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Résumé.

Des jonctions Josephson YBa2Cu3O7-03B4/PrBa2Cu3O7-03B4/YBa2Cu3O7-03B4 de croissance
déposées par pulvérisation cathodique sur des substrats SrTiO3 (100), ont été étudiées par
microscopie électronique en transmission (MET) effectuée sur des coupes transverses. Les expériences ont montré que, en dehors de quelques grains orientés axe c trouvés au tout début des films,
l’hétéroépitaxie des différentes couches avec l’axe 03B1 pour direction de croissance a bien été obtenue.
La microstructure des interfaces et des couches successives a été étudiée en microscopie électronique
haute résolution, une attention particulière étant accordée à la détermination des phases secondaires.
De petites inclusions de Y2O3 dans les couches YBa2Cu3O7-03B4 ainsi que des précipités de PrBaO3 dans
les couches PrBa2Cu3O7-03B4 ont été identifiés au travers de l’analyse d’images de réseaux et de leurs
diffractogrammes.
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axe 03B1,

Abstract.

A-axis oriented YBa2Cu3O7-03B4/PrBa2Cu3O7-03B4/YBa2Cu3O7-03B4 Josephson junctions
grown by dc-magnetron sputtering on SrTiO3 (100) substrates have been studied by cross-sectional
transmission electron microscopy (TEM). The experiments showed that nearly perfect 03B1-axis heteroepitaxial growth was achieved, c-axis oriented grains being found only in the beginning of the films.
High resolution TEM was used to study the microstructure of the different interfaces and layers, special attention being paid to secondary phases. Small Y2O3 inclusions in the YBa2Cu3O7-03B4 layers and
elongated PrBaO3 precipitates in the PrBa2Cu3O7-03B4 layers were identified using high resolution TEM
and Fourier transform analysis.
2014

1. Introduction

Compared to other techniques used for the fabrication of YBa2Cu307-s-based Josephson junc(edge junctions [1], bicrystal [2], biepitaxy [3]), the fabrication of sandwich-type junctions

tions
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offers the advantage of providing easily reproducible devices. Indeed, the barrier can be precisely localized and well controlled. Taking account the strong electrical anisotropy of most of
the high Tc compounds, the growth direction should correspond to the direction of greater coherence length, namely the a-axis for YBa2Cu307-8 compounds. One of the main requirements
in the fabrication of sandwich-type junctions is the control of the growth direction, a second
difficulty arising from the choice of the barrier layer. As a matter of fact, a complete coverage of the base electrode is required and island shaped barriers must be avoided [4, 5]. The
obtention’ of continuous barrier layers being favoured by heteroepitaxial growth, most of the
high Tc devices include perovskite related compounds as barrier layers [6-9]. A-axis oriented
YBa2Cu307-8 (YBCO)!PrBa2Cu307-8 (PBCO)/YBa2Cu3O7-03B4 Josephson devices were first reported by Barner et al. [10].
Despite the strong sensitivity of the electrical characteristics of thin films to their structure and
composition, very few investigations have been devoted to these aspects in high Tc devices. The
studies reported in the literature mainly focused on their fabrication and electrical properties.
More complete investigations of the microstructural features of the different layers and interfaces
can lead to a better understanding of the behaviour of high Tc devices. Transmission electron
microscopy (TEM) on cross-sectional specimens is one of the more efficient technique for studying

such structural aspects. Provided cross-sections are taken out of the film at different locations
and several specimens are investigated, this technique, which allows the study of only very small
portions of the film at a time, can bring reliable information on the microstructural aspects of the
films.
This study concerns a-axis oriented YBCO/PBCO/YBCO Josephson devices, fabricated by
dc-magnetron sputtering on (100) SrTi03 substrates. The physical properties of these junctions
were reported elsewhere [11, 12]. It was shown in particular that their current-voltage characteristics were consistent with the resistive shunted junction (RSJ) model [3, 11] for barrier layer
thicknesses up to 100 nm. In the present paper, our investigations focused on determining the
microstructural features of these sandwich-type junctions, particular attention being paid to interfaces and secondary phases. Precipitates in the YBCO layers are indeed known to affect the
critical current density. Their presence therefore prevents a suitable control of the critical current density by the barrier layer thickness. In a same way, the presence of secondary phases in the
barrier, as the presence of pinholes, can change the transport properties of the junctions by modifying the conduction paths. High resolution electron microscopy (HREM) and Fourier transform
analysis were used to identify the different precipitates.

