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YBasCuzO7(YBCO) thin films have been prepared by thermal coevaporation on LaAlO3(LAO) substrates, and
TlaBasCaCuzOg(TBCCO) thin films are synthesized by magnetron sputtering method on LAO substrates. The transi-
tion temperature T¢ is 90 K for YBCO/LAO and 104 K for TBCCO/LAO. Microwave responses of the films are studied
systematically by coplanar resonator technique. Energy gaps of the films obtained are Ay = 1.04kgTc for YBCO films

and Ag = 0.84kpT. for TBCCO films by analysing the temperature dependence of resonant frequencies of coplanar
resonator. Penetration depth at 0 K A9 = 198 nm for YBCO films and A\g = 200 nm for TBCCO films could also be ob-
tained by using the weak coupling theory and two fluid theory. Results of penetration depth and energy gap confirm the
weak coupling properties of the films. In addition, microwave surface resistances Rs of YBCO/LAO and TBCCO/LAO
are also investigated by analysing the quality factor and insert loss of the coplanar resonator. Surface resistance of
TBCCO/LAO is less than that of YBCO/LAO, so that TBCCO/LAO films may have more potential applications.
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1. Introduction

At present, high-temperature superconducting
thin films are extensively used to make microwave
passive devices, such as filters, resonators, delay lines
and antennas because of the very low loss in mi-
crowave field. In these applications, precise evaluation
of the basic parameter of superconducting thin films,
i.e. the microwave surface impedance Zg, is essen-
tial. Measurement of Z; of high-temperature super-
conducting films is a powerful tool for studying non-
linear processes in superconducting materials. Surface
impedance at microwave frequencies plays an impor-
tant role in exploring the properties of the mixed state
of high-temperature superconductor (HTS). The real
part of the surface impedance, the surface resistance,
describes microwave power losses and can yield useful
information about vortex dynamics in these materi-
als. The imaginary part of the surface impedance, the
surface reactance, is directly related to penetration
depth of the magnetic field, which provides a measur-
ing method of the superfluid density. The microwave

surface impedance Z; = Rg + iX§, in high-T, super-
conducting thin films is linear at low microwave power
levels, but becomes nonlinear at higher microwave
power. Nonlinearities limit power-handling capabil-
ities of superconducting thin films and the applica-
tions of possible devices.[!'~6 Despite numerous at-
tempts worldwide, the sources of nonlinear microwave
responses of superconductor are not understood at
present, partially because of a lack of systematic stud-

ies on characterization of samples.[7—10]

Many imper-
fections have been proposed to account for the non-
linear behaviours, such as grain boundaries and flux
penetration that are usually proposed as sources of
nonlinearity. Much of the experimental evidences is
not able to identify the proposed mechanisms with
any degree of certainty.'1:12]

Energy gap of superconductors can also be in-
vestigated by microwave resonance technique. Su-
perconductors having zero-temperature energy gap
Ap < 2kpT. are regarded as weak coupling supercon-
ductors, while those having Ay > 2kgT. are strong

coupling superconductors. Energy gap structure can
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be related to the symmetry of wave function of super-
conducting electrons. The energy gap in a supercon-
ducting material is important for the understanding
of the relevant pairing mechanism and for the deter-
mination of its application. Many theoretical models
have been used to analyse the energy gap structure
of superconducting materials.!'>~1% Now, the energy
gap structure of superconducting electrons is under
discussion.

In this paper, the microwave responses
of  YBayCu307/LaAlO;  (YBCO/LAO) and
TlyBasCaCus0g/LaAlO3 (TBCCO/LAO) are inves-
tigated by the coplanar resonator technique. Energy
gap, penetration depth and surface resistance of the
films are analysed and discussed systemically.

