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Abstract

For making trilayer superconducting devices based on YBa,Cu3O;_;
(YBCO) thin film processing, we developed a new technique by employing
Ge ion implantation. A YBCO thin film of 150 nm thickness having high
c-axis orientation and a transition temperature, 7, of 90 K was implanted
with 80 keV, 1 x 10'® Ge ions cm™2 at room temperature. By the result of
TRIM calculation, Ge ions were found to penetrate into the YBCO thin film
approximately 60 nm below the surface of the film, thus leaving the lower
part of the film as a superconductor. Upon implantation with Ge ions, the
implanted upper part of the sample lost its electrical conductivity and
diamagnetism while its original crystalline structure was preserved. The
implanted ions we found did not alter the overall crystal structure of the
YBCO thin film; this allowed us to grow an epitaxial superconducting upper
layer of YBCO on top of the implanted area, leaving no need to use any
buffer layer. The superconducting properties of the upper layer were similar
to those of the pure YBCO base layer with an increased room temperature
resistivity and a lowered 7: (88 K). This process provides an effective

method for fabrication of a trilayer HTS device structure.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

In superconducting electronics, high-7, YBCO thin films
have been widely used as processing materials for device
fabrication. The processing of YBCO thin films as Josephson
junctions and SQUIDs, constructed vertically on a substrate,
has been reserving an important place in the multilayer
fabrication [1-6]. There is a demand for multilayer fabrication
for the purpose of reducing the noise problems and improving
the sensitivity of these devices [7-9]. This, however, requires
use of some complicated fabrication techniques such as buffer
layer construction between the superconducting YBCO layers.

4 Address for correspondence: Department of Physics, Izmir Institute of
Technology, 35437-Urla-Izmir, Turkey.
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The progress in HTS device technology and the increasing
complexity of HTS circuitry continues to push the limits of
the materials and the processes used to fabricate multilayer
devices. Devices require the superconducting layers separated
with insulating or semiconducting layers grown epitaxially
without degradation of their superconducting parameters.
This can be quite difficult to achieve in practice due to
the planar geometry inherent in these devices. For the
multilayer device fabrication in semiconductor technology,
ion implantation has commonly been in use for last few
decades. In high temperature superconducting materials,
the ion implantation technique has been used for modifying
the structure and improving some critical parameters of
superconductors with various types of ions [10-20]. The
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idea of using the ion implantation technique with suitable
ion energy and dose for the purpose of creating an insulating
layer serving as a separator between the superconducting
layers was the main motive of this work. In our previous
work, we presented the growth of a bilayer YBCO structure
with Si ion implantation [21]. In that study, upon Si ion
implantation, the base layer YBCO thin film completely lost
its superconductivity and became a semiconductor. Thus, a
semiconductor—superconductor junction has been obtained by
the growth of a second superconductor YBCO layer on top of
the implanted area. In the ion implantation process, the main
problem which has to be taken into account is the redistribution
of the implanted ions after subsequent annealing and/or
epitaxial growth. A study of the redistribution of the implanted
Ge ions and their diffusion mechanisms depending on the
thermal annealing in semiconductors has been performed by
Turan et al [22]. They reported that the ion redistribution
was asymmetric and the diffusion of Ge in Si was mostly
towards the surface with smaller diffusion constant. Although
the mechanism of the ion redistribution is unknown, further
study of this subject may shed light on unsolved problems
of the growth-enhanced diffusion of dopants in YBCO. In
this work, we have looked to obtain a trilayer structure on
superconducting YBCO thin film by implanting Ge ions with
the anticipation of obtaining an insulating layer formed at the
surface of the base layer of YBCO, hence eliminating the need
for buffering.

2. Experimental details

For the fabrication of the trilayer device, 10 x 10 x 0.5 mm?
(100)-cut MgO single-crystal substrates were used. The
YBCO layers were deposited onto the substrate by using
the DC inverted cylindrical magnetron sputtering (ICMS)
technique. The temperature of the sample holder was 800 °C,
the partial pressure of the Ar gas was 0.5 mbar and the partial
pressure of O, gas was 0.1 mbar. The resulting layers having
150 nm thicknesses were found to have full c-axis orientation
and their full width at half maximum (FWHM) value of the
rocking curve of (005) peak was measured as <0.22°.