2.

Experimental

A-axis oriented YBCO/PBCO/YBCO trilayer films were grown in-situ on (100) SrTi03 substrates
using an ICM sputtering system equipped with stoichiometric YBa2Cu3O7-03B4 and PrBa2Cu3O7-03B4
hollow cathodes. The fabrication procedure was fully described in [11]. Briefly, an a-axis template layer of PrBa2Cu3O7-03B4 was first grown under the following conditions for temperature and

pressure: 750 ° C and 0.5 mbar of an Ar/02 mixture in the ratio 2/1. The temperature was then
increased to 870 ° C and the three different layers of the junction were deposited. The oxidation
stage, required to obtain good superconducting properties, was performed during the cooling to
room temperature in 02 at atmospheric pressure. The critical temperature of these a-axis trilayer
films did not exceed 80 K. The different layers thicknesses were as follows: template 50 nm, base
and counter electrode 150 and 130 nm, barrier 50 nm.
Cross-sectional specimens for TEM studies were prepared following the usual method. After
mechanical grinding, the samples were ion-milled to perforation at liquid-nitrogen temperature.
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micrograph of a YBCO/PBCO/YBCO sandwich grown on
template layer. The sharpness and flatness of the different interfaces

clearly seen in the figure.

The TEM experiments were performed on a Philips CM30/ST microscope with a point resolution
of 0.19 nm.
Due to their small dimensions, inclusions of secondary phases were not easy to study using electron diffraction. Identification of the different precipitates was then carried out using numerical
Fourier transforms of digitized HREM images and image simulations performed using the EMS
software package developed by Stadelmann [13].
3. Results

3.1 FILM ORIENTATION AND INTERFACES. - As PrBa2Cu307 is isomorphic with YBa2Cu307,
the contrast between the different layers mainly originates from the difference in scattering factor between Y (Z
39) and Pr (Z 59). The PBCO layers appear slightly darker than the
YBCO ones in bright field images. Figure 1 presents a low magnification high resolution micrograph of the trilayer film and template layer. The different layers display flat and well defined
interfaces, characteristic of epitaxial growth. Heteroepitaxy was favoured by the very good agreement between the unit cell parameters of the différent compounds. For memory, SrTi03 (STO)
=

=
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0.39 nm; PrBa2Cu307-8 and YBa2Cu307-8 have orsubstrate has a cubic unit cell with a
thorhombic unit cells with respective parameters a = 0.387 nm, b 0.389 nm and c = 1.165 nm
1.168 nm for YBCO. The c-parameter of
0.382 nm, b
0.389 nm and c
for PBCO and a
both PrBa2Cu307-8 and YBa2Cu307-8 being very close to three times 0.39 nm (i.e. 3asTo and
3bY(Pr)BCO), a-axis growth can be achieved even if c-axis growth remains the more easily obtained
in these perovskite based compounds. Both electron diffraction patterns and X-ray diffraction
analysis confirmed the a-axis orientation of the trilayers. Of course, the presence of b-axis oriented grains cannot be ruled out, specially in PBCO. The (001) lattice planes lying parallel to the
growth direction are easily identified in HREM micrographs (Fig. 1). According to our observations performed at different stages of the film growth, only the template layer and the very first
beginning of the base electrode include some c-axis orientated grains (cf. Fig. 2). The presence
of this orientation cannot be completely avoided at the beginning of the film growth despite the
lower temperature used for the deposition of the template layer. This undesired orientation is
completely lost for a total deposited thickness greater than 50 nm. The progressive loss of c-axis
oriented grains is explained by the anisotropy of the growth rate in these compounds, a-axis grains
growing 5 to 10 times faster than c-axis grains, as reported in [14].
=

=

=

=

=

Figure 3 shows a detailed view of the base electrode/barrier interface observed along a [001]STO
axis. The contrast between the two compounds is lower in highly magnified lattice images
than in conventional bright field mode images. Both the YBCO and PBCO layers present two
different kinds of pattern. Indeed, their growth direction being parallel to the a-axis, the epitaxial grains can take two different orientations. So, in Figure 3, some grains are observed along

zone
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Fig. 3.
[OOljsTO zone axis HREM micrograph of the interface (indicated by black arrows) between the
PBCO barrier and the YBCO base electrode. Note the perfect continuity of the (001) planes across the
interface. Regions where the (001) planes are no more visible correspond to domains viewed along the
[001]Y(P)BCO axis instead of the [010].
-

their b-axis, others are observed along their c-axis and appear as 0.38 x 0.38 nm dots pattern in the
image. The different planes look continuous across the interface. No pinholes in the barrier layer
were found in our investigations which also include observations along the [011]STO direction.