2. Coplanar resonator theory

In the standard theory of distributed element
transmission line resonator, the resonant frequency of

1
AgVLC

Ag is the guide wavelength of the resonator (Ag = 21,

the fundamental mode is given by fo = Here

[ is the length of the central strip of the coplanar res-
onator). In the case of coplanar transmission lines,
the total inductance per unit length L is the sum of
the geometric inductance L% and the kinetic induc-
tance LX, I = L& + L*¥. We can obtain an equation
if assume that the capacitance of the line C' does not
change significantly with temperature,

fo(T) _ [L&+ LX(To) (1)
fo(To) Le+ LT~
|
A = 2 14+ =-In
[M(z)r {1 - (5)2] [ <
Ay = w/a [1 +-In

The edge penetration depth X (T) is related to the
203(T
penetration depth A(T') as N (T) = 7() If

t
foX* (1)K’

wigoaA2(T) < 1, we have L¥ ~ . In weak

t
coupling theory, the penetration depth A(T") can be

In fact, Ty is
usually the lowest temperature among the experimen-

Here Ty is a reference temperature.

tal data. Coplanar transmission lines are suitable for
superconducting materials which are hard to build
multi-layer structure, since they require only one side
of the substrates. It mainly consists of two ground
planes and a central strip of conductor deposited on
the substrate. The central strip forms the resonant
section of the coplanar transmission line. Its length
equals one-half of the guide wavelength at the funda-
mental mode. The geometric inductance L& related
to the external magnetic field is determined by the
geometry of the line. The kinetic inductance L¥ is
determined by the transport properties of the charge
carriers of the transmission line and depends on sur-
face current density distributed across the conduc-
tor. The propagation characteristics of a coplanar
resonator can be deduced analytically by conformal
mapping techniques, resulting in an inductance per
unit length ofl16—1]

o M(

e = (w/a)?)

2
AM(w/a) @)
Here M is the complete elliptic integral of the first

kind, pg is the vacuum permeability, w is the width of
the central strip line, the central strip spacing to each
ground is s, and a = w + 2s.

k _ po N (T)K’
t1 4 (wpoonA*(T))?]

3)

1
Here k' = — (A1 + A2), w = 27 fy, t is the thickness of
w
HTS films, o, is the normal fluid conductivity of HT'S
films, A\(T") is penetration depth, and

)\'I(UT) - 1> — g (ZH—LZ;—%)] : (4)
vt e () @

described as[19:20]
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where )\ is the zero-temperature penetration depth,
T. is superconducting transition temperature. For
a strong coupling superconductor, the penetration
depth A\(T) can be described by two-fluid theory!?!]

AT ) )y <£>4. 1)

A0 TC

Therefore, Ag can be obtained using Egs.(1)—(7)
fo(T)
fo(To)

depth A is obtained, the surface resistance is deter-

to fit experimental data . Once the penetration

mined as!'% I
w
o )
where @y is the unload quality factor. The unload
quality factor can be calculated from load quality
factor (Q;) and insert loss (IL) using the relation

Qu = Qi/(1 — 107 ITH/20),

3. Experiment

High-quality TBCCO thin films were synthesized
by magnetron sputtering method on LAO substrates.
The YBCO thin films used in this study were de-
posited by thermal coevaporation on LAO substrates.

The thickness of the TBCCO films was ¢t = 430nm
with T, = 104K, and the thickness of YBCO films
was t = 700nm with T, = 90 K. SEM pictures were
taken to study the microstructure of the films (see
Fig.1).
surface, indicating that the films are of high quality.

As shown in Fig.1, the films show smooth

The crystal structures of the films have been stud-
ied using x-ray diffraction (XRD). In Fig.2, the films
only display (0 0 [) peaks and substrate peaks. These
results indicate that the films show c-axis preferred
orientation. Coplanar resonators were designed using
Sonnet software and fabricated by standard lithog-
raphy and ion milling technique on the single-sided
YBCO/LAO and TBCCO/LAO films with the dimen-
sions of 10 x 10 x 0.5mm (see Fig.3). The width of
the central strip line is 200 pm and the spacing to each
ground is 180 um. The length of the central strip line
of the resonator is 6 mm, the gap between central strip
and port lines is 0.5 mm. Resonant frequency fo and
load quality factor @; of the resonator at fundamen-
tal mode can be obtained by Sonnet software before
experiment (fo = 6.99 GHz, Q; ~ 4000 at 77K with
parameters e, = 23.6, tand = 6 x 107°, d = 0.5mm
for TBCCO/LAO and YBCO/LAO).

