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 Executive Summary 2 

Executive Summary 

For four decades semiconductor electronics has followed Moore's law: with each generation of integration the 
circuit features became smaller, more complex and faster. This development is now reaching a wall so that 
smaller is no longer any faster. The clock-rate has saturated at about 3 to 5 GHz and the parallel processor 
approach will soon reach its limit. The prime reason for the limitation the semiconductor electronics experiences 
is not the switching speed of the individual transistor, but its power dissipation and thus heat. 

Digital Superconductive Electronics is a circuit- and device-technology that is inherently faster at much less 
power dissipation than semiconductor electronics. It makes use of superconductors and Josephson junctions as 
circuit elements, which can provide extremely fast digital devices in a frequency range – dependent on the 
material – of hundreds of GHz: for example a flip-flop has been demonstrated that operated at 750 GHz. This 
digital technique is scalable and follows similar design rules as semiconductor devices. Its very low power 
dissipation of only 0.1 µWatt per gate at 100 GHz opens the possibility of three dimensional integration. Circuits 
like microprocessors and analog-to-digital converters for commercial and military applications have been 
demonstrated. In contrast to semiconductor circuits, the operation of superconducting circuits is based on 
naturally standardized digital pulses the area of which is exactly the flux quantum Φ0. The flux quantum is also 
the natural quantization unit for digital-to-analog and analog-to-digital converters. The latter application is so 
precise, that it is being used as voltage standard and that the physical unit 'Volt' is defined by means of this 
standard. 

Apart from its outstanding features for digital electronics, Superconductive Electronics provides also the most 
sensitive sensor for magnetic fields: the Superconducting Quantum Interference Device (SQUID). Amongst 
many other applications SQUIDs are used as sensors for magnetic heart and brain signals in medical applications, 
as sensor for geological surveying and food-processing and for non-destructive testing. As amplifiers of electrical 
signals, SQUIDs can nearly reach the theoretical limit given by Quantum Mechanics. 

A further important field of application is the detection of very week signals by 'transition-edge' bolometers 
and superconductive tunnel junctions. Their application as radiation detectors in a wide frequency range, from 
microwaves to x-rays is now standard. The very low losses of superconductors have led to commercial 
microwave filter designs that are now widely used in the USA in base-stations for cellular phones and in military 
communication applications. The number of demonstrated applications is continuously increasing and there is no 
area in professional electronics, in which Superconductive Electronics cannot be applied and surpasses the 
performance of classical devices. 

Superconductive Electronics has to be cooled to very low temperatures. Whereas this was a bottleneck in the 
past, cooling techniques have made a huge step forward in recent years: very compact systems with high 
reliability and a wide range of cooling power are available commercially, from microcoolers of match-box size 
with milli-Watt cooling power to high-reliability coolers of many Watts of cooling power for satellite 
applications. Superconductive Electronics will not replace semiconductor electronics and similar room-
temperature techniques in standard applications, but for those applications which require very high speed, low 
power consumption, extreme sensitivity or extremely high precision, Superconductive Electronics is superior to 
all other available techniques. 

To strengthen the European competitiveness in superconductor electronics research projects have to be set-up 
in the following field: 
- Ultra-sensitive sensing and imaging, 
- Quantum measurement instrumentation, 
- Advanced analog-to-digital converters, 
- Superconductive electronics technology. 
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1. Social and economic impact of superconductive 
electronics 

1.1. Society Needs and Vision  

After a century of unlimited resources and 
dramatic successes of science and technology, which 
resulted in fundamental changes in practically all 
societies of the world, we are now approaching 
limitations on a number of fronts: 

The freedom of the individual is counterbalanced 
more and more by the need of the society for security 
against international crime and global terrorism. 

The big ‘old’ industrial countries face serious 
technological and economical competition from 
emerging markets. 

Fossil energy sources are becoming rarer and less 
accepted because of the CO2-related danger of global 
warming. 

Alternative energies like solar power are not yet 
available to a sufficient degree in most industrial 
societies, but are especially productive in areas of 
more or less political instability. 

The growth of the information infrastructure and 
processing power for our information based society is 
slowing down because of speed limitations of 
computers and data networks and the increasing 
immense investment costs for faster and faster 
technologies. 

Moore’s law and the rule ‘smaller is faster’ 
dominated the semiconductor industry in the last 
decennia and are breaking down now. 

