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Abstract⎯CSIRO has had a long-term research 

effort in superconductivity, in particular, since the 
discovery of HTS which promised big prospects. 
Significant progress has been made in research and 
development of HTS electronic devices and systems for 
practical applications such as mineral and exploration 
as well as some niche applications in emerging science 
and technology areas. This article presents an overview 
of the CSIRO research activities in HTS supercon- 
ducting electronics since 1987, outlining the HTS 
junction and device technology as well as various 
application systems develop d by the group.  e 

Index Terms⎯High temperature superconductivity, 
superconductor electronics, superconductor applications, 
step-edge Josephson junction, superconductor quantum 
interference device. 

1. Introduction 
The Commonwealth Scientific Industrial Research 

Organisation (CSIRO) is Australia’s largest government 
research institution. Over 6000 employees work in 20 
scientific divisions undertaking research in a wide range of 
scientific fields, including radio astronomy, human 
nutrition, plant and agricultural research, mining, mineral 
exploration and manufacturing. CSIRO provides the 
opportunity for disparate research areas to collaborate and 
undertake long-term research with a view to transferring the 
fruits of the research to industry both in Australia and 
internationally. 

Following the discovery of high-temperature supercon- 
ductivity (HTS) in 1986, the CSIRO Division of Materials 
Science and Engineering (CMSE) (previously Industrial 
Physics) developed an active HTS research program based 
on our earlier research on low-temperature supercon- 
ductivity (LTS). Initially, the superconductivity research 
team started with fundamental studies of the physics and 
materials preparation. They then progressed to develop 
YBa2Cu3O7-x (YBCO) thin films and step-edge Josephson 
junctions (SEJs) for superconductor quantum interference 
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devices (SQUIDs) and their applications. This article 
describes the CSIRO research activities in HTS 
superconducting electronics with an emphasis on junction, 
device and application system development. Due to space 
limitations, this paper will only provide a brief introduction 
to our major activities, present a few examples and end 
with some references, so that more details can be found if 
desired. 

2. HTS Step-Edge Josephson Junctions 
The Josephson junction consists of two weakly coupled 

superconducting electrodes. It displays remarkable behav- 
iours under certain conditions, the so called DC and AC 
Josephson effects[1],[2]. Superconducting electronic devices, 
particularly active devices, are mostly based on these 
effects. HTS Josephson junctions are made from the thin- 
film grain boundary formed on bicrystal, step-edge, biepita- 
xial or ramp-edge structures. These are controlled grain- 
boundary junctions. Due to the nature of grain boundaries, 
obtaining reproductive HTS Josephson junctions are, in 
general, more difficult than obtaining LTS Josephson 
junctions with reproducible junction parameters. Significant 
progress has been made over the past two decades on 
junction fabrication techniques and control of the junction 
parameters. Typically, HTS Josephson junctions are inter- 
nally shunted, i.e. they exhibit current-voltage (I-V) charac- 
teristics that can be described by a resistively-shunted- 
junction (RSJ) model. The shunt resistance is caused by 
quasi-particle current flowing readily across the weak link. 

CSIRO developed an unbalanced magnetron sputtering 
process to fabricate high quality a-b aligned c-axis oriented 
YB2C3O7-x thin films on MgO[3],[4]. Subsequently, the group 
developed step-edge Josephson junction technology[5]-[7] 
driven primarily by our research and development of 
SQUIDs. The advantage of the step-edge junction (SEJ) is 
that it can be positioned anywhere on a substrate and is 
suitable for fabricating multiple devices or arrays on single 
chip. This is a cost effective process for fabricating SQUIDs 
and other junction-based devices. The SEJs are fabricated 
on MgO (001) substrates with only one junction (as a 
consequence of the fabrication of “rounded-bottom” steps 
with a gentle return step that did not form extra junctions). 
The junction critical current can be adjusted over four 
orders of magnitude by variation of the step angle. 
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Fig. 1 shows a micrograph of a SEJ and a graph of the 
variation of the junction critical current density with step 
edge angle[7]. Fig. 2 shows a typical I-V characteristic of a 
single grain boundary SEJ at 77 K and 4.2 K[7]. The junction 
critical current Ic and normal resistance Rn are determined 
from the I-V curves: Ic at the on-set of non-zero voltage and 
Rn from the slope of the linear section. The magnetic field 
dependence of the junction critical current resembles a 
Fraunhofer diffraction pattern as shown in Fig. 3[8]. 
 