3.2 PARASITE PHASES.
3.2.1 Inclusions in the YBCO Layers. - Small inclusions of a different phase, about 6 to 8 nm
large, were found in the YBCO layers. These precipitates were identified as Y203 from numerical
diffractograms of the digitized images and image simulations. This compound has a centered cubic
unit cell with a parameter equal to 1.06 nm. Figure 4 presents HREM images of one of these
precipitates taken at two different defoci. Simulated images of the YBa2Cu307-8 compound
observed along its [010] zone axis and of the precipitate observed along its [110] zone axis were
calculated for different defocus values and specimen thicknesses. The best fit (insets in the Fig.)
was obtained with a sample thickness of 4 nm and defocus values of -40 nm (a) and -85 nm
(b), which correspond to the values determined experimentally. The orientation relationships
between the YBCO grain observed in the top of the figure and the Y203 precipitate are:

The presence of Y203 inclusions in magnetron sputtered YBCO layers was reported in many
different papers, see for instance [15-17]. The orientation relationships found here are in
agreement with the relationships described by different authors. In the films observed by Selinder
et al. [17], the location of the semi-coherent Y203 precipitates did not depend on the distance
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4. 2013 [001]STO zone axis lattice images showing a small precipitate surrounded by a- and c-oriented
YBCO domains. Simulated images of both YBCO and Y203 calculated for defocus values -40 nm (a) and
-85 nm (b) and a specimen thickness of 4 nm are inserted in the figures.

Fig.

from the substrate. On the contrary, in our films, the Y203 precipitates were not evenly distributed
in the YBCO layers. Numerous precipitates were found at the beginning of the first YBCO layer
where some c-oriented grains were observed from times to times. The precipitate displayed in
Figure 4 for instance is located at the junction between two differently oriented YBCO domains.
Few precipitates were also found at the beginning of the second YBCO layer, very close to the
barrier/counter electrode interface. The occurrence of these inclusions suggests off-stoichiometry
of the YBCO layers. As no copper oxide particles were found in the films, it is thought that the
precipitation of Y203 is here compensated by the presence of the numerous copper-rich stacking
faults found in the YBCO layers.

Precipitates in the PBCO Layers. - Grains showing moiré fringes were found in both the
template and the barrier PBCO layers (Fig. 1). These grains, elongated in the a-axis direction
and about 10 nm large, grow from the YBCO/PBCO interface (or the STO/PBCO interface)
and most of them were seen to cross the whole barrier layer. Moiré fringes originate from the
overlapping of two slightly different lattices, having different interplanar spacings and/or being
slightly misoriented, along the direction of observation. Observations along the [001]PBCO zone
axis (or [001]sTo) show two sets of moiré fringes having a spacing of about 2.4 nm and inclined
by 45° with respect to the (100) PBCO planes. Observations along the [031JPBco zone axis (or
[011]STO) equally show two sets of moiré fringes, one parallel to the (100) PBCO planes, and having
a spacing about 1.9 nm, the other with a spacing of 2.6 nm, parallel to the (010) PBCO planes.
HREM images of moiré fringes areas in the barrier layer taken along the two different zone axes
are presented in Figure 5 together with their associated numerical diffractograms.
More accurate measurements were made from these Fourier transform images, although it was
not possible to distinguish the 100PBco reflection from the 010PBco. The radial distance of the
100PBco (010PBCO) reflection in the diffractograms was taken equal to (1/0.388) nm-1, ie. to the
spatial frequency corresponding to the mean interplanar spacing of the (100)PBco and (010)PBco
planes. This distance was chosen as reference for all the measurements on the diffractograms.
Except for the reflections originating from the PBCO lattice, the [001]pBco zone axis pattern
presents strong spots lying along the [110]* reciprocal rows, slightly weaker spots lying along [100]*
3.2.2
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Fig. 5.