The globalization of research, industrial 
production, and trade require to a high degree 
uniformity of measures and measuring 
instrumentation. 

This list is far from complete. It covers social and 
industrial aspects as well as scientific and 
technological developments. In the technical sector 
one can observe three major developments: higher 
speed (or equivalently larger bandwidth), better 
sensitivity of instrumentation, the demand of ever 
less invasive techniques and in the social sector there 
is an increasing pressure towards environmental 
compatibility and sustainable energy and resources. 

Although these developments are not yet deeply 
interwoven, political and economical pressure will 
very likely enforce their fusion in the next decennia. 

To solve these problems, many techniques 
developed in the last 100 years will play an 
increasingly important role in the future. 
Superconductivity is one of them. Found in 1911 by 
Kammerling Onnes it has seen an incredible 
development since then. Not only has the maximum 
temperature below which one finds electronic 
transport without resistance been increased from 
4.3K in mercury to more than 150K in ceramic 
materials, but also many new effects have been 
found, such as the quantization of magnetic flux in 
superconducting topologies, the Josephson effect, d-
wave superconductivity, superconductivity in 
ceramics, interface of different oxides and exotic 
materials, for which the mechanism leading to 
superconductivity is not yet understood, non-
equilibrium superconductivity and many more. All 
these effects have resulted in techniques that can be 
applied to electronics and led to new electronic 
devices – in analogue electronics as well as in digital 
electronics. Superconductive electronics often plays 
the role of a pathfinder for new electronic 
applications. In many cases there is no competitive 
alternative in conventional electronics. 

Superconducting devices need cooling to quite 
low temperatures. For practical applications cooling 
with liquid helium is not adequate because the 
handling is too error prone. In the last decade a lot of 
progress has been made with cryocoolers in terms of 
reliability and ease of operation. These cooling 
devices are available in a wide range of cooling 
powers, temperatures and reliabilities. They are 
already adequate for cooling the majority of current 
applications. Nevertheless, a lot needs still to be done 
in this area to meet the need of the society for energy 
efficiency: whereas cryocoolers for large cooling 
power are quite close to the theoretically predicted 
efficiency, coolers with small cooling power only 
reach an unacceptable low efficiency of a few percent 
of the theoretical value. Improvement in this area 
would also help to meet expectations in the 
superconducting electronics concerning size and 
integration into existing frame works, e.g. of the 
telecommunication industry. 
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Superconducting electronics can already now 
contribute significantly to the needs of our society. It 
has the potential to play a major role as a key 
technology in the future. The realization is primarily 
dependent on the investment society will make in this 
technology and not on the performance of this 
technology itself. Some fields where superconductive 
electronics is covering or will cover important society 
needs are described in the following part: 

1.1.1. Resources and Environment (Energy 
awareness, geophysical prospection and access to 
natural resources) 

Superconductive Interference Device (SQUID) 
Gradiometers with their relatively large sampling rate 
and high sensitivity enable airborne mapping of 
extended magnetic structures on the surface of the 
earth for the detection of raw material reservoirs. 
Similar systems have proven very useful in finding 
extended archeological structures. Successful tests of 
intrinsic planar full-tensor LTS (low-temperature 
superconductor) SQUID gradiometers were 
conducted by towing the system from a helicopter as 
well as for a stinger-mounted configuration in a 
Cessna 208 aircraft. 

By measuring both the component of the magnetic 
field parallel to the surface and the resistivity of the 
surface, the impedance of the earth’s surface can be 
determined with a SQUID sensor, valuable 
information can be obtained for the detection of 
environmental problem sites, the exploration of 
ground water resources, the analysis of construction 
sites etc. 

Superconductive AC voltage synthesizers can be 
used to test and calibrate the low frequency (5 - 40 
Hz) seismic equipment for petroleum and natural gas 
detection, for the exploration of geothermal energy, 
and for providing large scale surveys of the earth 
crust to minimize hazards by earthquake prediction. 
The most important technical specification of these 
instruments is their nonlinear distortion of harmonic 
signals. For the inharmonic content typical values of 
0.0005% are given. Up to now there is no legal 
measuring tool to prove such values. Only 
superconductive quantum AC synthesizers would be 
able to calibrate such instruments and improve the 
geophysical signal analysis. 

