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Using direct-current magnetron sputtering deposition, we have successfully prepared high-
quality epitaxial YBa,Cu;0,_, thin films, on (100) and (110) ZrO,, SITiO, and LaAlO; sub-
strates. The films reached zero resistance at about 90 K and had a critical current density, J,
(at 77 K, H = 0O), above 10° Acm~2. Electrical measurements showed that the films had a
small microwave surface resistance. The epitaxial structure of the films was studied by X-ray
diffraction (XRD), Rutherford backscattering (RBS) and channeling spectroscopy, X-ray
double-crystalline diffraction and transmission electron microscopy (TEM). It was found that
the c-axis of the film grown on the (1 00) substrates under optimum deposition conditions
was perpendicular to the substrate surface. But on the (11 0) substrates, epitaxial growth was
along the (110) or (103) direction. The experimental results indicate that the films had ex-
cellent superconducting properties and complete epitaxial structure.

1. Introduction

Since the discovery of high-T, (zero-resistance trans-
ition  temperature) oxide  superconductivity,
YBa,Cu,;0,_, superconducting thin films have been
extensively studied. Some of the earliest practical
applications of high-T, superconductors are likely to
be in the form of thin films [1]. A number of depos-
ition techniques have been used to make
YBa,Cu;0,_, superconducting thin films and they
have achieved excellent results. These deposition
methods include sputtering [2], laser ablation [3-5],
molecular-beam epitaxy [6], metallorganic chemical
vapour deposition (MOCVD) [7], and electron-beam
evaporation [8, 9]. Up to now, YBa,Cu,0, _, super-
conducting thin films with a rather high upper critical
field, B,,, and the capability of carrying a very high
critical current density, J_, offers the possibility of
making passive microwave devices, Josephson junc-
tions and electrical circuitry. This is because most
applications in electronic devices will depend, to a
large degree, on their capability to carry high current
densities.

For oxide-compound superconductors, the critical
current density is closely related to grain boundaries
and the textured microstructure. Moreover, it has
been known that the superconductivity in
YBa,Cu;0,_, system is strongly confined to its a—b
planes. Thus the focus of fabricating YBa,Cu,0-_,
thin films is the production of c-axis-oriented thin
films. In general, YBa,Cu;0,_, thin films are poly-
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crystalline, which will affect their critical current dens-
ity, J.. In this paper, we present investigations on the
superconducting characteristics and epitaxial-growth
analyses of YBa,Cu;O,_, thin films, which were
deposited on (100) and (110} SrTiO,, ZrO,, and
LaAlO, substrates.

2. Experimental procedure

In the present study, YBa,Cu,0, _, superconducting
thin films were grown on (100) and (110) aligned
SrTiO3, ZrO,, and LaAlO, substrates by direct-cur-
rent (d.c.) magnetron sputtering. During the depos-
ition of the films, the superconducting (123) phase
could be directly achieved. A detailed description of
the deposition conditions has been reported elsewhere
[10]. The composition of Y, Ba and Cu was deter-
mined from inductively coupled plasma (ICP) atomic-
emission spectroscopy. The microwave surface resist-
ance was measured at a frequency of 50.9 GHz. The
epitaxial structure of the films was analysed by X-ray
diffraction (XRD), Rutherford backscattering (RBS)
and channeling spectroscopy, and transmission elec-
tron microscopy (TEM). TEM cross-sectional samples
were prepared by epoxying, mechanical thinning,
dimpling and argon-ion milling with liquid-nitrogen
cooling. TEM observations were carried out in a
JEOL JEM-200CX at 200 keV at a point-to-point
resolution of 0.25-0.26 nm.
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3. Results and discussion
3.1. Superconducting characteristics
The epitaxial YBa,Cu;0,_, superconducting thin
films, prepared under the optimum growth temper-
ature and oxygen pressures, generally had a zero-
resistance transition temperature, T, of about 90K.
Fig. 1 gives the results of four-probe d.c. transport
measurements of the resistance, R, of films as a func-
tion of temperature, T. It can be seen that the residual
resistance ratio, R;qox/R1gok, Of the films was near 3.
It was found that transition temperatures and other
transport properties, like the residual resistance and
especially the critical current density, were closely
related to the growth quality of the films. The
polycrystalline fraction in the films resulted in
superconducting degradation. Fig. 2 demonstrates
critical-current-density measurements as a function of
temperature for a film grown on a (100) SrTiO,
substrate. The maximum value was about 2.5
x 10° A cm ~2. The high-T, superconducting thin films
generated are potential candidates for passive micro-
wave devices. So the microwave surface resistance is
an important parameter in the description of the
quality of a superconducting thin film. The microwave
surface resistance, R,, of the films was measured at
50.9 GHz. Fig. 3 gives the R.-curve of a sample grown
on a (100) SrTiO, substrate. For the sake of contrast,
the results of copper (dotted curve) are also given in
Fig. 3. It can be seen from Fig. 3 that the curve of the
film oscillated in the normal state. This is because the
dielectric constant of SrTiO; is rather large, and
changes with temperature. When millimetre-wave
transmitted SrTiO; and reflected at the bottom sur-
face, constructive interference caused R, to decrease,
but destructive interference made R, increase. The
transition temperature of the sample was about 89 K,
and R, at 77K was 37mQ. Films on the other sub-
strates had similar results. Since the application of
high-T7; superconducting thin films in microwave fields
is mainly focused below a frequency of 10 GHz, R, is
often used at 10 GHz as a criterion to judge the
microwave properties of a superconducting thin film.
According to the relation R, oc f2, at a frequency of
10 GHz, the microwave surface resistance of the film
grown on (100) StTiO, at 77K was 1.4 mQ, and the
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Figure 1 Resistance versus temperature curves of YBa,Cu;0,_,
superconducting thin films deposited on (100) SrTiO, and LaAlO,
substrates.

value for copper was 18 mQ. Thus, the microwave
surface resistance of a YBa,Cu,0,_, film was about
one thirteenth of the value of copper at 10 GHz, T
= 77K. The R, values of our films were bigger than
the best reported [11]. The main reason is that out-
growth regions existed on the film surface, which was
confirmed by scanning electron microscopy (SEM)
images.