 
 
 
 
 
 
 

(a)                             (b) 

Fig. 1. SEJ: (a) HTS SEJ on MgO substrate with a patterned ~ 2 

μm YBCO thin film microbridge and (b) the variation of the 
junction critical current with step-edge angle[7]. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. I-V curves of a single grain boundary SEJ at (a) 77 K and 
(b) 4.2 K[7]. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Junction critical current as a function of applied field for 
step-edge Josephson junction[8]. 

Over past one and half decades, we have investigated 
various physical properties, material issues and fabrication 
techniques for our SEJ junctions. We developed techniques 
of junction trimming[9]-[12], passivation[11],[13], making low 
resistance electrical contacts[14], and modifying the MgO 
substrate surface conditions for growth of better quality 
YBCO films[15]-[17]. Consequently, the spread of junction 

parameters (Ic, Rn) and, therefore, device yield, have 
improved significantly over those obtained during our early 
work. Fig. 4 shows that the junction Ic and Rn values of a 
SEJ can be trimmed after the junction is made by using an 
ion beam etching (IBE) technique[10]. This is extremely 
useful for optimising the junction parameters and 
improving the SQUID performance after the device has 
been fabricated[9],[11]. The SEJ technology has become a 
core technology for our SQUIDs and other junction 
devices. 
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Fig. 4. Ic and Rn   values of a 3 μm SEJ against the IBE time 
during junction trimming (beam voltage = 300 V)[10]. 

3. HTS RF and DC SQUID 
Magnetometers 

SQUID combines the physical phenomena of flux 
quantization and Josephson tunnelling. It is a flux-to-voltage 
transducer and is the most sensitive detector of magnetic 
flux known (for the basic concept, see, for example, ref. 
[18]). SQUIDs are very attractive for a broad range of 
applications requiring precision measurements of magnetic 
flux or any other physical quantity that can be converted to 
magnetic flux (e.g., current, voltage, magnetic field or field 
gradient, gravitational field, magnetic susceptibility, etc.). 
Research in HTS SQUIDs has been intensive at CSIRO for 
the past 15 years. In the following sections, we will briefly 
describe our RF and DC SQUIDs and give some examples 
of our SQUID systems built for practical applications. 
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Fig. 5. Schematic drawing of a CSIRO 6 mm RF SQUID: d ≅ 6 mm, 
h ≅100 µm. 

Fig. 5 shows a schematic drawing of our 6 mm HTS RF 
SQUID. It has 1 μm to 2 μm SEJ on the SQUID loop. RF 
SQUIDs have an advantage over DC SQUIDs because they 
do not require a physical connection to the device, for 
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example via wire bonding for the SQUID read-out. These 
devices are instead inductively coupled to the flux-locked 
loop read-out electronics via an RF tank circuit. The RF 
modulation of the SQUID provides an inherent flux-bias 
reversal mechanism which results in the reduction of the 
SQUID’s low-frequency excess noise. Fig. 6 shows a typical 
SQUID field noise for a 6 mm RF SQUID which had been 
post trimmed[11]. 
 
 
 
 
 
 
 
 
 

Fig. 6. Noise spectra of a 6 mm RF SQUID. It shows the noise 
performance was improved by IBE trimming which optimises the 
SEJ Ic and Rn values[11]. 