As the superconducting systems for geophysical 
exploration are more sensitive and faster than 
conventional coil systems or even without any 
conventional competitor, they will enable to detect 
new hidden repositories of minerals. With the 
increasing demand for natural resources this will be 
of great economic relevance. 

1.1.2. Security and mobility 
Mobility is the key requirement for a global 

society, and at the same time it is one of their 
megatrends. People travel around the world, and they 
do exchange ideas, goods, and services. cross-border 
transportation is a boom market: for example 
European air traffic grows 5.2% every year resulting 
in a doubling of throughput by 2025.  

This liberty is jeopardised by the menace of 
international terrorism. Mobility is nothing without 
the guarantee of security. Admittedly, these two basic 
social values – mobility and security – are not fully 
compatible. Security screening measures interfere 
with a person’s privacy, so they are commonly 
disliked and mistrusted. Moreover, some existing 
security technologies like x-ray or active millimetre 
wave scanner, disregard not only privacy, but also 
health. From an economic point of view, keeping a 
secure travel means high costs (technology and 
personnel) and a loss of valuable time.  

The market of products for security applications is 
booming since the 9/11 disaster. Growth rate around 
30% are predicted by market analysts. E.g. products 
for biometry and forensic amounts to 1.8 billion US$ 
in 2007 (BBC research), and instruments for the 
screening of persons are predicted to amount to 1.85 
billion US$ in 2010 (“2003 -2010 Industry Market & 
Products Report”, Security Research Corp. 2004). 
These two fields value over 20 billion US$ in 2015.  

International security research has originated a lot 
of promising technologies, which are already in use 
at some places. The concept of personal screening 
using x-rays is not acceptable for health reasons, 
although it provides excellent results. So, the typical 
screening procedure remains as it is: metal detectors 
(which obviously can not detect non-metallic hazards 
like ceramic knifes) in combination with manual 
scanning. The recently developed millimetre wave 
imagers already pose a considerable advantage, 
although their performance is already at the limit 
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since they are based on conventional microwave 
technology. Typically they lack sensitivity for indoor 
operation, which restricts their use to cabins with 
artificial signal enhancement. 

As its successor, superconducting technology will 
allow to improve these portals. As already 
demonstrated they will result in terahertz cameras, 
which can be deployed in various environments. The 
heart of such cameras is a superconducting detector, 
which allows to passively record terahertz emissions 
at video rates. This spectral range contains a variety 
of information about the person being investigated 
(hazardous materials, hidden objects etc.). Because of 
the very weak signals, passive mode makes huge 
demands on the detector which only can be achieved 
by superconductor technology. In the next few years 
superconductive terahertz cameras with video frame 
rate will be one major target for further research and 
development. 

Carry-on luggage control is another similar 
example. Conventional systems are based on x-ray 
imaging. They can display only the shape of the 
packed objects whereas the recent SQUID-based low 
filed NMR scanner allows simultaneously both 
imaging of objects and identification of substances 
contained inside bottles, aerosol cans, cream jars etc. 
This is a groundbreaking new technology for airport 
security. First such systems are already under test at 
airports in the US. Europe with its overwhelming 
lead in SQUID technology could and should 
definitely target this security market. 

1.1.3.  Information and production 
In the current era of the Internet ”explosion” and 

the convergence of different communication services 
(for example, global wide-area-networks, wireless 
communication, and digital multimedia) the most 
serious concerns of society are quality of service, 
unification of interfaces and communication security. 
These three factors taken together place an enormous 
pressure on the development of electronic systems. 

In the field of conventional digital electronics, the 
‘need for speed’ and the ever-decreasing energy per 
bit/second has reached a limit. Integrated processors 
with a complexity of some 106 transistors per chip are 
limited to processor clock-frequencies of a few 
Gigahertz. Even slightly higher clock rates would 
require major investments in cooling. Clock rates of 