Fig.1. The SEM pictures of superconducting thin films. (a) TBCCO/LAO; (b) YBCO/LAO.
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Fig.2. The XRD patterns of superconducting thin films. (a) TBCCO/LAO; (b) YBCO/LAO.
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Fig.83. A coplanar waveguide resonator about 6.7510 : 3'0 : 5'0 : 7'0 : 9'0 : 110
YBCO/LAO and TBCCO/LAO (¢ is the thickness /K

of the HTS film, d is the thickness of the substrate, w is
the width of the central strip, s is the spacing between
the central strip and the ground, [, is the length of the
central strip, lg is the gap between the central strip and
the port lines).

Microwave properties of the coplanar resonators
were measured by Agilent 8510c¢ Vector Network Anal-
yser at low temperatures provided by a G-M refriger-
ator (CSW-71). The microwave signal through the
coplanar resonator was measured by Agilent 8510c
Vector Network Analyser with Lakeshore 340 tem-
perature controller and CSW-71 helium compressor
unit. In the experiment, the measurement temper-
ature was between 15-90K for YBCO film and 15—
105K for TBCCO film. The microwave input power
was Pput = 0dBm.

4. Results and discussion

The microwave properties of YBCO/LAO and
TBCCO/LAQO are investigated by coplanar resonant
technique in this paper. The complex transmission
coefficient of the resonator, So; is measured as a func-
tion of the driving frequency at different temperatures.
We can obtain resonant frequency fy, load quality
factor @; and insert loss IL by fitting the Ss; reso-
nance curves with the Lorentzian function. Figures 4,
5 and 6 show the temperature dependence of the reso-
nant frequency, load quality factor and insert loss for
YBCO/LAO and TBCCO/LAO. As shown in Fig.4,
the resonant frequency reduces with increasing tem-
perature, suggesting that the microwave current pen-
etrates the superconducting sample gradually and the
kinetic inductance L¥ of the coplanar resonator in-
creases at higher temperatures. Load quality factors
of coplanar resonators are compared with the simula-
tion results. The experimental results of load quality
factors are smaller than those of simulated ones be-
cause the superconducting thin films are regarded as

Fig.4. Temperature dependence of the resonant fre-
quency of the coplanar resonator of YBCO/LAO and
TBCCO/LAO at the fundamental mode with input power
Piypus = 0dBm.
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Fig.5. Temperature dependence of the load quality
factor of the coplanar resonator of YBCO/LAO and
TBCCO/LAO at the fundamental mode with input power
Pinput = 0dBm.
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Fig.6. Temperature dependence of the insert loss of the
coplanar resonator of YBCO/LAO and TBCCO/LAO at
the fundamental mode with input power Pi,put = 0dBm.

lossless in the course of simulation. We can also find
that TBCCO/LAO has larger load quality factor and
insert loss than those of YBCO/LAO at the same tem-
perature. This indicates that TBCCO/LAO has less
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loss at the microwave region. For the coplanar res-
onator of superconducting thin films, the shift of the
resonant frequency, load quality factor and insert loss
is small at low temperatures, but the shift of them
becomes rapidly at temperatures near the transition.

In the superconducting theory, the energy-gap
variation of a superconductor is < 4% below T' < T, /2,
thus A(T) = Ay is a good approximation within this
temperature range at low temperatures. According to
the coplanar resonator theory of superconductor, the
energy gap of a superconductor can be related to res-
onant frequency of the coplanar resonator from the
following equation!??

1 1 Ao Ao ,
In ~ kBT+O'51n [kBT} +c.
(9)

Here Fo(T) = fo(T)/m, m = 1GHz. ¢ is con-
stant, which is dependent on the geometry factor
of the coplanar resonator. Equation (9) shows that

the value of energy gap Ag/kgT. can be determined
1

1

Fg(T)  F3(To) ]
YBCO/LAO and TBCCO/LAO energy gaps may be
obtained from the experimental data in Fig.7. Ay =
0.84kpT. for TBCCO/LAO and Ay = 1.04kpT. for
YBCO/LAO. Energy gap value is Ag < 2kgT. for
YBCO/LAO and TBCCO/LAO, thus weak coupling
properties of YBCO and TBCCO is verified.

approximately by the slope of In [
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Fig.7. Normalized value of In[1/FZ(T) — 1/F2(1p)] as a
function of T¢/T. From the slope of linear fitting, HTS
films energy gap can be obtained, A¢ = 0.84kpTc: for
TBCCO/LAO, Ag = 1.04kpTc for YBCO/LAO.

