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Abstract— We have prepared high-Tc superconducting 
heterostructures for DC SQUIDs with graphoepitaxial step edge 
Josephson junctions on single crystal MgO substrates and 
investigated them using complementary characterization 
techniques, including atomic force microscopy, scanning electron 
microscopy and high-resolution transmission electron 
microscopy. Combined epitaxial (out-of-plane) and 
graphoepitaxial (in-plane) growth of YBa2Cu3O7-x (YBCO) films 
on the tilted surfaces of step edges on MgO substrates was 
observed. We also combined the SQUIDs with epitaxial 
superconducting multilayer flux transformers on single crystal 
MgO wafers intended for high-Tc magnetoencephalography 
measurement systems. 
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I. INTRODUCTION 
Superconducting quantum interference devices (SQUIDs) 

are indispensable sensors for magnetoencephalography (MEG). 
MEG has been established as the method of choice for the 
investigation of spatio-temporal dynamics in neurological and 
psychiatric research, as it gives the fastest dynamic pictures of 
the brain. This is important for the BRAIN Initiative [1] and 
similar projects worldwide. The problem of the increasing cost 
of liquid helium (see, e.g., [2] and [3]) affects MEG systems 
based on low-Tc SQUIDs but can be solved by using high-Tc 
MEG systems. High-Tc SQUIDs with graphoepitaxial step 
edge Josephson junctions on single crystal MgO substrates 
have demonstrated sufficient reproducibility and sensitivity for 
such applications [3, 4]. In this paper, we investigate the 
microstructures of graphoepitaxially grown high-Tc films and 
their influence on the transport properties of step edge 
Josephson junctions and DC SQUIDs. We investigate the 
growth of thin-film oxide heterostructures for SQUIDs by 
making use of different characterization techniques, including 
atomic force microscopy (AFM), scanning electron 
microscopy (SEM) and high-resolution transmission electron 
microscopy (HRTEM). These techniques are used to provide 
complementary information about the growth of YBCO films 
on the tilted surfaces of the step edges. 

II. EXPERIMENTAL DETAILS 
High-Tc films, Josephson junctions and DC SQUID 

magnetometers were fabricated by high-oxygen-pressure 
magnetron sputtering from stoichiometric polycrystalline 
targets. An in-plane orientation of the grains in the YBCO 

films and heterostructures was realized by using textured 
substrate surfaces to achieve graphoepitaxial growth of the 
YBa2Cu3O7-x (YBCO) films [4]. Such texturing of the surfaces 
of MgO substrates was probably also realized previously [6] as 
a result of a second ion beam etching step during a two-part 
milling process. 

The DC SQUIDs were made from YBCO films and 
consisted of two ~1.5-µm-wide step-edge Josephson junctions, 
one 1 mm washer and one 3 mm direct-coupled pickup loop 
integrated on a single crystal MgO (001) substrate. Step-edge 
junctions were prepared using Ar ion beam etching (IBE). A 16 
mm multilayer superconducting flux transformer was prepared 
using YBCO, PrBa2Cu3O7-x and SrTiO3 (STO) films on a 
single crystal MgO (001) wafer buffered by epitaxial BaZrO3 
and STO films [7] and assembled together with the SQUID in 
a flip-chip configuration [8]. 

III. RESULTS 
An AFM image of the surface of an YBCO film deposited 

on an IBE-textured MgO substrate is shown in Fig. 1.  

 
Fig.1. AFM image acquired in “phase” mode showing surface of a 130 nm 
thick YBCO film deposited on an IBE-textured surface of an MgO substrate. 
There are well-oriented growth spirals with 1 nm steps. The scan area is 2 µm x 
2 µm. 
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A cube-on-cube alignment of all of the grains in the YBCO 
film is indicated by the orientation of the growth spirals, which 
have 1 nm steps. Without texturing of the MgO surface by IBE, 
many grains with 45o misorientation were observed for the 
YBCO films, leading to a large spread of parameters and to 
degraded characteristics of the Josephson junctions and 
SQUIDs. Figure 2 shows an SEM image of the surface of an 
YBCO film deposited on an untextured slide-shaped step on an 
MgO substrate.  

 
Fig.2. SEM image of the surface of an YBCO film deposited on an untextured 
MgO substrate edge. The red arrows show the orientations of the individual 
grains in the YBCO film, according to the orientations of the growth spirals. 
The inset in the top right corner shows a cross-section of a similar substrate 
edge structure made by focused ion beam. 

IBE produces a texture on the surface of the step edge, 
comprising linear trenches along the [100] and [010] directions 
of the MgO substrate, which are visible in AFM images (see 
Fig. 3). 

 

Fig.3. AFM image acquired in “topography” mode showing the the picture 
shows the profile of the substrate step edge along the indicated line. The scan 
area is 5 µm x 5 µm. 