50GHz or higher seem to be impossible for complex 
circuits. The industry has found an intermediate 
solution in putting more processors on a chip, which 
allows for parallel processing of information. This 
technique will again hit a limit when the overhead for 
the organization of the parallel processing takes a 
significant proportion of the processing power. Such 
a slow down is already expected for 16 parallel 
processors. In addition software verification becomes 
nearly impossible in real-time applications. A number 
of the limitations of semiconductor digital electronics 
can be overcome by superconducting digital 
electronics. A major advantage is the much lower 
switching energy by about 4 orders of magnitude 
combined with an intrinsic switching delay of 
picoseconds or even less. Superconducting 
electronics can supply digital circuits as well as 
analogue circuits and interfaces. Analogue-to-digital 
and digital-to-analogue converters have the potential 
to outperform the equivalent semiconductor circuits 
in speed, accuracy (they have a built-in natural 
quantum standard) and power consumption. Also 
interfacing to devices for quantum computing 
(qubits) and ultra-sensitive magnetic sensors 
(SQUIDs) can be realized in a natural way. In 
combination with much slower, but higher integration 
semiconductor techniques and optical techniques for 
the data transfer, the superconducting digital 
electronics has all ingredients to meet the needs of a 
future society for computational speed and 
integration density at low energy consumption and at 
limited software complexity. 

To support and improve production processes, 
extremely sensitive superconductive magnetometers 
or magnetometer arrays are very useful for non-
destructive evaluation of safety relevant metal parts 
like airplane wheels, rivet joints at airplanes or 
construction parts like steel enforcement in bridges 
and buildings. Such instruments permit the 
characterization of small, irregular-shaped stainless 
steel samples containing pinch welds as well as the 
analysis of the current flow in solar cells. SQUIDS 
may detect smaller failures and production problems 
in an earlier state. Facing the enormous costs of a 
breakdown of a safety relevant part or failures in a 
mass production process, it would be very cost 
effective to use superconductive electronics for 
preventing such events. 
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1.1.4. Food security and health care 
Sensitive SQUID magnetometers are able to detect 

impurities in food during production or packaging 
without interrupting the manufacturing processes or 
opening the packages.  

Another area of technological development in our 
society is in medicine. Increasing cost for medical 
analysis and treatment in a society with an ageing 
population makes it now already impossible to apply 
state-of-the-art medical techniques to all patients of 
need. Superconducting electronics can contribute in 
this field with sensors such as ultra-sensitive 
magnetic field sensors (SQUIDs) eventually with 
superconducting digital readout, and radiation 
detectors, thus with an easy-to-use and non-invasive 
technique that can enhance the productivity of 
medical techniques. SQUIDs can be used to detect 
e.g. anomalies in the information processing in the 
brain or anomalies in the heart function, the 
distribution of magnetically marked medicine in the 
body of a patient for immuno-assays and bio-assays. 
Superconductive detectors can be applied to 
significantly reduce the radiation dose a patient is 
exposed to during x-ray picture taking. All these 
techniques are non-invasive. They also can help to 
reduce the need for research on animals by non-
invasive monitoring effects of magnetically marked 
medication, e.g. during the treatment of melanomas. 

1.1.5. Standardization and measurement 
The presence of an infrastructure of measuring 

facilities combined with measurement knowledge 
forms the basis for the competitiveness of European 
industry. It is often difficult to quantitatively link a 
measurement capability to the profit of a particular 
industry. However, the importance of (high quality) 
industrial measurements is clear from the fact that the 
cost of industrial measurements is an estimated 5% of 
the European Gross National Product. Traceable 
measurements give industry the opportunity to 
improve their products and to improve their position 
with respect to their competitors, both within and 
outside Europe. Accurate measurements are 
important for quality. It is in this aspect, quality, that 
European industry has to distinguish itself from other 
global regions like East Asia and the USA.  

In the field of scientific instrumentation, 
Superconductive Electronics has already shown its 

incredible potential and has penetrated this field 
widely. Superconducting sensors are being used with 
a sensitivity approaching the quantum limit; its fast 
response and the possibility to integrate it with a 
superconducting readout electronics simplifies the 
interface between superconducting electronics and 
the digital post-processing of the sensor data. The 
sensors are fabricated with thin-film deposition 
methods, in general from refractory materials, 
resulting in rigid devices compatible with the 
packaging requirements of the semiconductor 
industry. Application areas range from magnetic 
microscopes, infrared and optical detectors for 
astronomic cameras to ultra-sensitive amplifiers for 
e.g. gravitational wave detection, absolute magnetic 
field detectors (SQIFs) and extremely precise 
oscillators. 