Subsequently we developed DC SQUIDs with optimi- 
sation of the SQUID amplifier design[19] and fabrication 
techniques[9],[16],[20] to ensure that the SQUID could be 
operated in unshielded applications with little drift and creep. 
Fig. 7 shows micrographs of our solid and meshed DC 
SQUIDs in which a superconducting loop of about 80μm 
crosses a step-edge, resulting in two SEJs[20]. Fig. 8 shows 
the noise spectra of a DC SQUID magnetometer in different 
applied magnetic fields[20]. 
 
 
 
 
 
 

(a)                 (b)                 (c) 

Fig. 7. DC SQUIDs: (a) an 8 mm square solid DC SQUID 
magnetometer with 2 mm inner hole, and enlarged areas of the 
amplifier (b) without grids and (c) with grids[20]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Flux noise spectra of a meshed DC SQUID magnetometer 
in different magnetic fields[20]. 

4. Ground-Based and Airborne TEM 
RF SQUIDs were developed for mineral exploration 

with a view to replacing the industry standard coil with a 
SQUID receiver. Time-domain electromagnetics (TEM) is 
one of many mineral exploration techniques. By placing a 
coil about (100-200) m×(100-200) m on the ground and 
then by pulsing a current through the loop, eddy currents 
are induced in any conductors located underneath the soil. 
A magnetic receiver is used to detect the decay of the eddy 
currents over a period of time. This is recorded and 
analysed to determine the presence of unseen deep 
magnetic anomalies. Fig. 9 shows a schematic of TEM 
principle. This exploration technique is most useful for the 
detection and delineation of highly conducting ore bodies 
such as sulphides of nickel, copper or silver. A similar 
approach is used for ground based systems but with the 
transmitter coil stationary on the ground. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. A schematic diagram of TEM principle for the airborne use 
of SQUIDs.  

CSIRO developed an HTS RF SQUID-based sensor for 
ground-based TEM with the first field trial in 1991. In 2000, 
CSIRO was contracted by Falconbridge (now Xstrata) to 
build two ruggedized and portable SQUID systems to be 
used for mineral exploration at their Raglan, Quebec 
exploration lease. These systems have been in almost 
continuous use since 2003 and have been used to survey 
hundreds of line kilometres at their Raglan prospect. The 
RF SQUID system called LANDTEM is now licensed to a 
local engineering company for manufacture and use for 
geophysical prospecting. Currently eight systems have been 
manufactured and are in use on four continents: Australia, 
Africa, America and Europe[21]-[26]. 

Fig. 10 shows a commercialised RF SQUID receiver 
LANDTEM unit. Fig. 11 compares the noise performance 
of a HTS RF SQUID in a magnetically shielded laboratory 
at CSIRO (the lower curve) and in an unshielded 
environment at Raglan 2000 (the upper curve). The white 
noise floor is about 350 fT/root Hz[24]. Fig. 12 and Fig. 13 
show the data comparison of the SQUID with coils and flux 
gates with identical measurement set-ups and the data taken 
at the same time[22],[24].  
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Fig. 11. The noise performance comparison of a HTS RF SQUID. Fig. 10. A commercialised RF SQUID receiver LANDTEM unit.  

 
 
 
 
 
 
 
 
 
 
 
 

 (a)                                                         (b) 
Fig. 12. Data comparison over a target: (a) SQUID and (b) a coil system. 
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Fig. 13. Comparison of a SQUID and flux gate system over a target (repeatability test - 4 measurements per station, 64 stacks). 
 
 
 
 
 
 
 
 
 
 

(a)                           (b)                                  (c) 
Fig. 14. Photographs of the SQUID/electronics (a), suspension system (b) and SQUID in the bird while airborne (c).
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CSIRO in collaboration with the Australian mining 
company BHPB also used the RF SQUID system in 
1994-1997 as an airborne receiver placed in a “bird” 
suspended from a fixed-wing aircraft[27]. This application 
has severe requirements on the ability of the SQUID to 
operate in a continuously changing field while in motion[28]. 
Five airborne trials were undertaken. Fig. 14 shows the 
SQUID with electronics, suspension system, and the SQUID 
in operation in the “bird” hung under the aircraft. The 
development was suspended partially due to a restructuring 
of BHPB’s research capabilities and a down-turn in the 
minerals exploration industry. The recent boom in minerals 
exploration has brought a resurgence of interest in the use 
of B-field sensors for mineral prospecting. The CSIRO’s 
LANDTEM SQUIDs, electronics, and system design have 
improved significantly since earlier trials. 