- HREM images and corresponding Fourier transforms of regions showing moiré fringes observed
the
along
[001]sTo and [Oll]sTo zone axes. Bold types were used for PBCO Bragg reflections and zone axes.
Italic types refer to PrBa03 reflections and zone axes. Note the numerous double diffraction spots in the

diffractograms.
and [010]* reciprocal rows and numerous spots attributed to double diffraction. The difference
between the radial distance of the 110PBCO reflection and the strong spot lying close to it corresponds to the spatial frequency of the moiré fringes observed in the associated image. With the
chosen reference, the measurement of the moiré fringes spacing gave 2.42 nm. In the [031]PBCO
zone axis pattern, the main spots, except for the PBCO Bragg reflections, lie along the [100]* and
[013]* reciprocal rows. The spatial frequency of the moiré fringes parallel to the (100) planes,
which spacing was estimated to 1.9 nm from the image, was found to correspond to the difference
between the spatial frequencies of the 200PBCO reflection and of the strong spot lying close to it.
Measurement of the moiré fringes spacing from the diffractogram gave 1.82 nm. The spacing of
the moiré fringes parallel to the (031) planes, which associated spatial frequency corresponds to
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the difference between the spatial frequencies of the 013PBco reflection and of the strong spot
close to it, was estimated to 2.64 nm. All the moiré fringes were exactly parallel to a set
of PBCO lattice planes. They were all considered as pure translational moirés and attributed to
the presence of precipitates of a secondary phase. The interplanar spacings associated with the
precipitate strong reflections were also measured from the diffractograms. We found 0.31 nm for
the interplanar spacing of the precipitate lattice planes associated with the reflection labelled 002
in the figure and 0.43 nm for the precipitate lattice planes associated with the reflection labelled

lying

101.

Among the different phases likely to precipitate in the PBCO layers, only PrBa03 has a lattice
with interplanar spacings close enough to the ones measured from the diffractograms. This compound crystallizes in a slightly distorted cubic lattice with a mean cubic parameter ac = 0.44 nm.
Its accurate structure is orthorhombic, space group Pnma, with cell parameters: ao = 0.62 nm,
bo 0.872 nm and co = 0.62 nm. This last structure will be used in the following. The relationship
between the cubic and orthorhombic cells of PrBa03 is shown in Figure 6. The observed precipitates are semi-coherent with PBCO. The orientation relationships between PBCO and PrBa03,
described in its orthorhombic structure, have been determined as follows:
=

[001]PBCO and [031]PBCC zone axes electron diffraction patterns of a PrBa03 precipitate in a PBCO
matrixwere calculated using these orientation relationships. The simulations are presented in Figure 7. The relative intensities of the PrBa03 reflections are in good agreement with the intensities
observed in the diffractograms.
Very few studies focused on the microstructure of PBCO layers. Nagano et al. [18] recently
reported a very different behaviour of this compound compared to YBCO. In particular, they
showed that the structure of PBCO films drastically depend on the deposition rate. The authors
reported the occurrence of cubic-PBCO, with parameter 0.4 nm, in films deposited at a rate of
2.7 nm/min, very close to the rate we used which was 2.5 nm/min. At rates close to 2 nm/min,
they obtained highly crystalline PrBa2Cu3O7-03B4 films, while multiphased films were fabricated at
low deposition rates (0.7 nm/min). Our TEM experiments, confirmed by X-rays studies, clearly
showed the presence of a-axis oriented PrBa2Cu3O7-03B4 films. Even if the presence of some cubicPBCO cannot be completely excluded, its parameter being very close to the a, b parameters of
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Fig. 7.

- Simulated [001]PBCO and [031]PBCO zone axis electron diffraction patterns of a PrBa03 precipitate
included in a PBCO matrix. Note the very good agreement between these simulations and the experimental
diffractograms displayed in Figure 5.

orthorhombic PBCO, it cannot be responsible for the occurrence of the moiré fringes observed in
the films. The presence of precipitates in our PBCO films could result from the high temperature
of deposition we used, 750-870 ° C compared to 620 ° C in [18]. As the precipitates extend along the
growth direction, a surface initiated decomposition mechanism during in-situ growth is probably
involved in their formation [19].

4. Conclusion

The microstructural features of YBCO/PBCO/YBCO sandwiches fabricated by magnetron sputtering were investigated by TEM. Evidence was given for a nearly perfect a-axis growth of the
whole film. Undesired c-axis oriented domains were only found in the very beginning of the film.
HREM experiments showed the continuity of the lattice planes across the very sharp interfaces.
Small Y203 inclusions, 6-8 nm large and mainly located close to the interfaces, were found in the
YBCO layers. PrBa03 precipitates in the PBCO layers were identified through the analysis of
diffractograms of lattice images including moiré fringes. These precipitates were found to grow
from the interfaces and to extend along the film growth direction.
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