3.2. Epitaxial-growth analyses

XRD patterns showed that the films grown on (100)
substrates had an epitaxial structure with the c-axis
perpendicular to the surface of the substrates at an
optimum growth temperature of 750°C. But at lower
temperatures, both c-axis and a-axis orientation were
observed. Fig. 4 gives three sample spectra represen-
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Figure 2 Critical current density versus temperature for the
YBa,Cu;0, _, thin film grown on a (100) SrTiO; substrate, meas-
ured in a zero magnetic field.
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Figure 3 Microwave surface resistance versus temperature curve of
an YBa,Cu;0,_, thin film deposited on a (100) SrTiO; substrate,
measured at a frequency of 50.9 GHz.
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Figure 4 XRD patterns of a YBa,Cu;0,_, thin film grown on a
(100) SrTiO, substrate, at substrate temperatures: (a) 750 °C, (b)
720°C, and (c) 680°C.

i (100) SrTiO,
O

Figure 5 TEM image of the YBa,Cu;0,_, thin film grown on a
(100) SrTiO; substrate at 750 °C. The c-axis of the film is perpendi-
cular to the surface of the substrate.

SrTiO; substrates. Perfect growth was indicated by
the spectrum of a film deposited at 750°C, revealing
only (00 1) peaks. TEM observations showed that the
film had perfect epitaxial growth, as shown in Fig. 5.
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(110) SrTiO,

Figure 6 TEM image of the YBa,Cu,;O,_, thin film grown on a
(110) SrTiO; substrate. The c-axis of the film is along a (103)
alignment.

With decreasing deposition temperature, the c-axis
growth gradually changed to a-axis growth by accom-
modating a mixture of both orientations. During the
deposition of films, a substrate temperature, 7, which
was too high or too low resulted in the appearance of a
faint phase, which could not be assigned to the (123)
phase. On (110} aligned substrates, YBa,Cu;0,_,
thin films also featured epitaxial growth. However, the
orientation was a (1 1 0) or a (103) alignment, as shown
in Fig. 6.

In order to determine the epitaxial quality of films
as a whole, RBS and channeling spectroscopy were
measured both for films and substrates. Fig. 7 shows
the results for the film and substrate of YBa,Cu,O,_,
superconducting thin films deposited on a (100)
SrTiO; substrate. Although the substrate surfaces
were polished and etched, they still revealed quite high
surface peaks. The minimum yield value was about
25%. On the other hand, a defect-free substrate sur-
face is a necessary precondition for epitaxial growth.
We used annealing and an ion-beam etching process
to improve the substrate surfaces. After annealing in
an oxygen atmosphere at 1000°C for 10h, and then
etching off a 500 nm thickness along the surface using
an argon-ion beam with 1keV energy at an incident
angle of 45° the minimum yield value decreased to
about 3%. In Fig. 7b, RBS random and aligned
spectra are shown for a YBa,Cu;0,_, film deposited
on {1 00) SrTi0;. The minimum yield was about 13%
for Ba near the film surface. This is higher than the
value of 3% for single crystalline YBa,Cu;0,_, [12].
The difference was attributed to the film surface, on
which out-growth regions existed.

Finally, we measured the rocking curve of the films
by X-ray double-crystalline diffraction. The first
crystalline was a (00 6) peak of LINbO, single crystal-
line. And the second crystalline was a (00 5) peak of a
YBa,Cu;0,_, sample. Fig. 8 gives the rocking curve
of the (00 5) peak for the YBa,Cu;0,_, film depos-
ited on a (1 00} StTiO, substrate. The full width at half
maximum (FWHM) was 0.22°. This result indicates
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Figure 7 RBS and channeling spectroscopy: (a) (100) SrTiO; sub-
strate (2MeV, He® beam, at 6 = 165° and ¢ =0°), and (b)
YBa,Cu,0,_, thin film grown on a (100) SrTiO; substrate.

that the film had excellent epitaxial growth on the
whole.

4. Conclusion

In conclusion, we have successfully prepared high-
quality epitaxial YBa,Cu;0,_, superconducting thin
films on (100) and (110) SrTiO;, ZrO, and LaAlO,
substrates using d.c. magnetron sputtering deposition.
The films had a zero-resistance temperature and a
critical current density in a zero field of about 90K
and exceeding 10°Acm™? at 77K, respectively. In
addition, we studied the epitaxial growth by XRD,
RBS and channeling spectroscopy, X-ray double-
crystalline diffraction,and TEM. The experimental
results demonstrate that YBa,Cu, 0, _, superconduc-
ting thin films had quite perfect epitaxial growth.
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Figure 8 Rocking curve of the YBa,Cu,O,_, thin film deposited
on a (100) SrTiO; substrate. The half-width of the distribution is a
measure of the growth quality of the film; the result of 0.22° is
excellent.
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