5. Spinning Rock Magnetometer 
Use of SQUIDs for the measurement of rock mag- 

netism has been very successful. CSIRO designed and built 
an HTS rock magnetometer based on RF HTS SQUIDs. 
The magnetometer rotated the sample in a planetary motion 
to allow measurement of all three axes of the magnetic 
moment with one measurement and one SQUID[29]. The 
system achieved a sensitivity of 10−6 A/m, which is only 
marginally less sensitive than the 2G LTS system[30]. As the 
HTS system used liquid nitrogen cryogen, it is simpler and 
cheaper to run than the LTS system. The system was 
designed for use by students at the Macquarie University. 
Fig. 15 shows a photograph of the spinning rock magneto- 
meter. 
 
 
 
 
 
 
 
 
 
 
 

Fig. 15. An HTS SQUID based Spinning Rock magnetometer. 

6. Rotating Gradiometer 
In 2000, after some preliminary experiments and trials 

with a crude two-SQUID differencing gradiometer[21], in 
collaboration with Division of Exploration and Mining 
(DEM) and five mining companies, CSIRO initiated a 
project to measure the full nine components of magnetic 
tensor gradiometer using HTS SQUID technology. Earlier 
modelling had indicated the advantages of magnetic tensor 

gradient measurements and had identified that a system 
with sensitivity of 0.01 nT/m would detect all magnetic 
contrasts that would be of economic value to the mining 
industry. Subsequent modelling of the system design found 
that achievement of this sensitivity would require a 
common mode rejection ratio (CCMR) of 109; to achieve 
this balance, the traditional two-SQUID differencing 
gradiometers would have to be aligned to within the 
diameter of a hydrogen atom.  

An innovative approach of rotating an axial gradio- 
meter about its central axis enables the gradient information 
in signal to be distinguished from the common-mode signal 
via frequency separation. Another advantage of this 
technique is that the noise level of the gradient signal can 
be frequency shifted to a SQUID’s white noise region 
rather than in the region dominated by 1/f noise [31]. 

Fig. 16 shows the rotating gradiometer principle. A 
DC-SQUID magnetometer is inductively coupled to a 
flexible flux transformer and to a superconducting shield to 
form an axial 1st order gradiometer. The superconducting 
shield is in flip-chip configuration with the DC-SQUID. An 
umbrella configuration shows the concept of triple rotating 
gradiometers [31]-[33].  
 
 
 
 
 
 
 
 
 

(a)                             (b) 
 
 
 
 
 
 
 
 

(c)                             (d) 

Fig. 16. Rotating gradiometer principle: (a) A dc-SQUID mag- 
netometer inductively coupled to a flux transformer and a shield, 
(b) a planar superconducting shield, (c) a photograph of the 
transformer patterned into a flexible tape, and (d) concept of a 
triple rotating gradiometers. 

The signal from the rotating flux transformer, patterned 
from an YBCO/YSZ/Hastelloy flexible tape[34],[35], is 
coupled to a single stationary DC-SQUID. Electrical 
connections to the DC-SQUID are realised via slip 
rings[32],[33]. This configuration minimizes the possible noise 
that could be introduced by rotating the DC-SQUID in the 
earth’s field. Initial trials of a manually rotated system 
verified the usefulness of the system concept and the 
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benefit of magnetic tensor gradiometry for mineral 
exploration. Fig. 17 shows a comparison of the gradiometer 
measurements with tensor measurements calculated from a 
spatially over-sampled survey using a pair of total magnetic 
intensity (TMI) sensors undertaken at the same time[36]. An 
extension of this project, funded by the Australian 
Department of Defence, was the development of a new 
magnetic anomaly detector for the detection of submarines 
from a surveillance aircraft. 
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(b) 

Fig. 17. A comparison of the data for (a) the rotating gradiometer 
and (b) calculated tensor using TMI data. 

