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This paper presents high quality YBa2Cu3O7−δ (YBCO) thin films on LaAlO3 substrate for microwave devices
prepared by pulsed laser deposition (PLD). The double-sided YBCO films cover a large area and have been optimized
for key parameters relevant to microwave device applications, such as surface morphology and surface resistance (Rs).
This was achieved by improving the target quality and increasing the oxygen pressure during deposition, respectively. To
evaluate the suitability of the YBCO films for microwave devices, a pair of microwave filters based on microstrip fabricated
on films from this work and a commercial company were compared. The results show that the YBCO films in this work
could completely meet the requirements for microwave devices.

Keywords: YBCO films, pulsed laser deposition (PLD), surface resistance, microwave devices
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1. Introduction

In the past decades, there has been a significant fo-
cus on the technological applications of superconductors.
With the significant advances in high critical temperature,
high temperature superconductor (HTS) has come to vari-
ous applications.[1–9] Among these, microwave applications
of HTS films such as microwave transmission lines, filters,
antennas and delay lines have great potentials, because the
low microwave surface resistance (Rs) of HTS films provides
the possibility of implementing microwave devices with ultra-
narrow band specification, which is extremely useful as the
electromagnetic spectrum becomes more and more crowded
nowadays.[10–12] Although the Rs value of HTS thin films, es-
pecially YBCO thin films, is roughly two or three orders of
magnitude lower than that of the normal conductors in the
microwave frequency region, the key factors affecting Rs are
still unclear, and the Rs limitation of the HTS thin film is
not achieved. Many efforts on reducing the Rs value of HTS
films have been made. Artificial pinning center was introduced
into the films to increase the critical current density and re-
duce the Rs value,[13,14] Rs of Ca-doped YBCO thin films at
8.5 GHz showed a clear reduction compared to that of YBCO
thin films,[15] and the microstructure corresponding to Rs char-

acteristics was investigated.[16] Furthermore, models for Rs

in type-II superconductor were also constructed.[17] However,

systematic investigations of the microwave characteristics are

still needed to improve the applicability of superconducting

microwave components for future technologies.

On the other hand, the quality of HTS films plays an es-
sential role in microwave application, as the microwave de-
vices based on HTS films are fabricated by semiconductor pro-
cessing, requiring large size, good thickness uniformity, low
defect rate and so on. In order to apply the advanced material
to improve the microwave devices, lots of methods have ac-
quired wide-spread acceptance as processes for growing var-
ious types of superconducting films, such as ion beam sput-
tering, magnetron sputtering, sol–gel, metal–organic chemical
vapor deposition (MOCVD), pulsed laser deposition (PLD)
and so on.[18–22] Among the above-mentioned methods, PLD
provides a simple route for large-area film deposition. It not
only has a high deposition rate and high reproducibility, but
also can keep the composition of films being substantially the
same as the target material, which is crucial for high quality
films of microwave application. Moreover, it has the advan-
tage of high flexibility in all deposition parameters and may
optimize the key factors affecting Rs.[23–25]
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2. Experiment
The large area YBCO thin films were grown by PLD

using a home-made three-beam pulsed laser scanning co-
deposition system. Details of the system will be provided else-
where. An excimer XeCl 308 nm laser with a pulse duration of
25 ns and a repetition rate of 5 Hz with the laser pulse energy
from 100 mJ to 280 mJ was applied for the deposition. The de-
position temperature Td was measured by a K-type thermocou-
ple located behind the substrate, and the oxygen pressure was
varied between 0.1 Torr and 0.6 Torr during deposition. LAO
substrates in (00l) orientation were used, which have a room
temperature lattice mismatch of +0.2% with YBCO, as well as
an average room temperature dielectric constant of 23.56 and
a loss tangent value of 7.5× 10−5, according to the substrate
manufacturer. The substrates were heated to 750 ◦C during de-
position, and after growth, the samples were annealed in pure
oxygen at one atmosphere for 20 min at 650 ◦C.

The structural properties of the films were determined
by x-ray diffraction (XRD) measurements at room tempera-
ture using Cu Kα1 radiation (λ = 1.54056 Å). The DC resis-
tance measurements were made by a physical property mea-
surement system (PPMS). The magnetization measurements
were performed by the magnetic property measurement sys-
tem (MPMS). The critical current densities were measured by
Js-scan system developed by Leipzig University.

The surface resistances (Rs) of the films were measured
by a sapphire dielectric cavity at 9.375 GHz. The cavity,
which has a Q-factor of 45000 at room temperature, is spe-
cially designed for the measurement of small samples with
TE011-mode, with the sapphire cylinder having a small hole
in the center.[26–29] The sample with a dimension of 1–1.5 mm
is put in the middle of the hole, supported by a very thin sap-

phire rod but isolated from the cylinder. The cavity is sealed
in a vacuum chamber soaked in the liquid nitrogen. The sin-
gle side samples were cut from the 2-inch YBCO thin films
and were supported by the sapphire rod. The rod (hence the
sample) can be controlled from 77 K to 100 K with a stability
of about ±1 mK while keeping the cavity at 77 K. The tem-
perature dependence of the resonance frequency and Q-factor
of the resonator were measured by a vector network analyzer
(Agilent N5230C) for both thin film and the same substrate
with no film on it.

