corre-

plateg have the same resonant frequency and quality factoly,onging to the probe is available. Whichever equation is

used, calibration is needed to determine the resonant constant

2. Teflon holders A. In order to make a comparison between the present tech-

The structures of the Teflon holders in the probe and théique and the conventional perturbation technique, we cali-
mirror-image calibrator are shown in Fig. 4. The relative brated both Eqs(2) and(3).
position between the LaAlQsingle crystal and the metal In our calibration procedure, three calibrators are used:
shield should not change when the temperature changes froffie mirror-image calibrator discussed above and two conven-
room temperature to ||qu|d nitrogen temperature. BecauséOﬂ&' calibrators. One of the two conventional calibrators is
the thermal expansion coefficient of Teflon is much larger@ silver plate whose surface resistance is 11¢3, mnd the
than those of brass and LaAJOspecial attention has been other is a gold plate whose surface resistance is 2AB m
paid to the design of the Teflon holde$; planesA andB The calibration results are shown in Table I. In Table I, the
are in the same plane perpendicular to the’ axis, so the silver plate and the gold plate are used to calibrate (Eq.
perpendicular distance between these two planes is alwaygAuation(3) is calibrated twice by the silver plate and the
zero at any temperaturdii) the tolerances of the Teflon gold plate separately and independently, to check whether
holder are Carefu”y selected to ensure the Teflon holder Cawe selection of the conventional calibrator is crucial in the
tightly hold the LaAIG, pill at any temperatureiii ) the hole ~ Present technique.
in the top of the holder is used to observe whether the di- It should be pointed out that, before every set of mea-
electric pill is correctly assembled:; afia) there is a groove —surements, fresh calibration is required, because the proper-
(not shown in Fig. #to release the gas pressure differenceties of the probe may change due to the change of environ-
between the upper and lower part of the probe. ment, such as temperature, moisture, etc.

It should be noted that Teflon is lossy material compared
to LaAlO; single crystal. The Teflon holders add losses toC- Uncertainty analysis

the probe and its mirror-image calibrator, and thus lower the  The uncertainties of the present technique mainly consist
value of Q. If lower-loss materials with good mechanical of two parts: the calibration uncertainty and measurement
and thermal properties are available, the measurement résgncertainty. In our experiments, the microwave measure-

lution of the probe could be further increased. ments are performed on the HP 8722D vector network ana-
lyzer, and we find that the measurement uncertainty is much
3. Metal shield smaller than the calibration uncertainty.

The metal shields do not resonate at the working fre- The calibration uncertainty is mainly related to two fac-
quency of the dielectric resonators, prohibiting the micro-{rs: the quality of the mirror-image calibrator and the re-
wave radiation from the dielectric resonators. In order toP€2tability of the mechanical assembly. The quality of the
decrease their wall loss contributions to the quality factors ofniffor-image calibrator is determined by the extent to which
the dielectric resonators, the brass shields are coated witR€ Probe and the mirror-image calibrator are identical. To
silver. Besides, the shields are sealed with indium wire andinimize the uncertainty, the two dielectric pills, the two
the samples are separated from the liquid nitrogen, and cdR€tal shields, and the two Teflon holders in the probe and
be kept in special gas environments that we prefer. In oufhe mirror-image calibrator are made as similar as possible.

following experiments, thR, probe is sealed in a helium The only difference between the probe and the mirror-image
environment. calibrator is that there are two coupling loops in the probe,

while there is no coupling loop in the mirror-image calibra-
tor. However the uncertainty caused by such a difference is
negligible because the couplings are very weak. So the cali-

Equationg2) and(3) are often used for the measurementbration uncertainty is mainly determined by the uncertainty
of the surface resistance of conducting plates. For the meaf the mechanical assembly.

B. Calibration
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TABLE Il. Different results of surface resistance measurements followingyery crucial, and even if there is some error in the surface

different calibrations. The samples are YBCO thin films fabricated Onresistance value of the conventional calibrator. the effect

LaAlO; substrates. All the measurements are made at 10.65 GHz and 77 K. . ' .
caused by such error is not very severe. For the conventional

R, values R, values technique, Eq(2) could give understandable results for the
Item numbers Q; in Eq.(2) Rsvalues  following following HTS thin films with large surface resistan¢gems 1-3.
of HTS thin  or following  Eq. (3) with  Eq. (3) with However, for HTS thin films with low surface resistance, the
films QinEq. (¥ Eq.(2) calibration(l) calibration(lh) o its following Eq.(2) are unbelievablditems 5 and &
1 21379 45331 4.950 2 5.087 6 Besides, if there is any uncertainty in the surface resistance
2 24835 2.1878 2.7456 2.8218 values of the two conventional calibrators, the results follow-
3 27104 0.9733 1.6039 1.6484 ing Eq. (2) will have much larger uncertainties.
4 28 752 021129  0.88762 0.912 26 ) . . ) .
5 20563  -0.13238  0.564 46 0580 13 Finally, it should be noted that the mirror-image calibra-
6 20861 —0.25401  0.450 13 0.462 62 tor presented in this article is an equivalent zero-impedance

structure, so its equivalent reactance is also zero. The modi-

fication presented in this article may be extended to study the
In our experiments, the calibration uncertainty is aboutsurface reactance of HTS thin films.

150 uQ), and the measurement uncertainty is aboufudl

So the absolute uncertainty of the surface resistance is abouy r \yaigram, Adv. Physi3, 1 (1964.

160 uQ), and the surface resistance values are ingdD 2A. M. Portis, Electromagnetics of High-Temperature Superconductor
resolution. (World Scientific, Singapore, 1993

Of course. the uncertainty of the present technique COU|d3M' Tinkham, Introduction to Superconductivit?nd ed.(McGraw—Hill,
! New York, 1996.

be furth'er redyced iﬁ) dieIIeCtriC pillS with highe@ Va_l_l_"e 4M. J. Lancaster,Passive Microwave Device Applications of High-
are availablef{ii) holders with lower loss are availabléii) Temperature Superconductof€ambridge University Press, Cambridge,

better structure of the probe and its mirror-image calibrator51997)-

; . : ; P Z. Y. Shen, High-Temperature Superconducting Microwave Circuits
could be designed; anflv) higher mechanical fabrication (Artech House, Boston, 1094

precision could be achieved. 8D. Dew-Hughes, inMicrowave Physics and Techniquesdited by H.
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