7. Metal in Food Detector 
CSIRO has developed a prototype metal in food 

detector using DC-SQUIDs to detect stainless steel 
fragments for quality assurance in manufacturing[37]. Fig. 
18 shows the experimental prototype and the industrially 
designed system. Fig. 19 shows a comparison of the 
detection limits among SQUID, coil, and X-ray for stainless 
steel particles in different packages. It shows that, for the 
magnetized samples, the SQUID system is superior over 
the coil system in all cases and similar or better than the 
X-ray system. 

This work has identified the need for the SQUID sensor 
to be packaged so that the use of cryogenics is not obvious 
to the end user. Current work is focused on the implement- 
tation of HTS SQUIDs on a cryocooler and a micro cooling 
head. This would allow the SQUID to be sold as a 

cryogenic fluid-free system. However, issues relating to 
vibration and electromagnetic interference need to be 
tackled. Success would create a significant role for 
superconducting electronics in the food safety and security 
industry. 
 

 

 

 

 

 

 

 
(a)                        (b) 

Fig. 18. SQUID metal detector: (a) a prototype and (b) an 
industrial design. 
 

 

 

 

 

 

 

 

 

 

 
Fig. 19. Measured detection limits of SQUID, coil, and X-ray 
system for SS316 needle pieces: i) without packaging, ii) in 
conductive product with large density changes (muesli), and iii) 
wrapped in aluminium foil[37]. 

8. HTS for High Frequency 
Applications 

HTS materials have some unique properties which are 
suitable for a variety of high-frequency applications[38]. One 
important property is the exceptionally low level of 
microwave absorption, which has been exploited for 
making various passive microwave components. Wireless 
communication has now emerged as the first large 
commercial market for HTS technology two decades after 
discovery of HTS. The second important achievement is 
related to the low-noise Josephson junctions made from the 
HTS thin films. Many novel nonlinear high-frequency 
devices, most of them exploiting the unique features of AC 
Josephson effect, have been developed. Applications of 
HTS devices based on Josephson junctions have been 
extended from lower electromagnetic bands (microwave) 
into terahertz, infrared, optical and X-ray regions. The main 
advantages of superconducting active (nonlinear) devices 
are extremely low noise (down to the quantum limit), very 
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low power consumption (in nanowatts) and high 
frequencies (due to high-energy gap). 

CSIRO holds strong telecommunications and radio 
astronomy research programs. In collaboration with other 
CSIRO divisions, Australian universities and industrial 
partners, we have been involving in research and develop- 
ment of HTS high-frequency passive and active devices 
over past 10 years. Some examples are given below. 

8.1 Microwave Filters  
We have made a number of HTS microwave filters for 

use in radio telescopes and mobile communications. Two 
examples are shown in Fig. 20. The filters were patterned 
from double-sided YBCO/LaAlO3 wafers. These HTS 
super-filters have demonstrated extremely low insertion 
loss, narrow band-with and sharp skirts, which are 
important properties for wireless communication. 
 
 
 
 
 
 
 
 

(a)                          (b) 
Fig. 20. HTS microwave filters: (a) a 9-pole band-pass filter and 
(b) a 12-pole band-pass filter. 
 
 
 
 
 
 
 
 

(a) 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 
Fig. 21. An HTS resistive-SQUID heterodyne oscillator: (a) the 
equivalent circuit and (b) Heterodyne oscillations observed at 
indicated temperatures. 