The surface resistance is determined by the expression

Rs =
Q−1

with sample −Q−1
without sample

As
. (1)

The coefficient of inclusion As = 0.00036 Ω−1 which is de-
termined by the size of the sample was calibrated using the
sample resistivity at T ≥ Tc.[26,29]

3. Result and discussion
3.1. Structure

The XRD patterns of the typical YBCO thin films de-
posited on LAO are illustrated in Fig. 1(a). The series of (00l)
diffraction peaks for YBCO can be clearly identified, indicat-
ing a good epitaxy quality with a c-axis orientation for the
YBCO films. No other peaks of YBCO are visible on the XRD
pattern. In Fig. 2(b), the rocking curve of YBCO (005) peak
displays a very narrow full width at half maximum (FWHM)
of 0.11◦, confirming the extremely high crystallization qual-
ity of the films. The in-plane ϕ-scan result in Fig. 1(c) shows
four nearly equally height diffraction peaks, suggesting an ex-
cellent four-fold symmetry and epitaxy.
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Fig. 1. XRD characterization of high-quality YBa2Cu3O7−δ (YBCO) films deposited on LaAlO3 (LAO) substrates. (a) The θ–2θ diffraction
pattern. Only (00l) peaks are observed for YBCO. (b) The rocking curve of YBCO (005) peak, showing a narrow full width at half maximum
(FWHM) of 0.11. (c) The ϕ-scan result of YBCO (013) and LAO (022) peaks, both of which show clear four-fold symmetry.

3.2. DC characteristics

Temperature dependences of resistivity of the YBCO thin

films with a thickness ranging from 400 nm to 1000 nm de-

posited under varying oxygen pressures from 0.25 Torr to

0.6 Torr have been measured. Figure 2 displays the temper-

ature dependence of resistivity of a typical optimized YBCO

film from 4 K to 150 K. The zero-resistance transition temper-
ature Tc0 is 92.1 K, and the difference between Tc0 and Tc,onset

is less than 1 K. The black dashed line is the linear fitting
of the normal state resistivity of the sample. The very small
intercept at zero temperature confirms that few defects exist
in the samples. However, no clear correlation was observed
between zero-resistance transition temperature and either the
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film thickness or the deposition oxygen pressure.
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Fig. 2. The temperature dependence of resistivity of a typical high-
quality YBa2Cu3O7−δ (YBCO) film.

3.3. Microwave properties and optimization

Surface resistances at 77 K of a series of YBCO films de-
posited on LAO substrates were obtained by the low tempera-
ture cavity described in Section 2. In contrast to the threshold
thickness (> 300 nm) and critical temperature, it is evident
that the surface resistance is related to both the diamagnetism
and oxygen pressures during the deposition process.

Figure 3 shows the surface resistance related to differ-
ent zero-field-cooling (ZFC) magnetizations. The Rs value
(T = 77 K) of the YBCO films could be significantly opti-
mized by increasing the laser pulse energy from 100 mJ to
280 mJ, resulting in a decrease in surface resistance from
60 mΩ to 1 mΩ, while the zero-field-cooling (ZFC) magne-
tizations increased by an order of magnitude. This could be
explained by the superconducting volume fraction of the sam-
ples reflected by magnetizations.[30]
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Fig. 3. The microwave surface resistance (Rs) of YBCO films related to
different zero-field-cooling (ZFC) magnetizations and superconducting
volume fraction.

The superconducting volume fraction can be calculated
using the equation

χ =
4πMv

H −4πDMv
, (2)

and the calculated results are shown in Fig. 3. According to
the London equations, the microwave surface resistance of a
superconductor is caused by the normal state electron. There-
fore, the YBCO thin films with a higher superconducting vol-
ume fraction have a lower normal electron content, resulting
in smaller Rs values.

Figure 4 shows the surface resistance results related to
different oxygen pressures. It can be observed that the Rs(T =

77 K) reduces with the increase of the oxygen pressure from
0.25 Torr to 0.6 Torr. The film with the lowest Rs(T = 77 K) of
0.7 mΩ is shown in Fig. 4(b). This result is comparable with
the Rs(T = 77 K) of the commercial films such as DyBCO
films made by CERACO.