Figure 8 shows the temperature dependence of
the resonant frequency normalized by its value at

the lowest temperature. The penetration depths of
YBCO/LAO and TBCCO/LAO films \p = 198nm

and A\g = 200nm can be obtained using Eqs.(1)—(7)
fo(T)
fo(To)

can see that weak coupling theory is more appropriate
to explain the behaviours of YBCO and TBCCO su-
perconductors than strong coupling theory (two fluid

to fit the experimental data of In Fig.8, we

model theory). Results of penetration depth and en-
ergy gap of the films all suggest that weak coupling
theory is more rational for describing the microwave
properties of YBCO and TBCCO. Previously, Hu-
ber et all*® obtained penetration depth )¢ for four
TBCCO/LAO samples by using weak coupling theory,
which was 170-300nm. Values for high-quality YBCO
films in the literature were in the range between 100
and 300nm.2224 We believe that A\g = 200nm for
TBCCO and \g = 198 nm for YBCO are appropriate
by comparing with experimental results in the litera-

ture.
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Fig.8. The temperature dependence of the normalized res-
onant frequency of coplanar resonators for YBCO/LAO
and TBCCOLAO. The data have been fitted by weak cou-
pling theory and two fluid theory.

Microwave surface resistances of YBCO/LAO and
TBCCO/LAO films can be obtained by Eq.(8). In
Fig.9, the surface resistance does change but not sig-
nificantly at T < 70K for YBCO/LAO and at T <
80K for TBCCO/LAQO. We can obtain microwave re-
sistance at 7 GHz: 120 u©2 at 77K for TBCCO/LAO;
520 uf2 at 77K for YBCO/LAO. Surface resistance of
TBCCO/LAO films is less than that of YBCO/LAO,
thus TBCCO/LAO films may possess more potential
applications. If assuming that microwave surface re-
sistance of superconducting thin film is in line with fre-
quency quadratic, experimental results of Hammond
et als TBCCO/LAOP? can be written as 107 uQ



No. 10

A study on the microwave responses of YBCO and TBCCO thin films by coplanar resonator technique 3041

at 77K and 7GHz. Experimental results of Rauch
and Gornik’s YBCO/LAO[?? can be written as 133
508 uf2 at 77K and 7 GHz. Thus the results of surface
resistance obtained in this paper are appropriate by
comparing with experimental results in the literature.
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Fig.9. Surface resistance versus temperature measured at
7GHz for YBCO/LAO and TBCCO/LAO.

HTS thin films can be grown by different tech-
niques, such as sputtering, pulsed laser deposition,
electron beam coevaporation. They are possible com-
posed of inclusions of contaminating material, voids

in the structure. Large and small grains of thin films
may be connected by boundary regions of low critical
current density. Weak links between grains can affect
microwave surface impedance of the thin films, which
makes surface impedance of HT'S thin films larger. In
order to reduce microwave surface resistance of the
films, growth technique of high-temperature supercon-
ducting thin films need still be researched.

5. Conclusions

In this paper, microwave responses of
YBCO/LAO and TBCCO/LAO films have been stud-
ied systematically by the coplanar resonator tech-
nique. Energy gap and penetration depth of HTS
films can be obtained by analysing the dependence of
resonant frequency on temperature. Results of energy
gap and penetration depth confirm the weak coupling
characteristics of YBCO and TBCCO. Surface resis-
tances of YBCO and TBCCO films are calculated,
TBCCO films possess smaller microwave surface re-
sistance. Higher superconducting transition temper-
ature and less surface resistance make TBCCO films

more favourable to practical applications.
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