8.2 HTS R-SQUID Heterodyne Oscillator 
We have recently developed a HTS resistive-SQUID 

heterodyne oscillator based on a similar concept by 
Macfarlane et al. [39]. The primary objective is to produce a 
superconducting oscillator with a tuneable heterodyne 
frequency in the MHz to GHz range which is of interest to 
telecommunication applications. Fig. 21 shows a schematic 
circuit and a measured oscillation frequency. Two SEJs are 
shunted by a gold thin film resistor Rs of a suitable value, 
and a DC current Ir is applied across the resistor. The 
heterodyne frequency is determined by the differential 
voltage, 0 r sV I R= , according to the equation describing 
the AC Josephson effect, ω = (2eVo)/ħ or f = 0.4836 
GHz/μV. By adjusting the current Ir passing through the 
resistor Rs, the oscillation frequency could be tuned 
continuously.  

8.3 HTS Detector for THz Imaging 
Terahertz (THz) frequencies (300 GHz to 3000 GHz) lie 

between microwave and optical regions and pose scientific 
and technical challenges. There has been increasing 
interests in recent years in developing THz sources and 
detectors due to their prospective applications in many 
areas such as astronomy, medical and security, imaging, 
material identification, and chemical analysis. The super- 
conductivity research group at CSIRO CMSE, in 
collaboration with the CSIRO ICT Centre, are currently 
developing superconducting detectors for a THz imaging 
demonstrator. 

Fig. 22 shows micrographs of a log-periodic antenna- 
coupled HTS SEJ detector (a SEJ in the middle connecting 
two wings of the gold antenna) and a ring-slot antenna- 
coupled HTS SEJ detector (a SEJ in upper part of the slot). 
The ring-slot antenna-coupled SEJ detector has been used 
for THz imaging using a transmission mode[40]-[42] as shown 
in Fig. 23. A backward wave oscillator (BWO) was used to 
generate a 0.6 THz source. The superconducting detector 
was mounted and cooled in a liquid He/N2 cryostat. The 
junction and antenna were illuminated with the THz source 
through a THz-transparent window on the cryostat. The SEJ 
was current biased just above Ic and the voltage responses 
induced by the THz wave were acquired for imaging. A 
THz image of a leaf, as shown in Fig. 23, demonstrated one 
of the THz features, i.e. the sensitivity to water content with 
higher water content leaf veins showing higher attenuation. 
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(a)                             (b) 
Fig. 22. Antenna-coupled SEJ detectors: (a) A log-periodic 
antenna-coupled SEJ and (b) a ring-slot antenna-coupled SEJ. The 
antennae are made from gold thin film. 

0

100

200

300

400

600 800 1000 1200 1400 1600
0

100

500

200

300

400

T=29K

T=33K

T=50K

T=54K

Heterodyne

H
et

er
od

yn
e 

os
ci

lla
tio

n 
am

pl
itu

de
 (u

V)

 Frequency (MHz)



DU et al.: Superconducting Electronics Research at CSIRO Australia⎯20 Years after Discovery of HTS 223

 
 
 
 
 

 
(b) 

 
 
 
 
 
 
 
 
 

(a)                         (c) 
Fig. 23. THz imaging: (a) a quasi-optical measurement set-up with 
the superconducting detector mounted in a liquid He/N2 cryostat 
facing the THz transparent window, (b) the optical photo of a leaf, 
and (c) the THz images of the leaf[42]. 

9. Conclusions 
CSIRO has had extensive research effort in HTS 

superconducting electronics since the discovery of HTS 
materials. Significant progress has been made in 
development of various HTS electronic devices and 
systems for practical applications. Many systems were 
started with novel ideas, proof of concepts, and then 
developed into practical and commercial systems. Our 
research program has benefited from the close collaboration 
with the end user industries and researchers in the 
application discipline. All research has been approached 
with the application in mind and created innovative 
solutions to the problems at hand. The adoption of HTS 
technology by industry is generally slow but with patience 
and dedication it will grow into fruition as that 
demonstrated by our commercialised LANDTEM system. 
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