To explain the observed result, it is easy to consider the
effect of oxygen vacancy in the film due to the variation of
oxygen pressure on the change in Rs, so these films have been
characterized by XRD. However, the XRD peak shifts were
negligible with changes in oxygen pressure, leading to a con-
clusion that the change in Rs was not caused by a change in
oxygen content. Recently, the microstructure of YBCO films
in a similar situation was measured, and it was suggested that
the change in the microstructure of the film with changes in
oxygen pressure may be responsible for the variation in Rs.
The relevant content has been published in Ref. [31].
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Fig. 4. The microwave surface resistance (Rs) characterization of YBCO
films deposited at different oxygen pressures. (a) The temperature depen-
dence of the Rs of the YBCO films deposited at different oxygen pressures,
measured at 9.4 GHz. (b) The relationship of Rs(T = 77 K) of the YBCO
films and their growth oxygen pressure.

3.4. Surface morphology

The presence of particle-like precipitates in high rough-
ness YBCO thin films can cause problems in the fabrication
of microwave devices such as electrode deposition and UV
lithography. Therefore, the low roughness of the YBCO thin
film is crucial for such devices. Figure 5 shows the SEM sur-
face images of the YBCO films deposited in thicknesses of
50 nm, 300 nm and 1 µm. Figures 5(a)–5(c) show the sur-
faces of YBCO films deposited using target A with the com-
pactness of 87%, while Figs. 5(d)–5(f) show the surfaces of
YBCO films deposited using target B with the compactness
of 97%, the precipitates on the surface decrease when target
B with a compactness of 97% is used. Evidently, the SEM
images reveal that the presence of the precipitates on surface
decreased when target B with the compactness of 97% was ap-
plied. However, the precipitates on the surface increased with
the increase in film thickness.[32–35] Therefore, it can be con-
cluded that improving the compactness of YBCO targets can
greatly improve the surface morphology of films, meeting the
requirement of subsequent fabricating processes. It is impor-
tant to note that no correlation was observed between surface
roughness and surface resistance in this study.
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Fig. 5. The surfaces of YBCO films with different thicknesses deposited using
targets A and B, respectively. (a)–(c) The surfaces of YBCO films deposited
using target A with thicknesses of 50 nm, 300 nm and 1 µm, respectively.
(d)–(f) The surfaces of YBCO films deposited using target B with thicknesses
of 50 nm, 300 nm and 1 µm, respectively.

3.5. Large-area uniformity

The distributions of thickness and Rs of the 2-inch YBCO
thin film for microwave application are shown in Figs. 6 and
7, respectively. The thickness of the 2-inch YBCO thin film
for microwave application exhibits 4% homogeneity within
15 mm, but decreases rapidly beyond this range from the cen-
ter. Similarly, the surface resistance shown in Fig. 7 is 0.7 mΩ

with 1% homogeneity within 15 mm, but becomes unstable
beyond this range from the center.
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Fig. 6. The thickness distribution of large-area YBCO film.

The distribution of critical current density in the 2-inch
YBCO thin film for microwave application is shown in Fig. 8.
Within 15 cm from the center, a uniform distribution of Jc was
observed with the highest value of 1.6 MA/cm2. However, out-

side the 15 cm circle, a random distribution was found, which
is consistent with the thickness and surface resistance results.
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Fig. 7. The Rs distribution of large-area YBCO film.
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3.6. Application demonstration

To assess the practicability of the YBCO thin film in this
work, 2-inch double-sided YBCO thin films were deposited,
with one side patterned for a quasi-elliptic bandpass filter. The
filter had a center frequency of 370 MHz and a bandwidth
of 20 MHz. A filter with the same specifications was fabri-
cated on a DyBCO thin film from CERACO for comparison.
Both filters were measured at 87.8 K in a cryo-cooler by Ag-
ilent N5230A without tuning. The measured responses of the
two filters are depicted in Fig. 9(a), and the insertion losses
are detailed in Fig. 9(b). The transmission responses are well
consistent, although there is a slight difference in bandwidth,
which could be attributed to the different substrate thicknesses
of these two films. Insertion losses of the two filters are at the
same level, whereas the ripples are different due to the untuned
reflection parameters. The result suggests that the YBCO films
in this work could completely meet the requirements of mi-
crowave devices.
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Fig. 9. Comparison of filters fabricated on YBCO thin film in this work and
DyBCO thin film from CERACO: (a) responses; (b) insertion losses.

4. Conclusion and perspectives
In this paper, the large-area YBCO films with (00l)-

oriented, high Tc, and high fraction of superconducting phase
were successfully deposited by PLD. The results of the Rs

measurement inferred that increasing the laser pulse energy
and the oxygen pressure during deposition can effectively re-
duce the Rs of the film. The surface morphology of YBCO
films can be improved by using a high-densification target.
Large-area double-sided YBCO films were successfully de-
posited for superconducting filters. The comparison results
indicate that the YBCO films in this work could completely
meet the requirements of microwave devices.
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