Implementation of the surface texture influences the 
interfacial energy of the YBCO film on the MgO surface and 
also changes the in-plane orientation of the YBCO film on the 
substrate steps. SEM images of the surface of an YBCO film in 
the step-edge area show growth spirals with 1 nm steps (see 
Fig. 4). The orientation of growth spirals shows that all grains 
in YBCO film are aligned in-plane, with a- or b- axes normal 
to the corners of the step. 

 

Fig.4. SEM image of the surface of an YBCO film deposited on a textured 
MgO substrate edge. The red arrows show the orientations of the individual 
grains in the YBCO film, according to the orientations of the growth spirals. 

Figure 5 shows an HRTEM image of the YBCO film 
deposited on the upper corner of a step. The ab-planes of the 
film are not exactly parallel to the surface of the edge, while 
the grain boundary in the YBCO film has exactly a 45o 
misorientation. In contrast to [5], the c-axis of the YBCO film 
is not normal to the step edge surface, but is oriented parallel to 
the [011] orientation of the MgO at the edge. Thus, combined 
epitaxial (out-of-plane) and graphoepitaxial (in-plane) growth 
of the YBCO films has been achieved. 

 

Fig.5. HRTEM image of the upper corner of a step edge Josephson junction. 
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The high-Tc step-edge Josephson junctions demonstrated 
very good reproducibility (δIc of about 10 %), a McCumber 
parameter βC of ∼0.4 and an IcRn product of ∼600 µV at 77 K. 
Compared to 24o bicrystal junctions with similar cross-
sections, which are usually used for DC SQUIDs, the step edge 
junctions have ∼2 times lower critical currents Ic but an about 
10 times higher normal state resistances Rn. The DC SQUIDs 
with step edge junctions and a loop inductance of ∼160 pH 
showed voltage swings δVpp of up to ∼60 µV at 77 K. 

IV. DISCUSSION 
Graphoepitaxial step-edge Josephson junctions 

demonstrated many features that are important for applications. 
Similar to results reported in [6] and [9], they possess a [100]-
tilted grain boundaries and relatively high IcRn product. It is 
essential, that for graphoepitaxial step-edge junctions no 
bicrystal substrates are required: the problems of availability, 
reproducibility, cost, voids, lithography, layout, junction 
capacity, low Ic and high noise associated with tilted electrodes 
are therefore significantly diminished. It is feasible that the 
described graphoepitaxial step-edge Josephson junctions can 
be used for many applications, including magnetic field 
measurements by SQUIDs, the generation and detection of 
THz-frequencies, metrology, digital circuits, etc.  

DC SQUIDs with graphoepitaxial step-edge Josephson 
junctions, inductively coupled to 16 mm superconducting flux 
transformers, were used to detect MEG with sufficient signal-
to-noise ratio [5]. Such high-Tc SQUID magnetometers offer 
great potential to serve as replacements for low-Tc SQUID 
sensors in MEG systems. Upgrades with high-Tc DC SQUIDs 
would make such measurement systems independent of helium 
and more user-friendly, while maintaining the signal-to-noise 
ratio of the systems. 

In accordance with the angular dependence of the 
superconducting gap function for the dx2-y2 pairing symmetry 
in momentum space: 

( ) ( )[ ] ( ) θϕ∝−= 2
yx0 sin2coskcos)kcos(k ΔΔ

!
,  

where ϕ is the in-plane misorientation angle along the [001] 
axis and θ is the out-of-plane misorientation angle along the 
[100] axis, the critical current of the 45o [100]-tilted grain 
boundary of a step-edge junction should be closer to that of a 
30o [001]-tilted bicrystal grain boundary. A similarity of the 
critical currents was observed, but the normal state resistance 
Rn of step edge junctions has a much higher value than that of 
30o bicrystal Josephson junctions with a [001]-tilted grain 
boundary. 

The high IcRn product observed for a [100]-tilted grain 
boundary can have many origins. The supercurrent flows in 

the direction of the lobes of the dx2-y2 superconducting wave 
function in the electrodes. Comparing Fig. 2 and 4 one can see 
that the grain boundary in the graphoepitaxial film (Fig. 4) 
meanders much less and is, probably, less faceted. This leads 
to a more homogeneous distribution of the Josephson current 
in the junction. Also, the Andreev bound quasiparticle states at 
midgap energy (zero-energy states) [10] do not appear in the 
case of a [100]-tilted grain boundary. These bound states are 
expected to reduce the normal state resistance Rn and the IcRn 
product. In addition, the current-phase relationship of the 
[100]-tilted grain boundary in such a step edge junction does 
not deviate from the standard sinusoidal dependence. 
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