The first layer serving as the base layer was Ge ion
implanted by exposing its surface across a metal mask, to a
beam of energy of 80 keV and a dose of 1 x 10'® Ge-ions cm ™
at room temperature. The beam current density was about
0.3 A cm™2. The contact pads evaporated onto the base layer
are protected from the ion beam by using a metal mask. The ion
distribution was estimated by the computer simulation program
TRIM [23], which is realistic with respect to the experiment.

After the implantation process, the sample, prior to the
deposition of YBCO for the second layer, was heated to 800 °C,
gradually increasing the power of the heater in the sputtering
chamber, keeping the same gas mixture at the same pressure
as for the first sputtering process. This step was completed in
45 min. This heat treatment may cause a diffusion of Ge ions
across the interface between the base layer and the implanted
zone within the film. The deposition of a second layer film
having 150 nm thickness was completed in 90 min. During this
process, the small amount of Ge diffusion may occur across
the interface between the implanted zone and the second layer.
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Figure 1. Schematic cross-section of YBCO/implanted Ge ions/
YBCO trilayer device.

Characterization of the sample before and after each
step of the processing has been done by employing
resistance—temperature (R-7"), ac magnetic susceptibility
versus temperature (x—7"), x-ray diffraction analysis (XRD)
and atomic force microscopy (AFM). The resistive transition
curves were obtained by using the four-point method. The
ac susceptibility measurement was carried out by using the
mutual inductance method with the excitation field of i () =
hosin2m ft where f = 1 kHz and hy = 18.5 Am~'. The
crystal structure and the contact mode surface morphology
were determined by XRD and AFM.

3. Results and discussion

Figure 1 shows a sketch of the final structure we want to
fabricate. The YBCO base layer was sputtered first onto the
substrate, and then implanted with Ge ions through the mask
which was used to leave a space a few millimetres wide at the
edges of the film for placing the contact pads onto the base
layer. Finally, upper layer YBCO film was deposited onto the
implanted area through another mask which was used to leave
a space a few millimetres wide at the edges of the implanted
area for placing the contact pads onto the middle layer.

Before the ion implantation process we carried out a TRIM
simulation to estimate the penetration profile of the ions and the
necessary ion energy for the YBCO thin film. In order to form a
non-superconducting zone within the film which extends down
to a depth from the surface of the film, the energy of the Ge ions
was chosen as 80 keV with a dose of 1 x 10'® Ge ions cm ™2 at
room temperature. The result of the simulation has produced a
depth profile for Ge ions in YBCO which is shown in figure 2
and the penetration depth was estimated as 60 nm below the
surface of the film.

The implanted layer was expected to behave as non-
superconducting because of an increased density of defects
produced after the impact of Ge ions with the atoms of c-
axis YBCO film. The results of both real and imaginary
parts of ac magnetic susceptibility measurements of the sample
(x—=T) are given in figure 3. The unimplanted, pure YBCO
film has shown a rather sharp transition at the temperature of
91 K with a transition width of AT ~ 0.5 K. The sharpness
of the transition indicates the high quality of the obtained
YBCO film. After Ge ion implantation the sample has shown
superconductivity with a depressed transition temperature of
88 K. As seen from figure 3, the diamagnetic saturation of
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Figure 2. TRIM depth profile of Ge ion implantation into the YBCO
thin film.
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Figure 3. Ac magnetic susceptibility—temperature characteristics of
pure and Ge ion implanted YBCO thin films.

the Ge ion implanted sample has decreased to a lower value
compared with that of the unimplanted one. The difference in
diamagnetic saturation values can be related to the volume of
the superconductor. Therefore, it can be said that the volume
of the superconductor has reduced after implantation. Here
we may conclude that the implanted Ge ions have created a
non-superconducting zone just below the surface and the rest
of the film has remained superconducting, hence forming a
two-layer structure within the bulk of the film. The depression
of the transition temperature appearing in the ac susceptibility
measurement is thought to stem from the formation of the stress
field on the lower superconducting part due to the implanted
layer above it.

In the literature to our knowledge not much is known about
the diffusion of Ge in YBCO, hence we are not able to speculate
to what extent this has occurred during both the annealing stage
after implantation and the heating stage while depositing the
second layer of YBCO on top of the implanted part. It may also
be expected that some crystal defects which occurred during
the implantation might have been removed, at least partially,
during these heat treatments.

The XRD results of the pure and implanted samples are
shown in figure 4. The full width at half maximum (FWHM)
values are measured, before and after the implantation,
from rocking curves on the YBCO(005) peaks of sample as
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Figure 4. XRD patterns of pure and Ge ion implanted YBCO thin
films.

Figure 5. AFM surface morphologies of pure (a) and Ge ion
implanted (b) samples.

about 0.22°, indicating high c-axis orientations of the film.
Interestingly, no variations are observed in the positions of
the peaks in the XRD results, which indicates that Ge ion
implantation did not result in any significant change in the
crystal structure of the sample.
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Figure 6. Resistance—temperature measurements of individual
layers of a YBCO/implanted Ge ions/YBCO trilayer device.

The surface morphology of the sample before and after
implantation was characterized by atomic force microscopy
(AFM) and the results are shown in figures 5(a) and (b). The
mean roughness, R,, within a scanned area of 20 x 20 um?
was measured as about 5 nm for the pure sample which is a
characteristic value of dc sputtered YBCO films, and an R,
value of 12 nm was measured on the surface of the implanted
region within the same scanned area. The large difference
between these two values shows that the Ge ion implantation
has strongly affected the surface morphology of the layer.

The R(T) measurement on the bottom layer and upper
layer of YBCO were carried out over the contacts placed on
the corresponding layers independent of each other; i.e. the
superconducting layer and the ion implanted region have no
common input for the measuring current. Another way of
saying this is that there were no parallel conducting channels
for the measuring current input during the R(7") measurements
over these layers. The results of resistance measurements
are shown in figure 6. The normal state resistance values
are about 100 Q for the base layer, about 160 2 for the
top layer and 4 M for the intermediate layer. Because of

these large differences in normal state resistances between
layers, the graphs should be drawn in normalized form for
clear comparison. The resistance behaviour of the Ge ion
implanted intermediate layer was significantly similar to that
of a semiconductor, increasing with decreasing temperature.
The resistance behaviour of the upper and the bottom layer
YBCO has shown a typical superconducting transition. The
transition width of the bottom layer was narrower than the
upper layer and their descending slopes were also different
from each other, namely the slope of the upper layer was less
steep than that of the bottom layer. Although we tried to keep
the deposition conditions the same for both layers during the
sputtering process, the differences are quite visible from both
curves, indicating the influence of the surface morphology of
the implanted layer and the disturbed oxygen stoichiometry in
the upper layer. In addition, one may expect some amount
of diffusion of Ge ions from the implanted surface to the
upper layer YBCO during its deposition, since the substrate
temperature was increased up to 800 °C and stayed there for
about 2 h.

The surface morphology of the top layer YBCO thin film
was analysed by AFM and the results are given in figure 7. In
the scanned area of 20 x 20 um?, the R, value was measured
as 12 nm which is the same value as that of the implanted
surface. This observation gives support to the idea that the
upper layer was influenced by the morphology of the bottom
layer, hence causing a broadening in the resistive transition as
well as its slope. The grain sizes were found to vary around
1 um and they follow a unidirectional elongation across the
scanned surface, as viewed on the micrograph (see figure 7).

4. Conclusion

We have presented the fabrication of trilayer superconducting
YBCO thin film structure by Ge ion implantation. According
to the XRD analyses, Ge ion implantation does not affect the
crystalline structure of the YBCO thin film. This allows the
growth of a second layer superconducting YBCO film on top of
the implanted area. With the employment of the passivation of
the Ge implanted layers for improving the interface properties

Figure 7. AFM surface morphology of the top layer YBCO thin film.
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and solving the Ge diffusion mechanisms between the layers,
this technique could be extended into a multilayer process for
Josephson-junction-based electronic device production.
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