Since Josephson junction based Superconducting 
Electronics incorporates an intrinsic quantum 
standard (h/2e), it is also very successful in the world 
of standards. Superconductive DC voltage standards 
have improved the reproducibility of DC voltage 
measurements by about four orders of magnitude and 
made it possible to develop digital voltmeters with 
seven to eight digits. The present development of 
superconductive AC voltmeters, AC voltage 
standards, arbitrary waveform synthesizers and AC 
power standards will revolutionize AC voltage and 
power metrology in the same way as it happened for 
the DC voltage. Voltage calibrations are most 
frequently required by industry and provide an 
important basis for highly developed industrial 
production. More precise AC power calibrations will 
be of great economical importance. 

To improve the accuracy of the Watt balance by 
superconductive electronics will have a strong impact 
in the redefinition of the SI system of units by 
replacing the artifact “kilogram” as the unit for mass 
by electrical units which are all based on quantum 
effects. 

Beside the single flux quantum based 
instrumentation a set of cold electronic devices based 
on charge quantization is challenging conventional 
instruments for measuring the electric charge with 
unprecedented sensitivity (the flux based analogue is 
the SQUID) and to generate quantum currents by 
counting single electrons or Cooper pairs for DC 
current standards (the flux based analogue is the 
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Tab. 1.2-1: Worldwide Electronics Revenue Forecast by Sector (from DataBeans) augmented by anticipated market share for superconductive 
electronics. 

 

Josephson DC voltage standard). The extremely 
small linewidth technology required for the 
preparation of these devices will support the further 
improvement of superconductive electronics. 

1.1.6. Defense 
Requirements for Electronic Support Measures 

(ESM) are very strong as they originate from the 
forefront of the threat detection and localisation. 
These requirements are on several criteria. For the 
front-end, often analogue processing is performed 
where high sensitivity and dynamic range RF 
receivers are of critical importance. This holds true 
also for communications where, in addition, 
interoperability is required and hence multiband 
receivers with higher and higher frequency bands. 
This translates into higher selectivity filters, which 
turn to be feasible only with the superconductive 
technology. Traditionally, digital signal processing 
occurs in the back-end. Another option is to perform 
A/D conversion as close to the antenna as possible, 
but the present semiconductor technologies do not 
meet the resolution and speed requirements (12 bits, 
2GHz). Superconductivity is one of the favourite 
candidate technologies.   

1.2. Industrial Impact 

Taking into account that the evolution of the 
economical situation is very uncertain, any 

prospective evaluation has strong chances to be 
wrong. It is therefore difficult to get quantitative 
figures from the main players. The impact of the 
crisis might not be the same for the different geo-
economical areas, with a stronger, longer lasting 
effect in the countries with the larger share in finance, 
and a quicker recovery for countries benefiting from 
natural resources [1.2-1]. The forecast is less 
pessimistic for Europe, but its share in electronics 
revenue cannot significantly reduce the drop of the 
worldwide market size. To illustrate the European 
share of the market, figure 1.1 represents the 
geographical market shares for data converters only.  

 

These data were prepared by Databeans Inc. in 
2007, before the collapse of the economic situation. 
They also presented a forecast for the worldwide 
electronic equipment revenue (table 1.2-1), but the 
actual number for 2008 is €1,04 trillion and 2009 
expectation is €940 billion. More precisely, “the 
semiconductor industry will show improvements 
beginning in the fourth quarter of 2009, which will 
provide the basis for overall growth of 13,1% in 
2010” and “Global electronic equipment revenue also 
will rise by 4,9 percent in 2010”. Indeed, the 
Worldwide PC shipments in the third quarter totaled 
79,9 million units, which represents a 1,1% increase 
from the third quarter of 2008 and a 19 percent jump 
from the second quarter of 2009 (iSuppli Corp.).  
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Fig. 1-1: 2008 worldwide data converter revenue share by region 
(Databeans 2007). 

 
However, if we disregard the effect of the crisis, 

we can use the worldwide industrial electronics 
revenue forecast in 2013 from Databeans Inc. to 
estimate the market share for superconductive 
electronics. This is presented table 1.2-1 with a 
resulting market size estimate in the 50M€/year 
range. ISTEC is estimating  an annual revenue for 
superconductivity (including  the Energy, Medical 
and Transport domains) of more than $3 billion. The 
average growth over 2008-2013 for market segments 
of interest for superconductive electronics is about 
5%, which is less than the overall market growth rate 
(9%). However, the SIPRI group quotes [1.2-4] that 
the worldwide expenditure for arms has been 
increasing at an average (1998-2007) yearly rate of 
almost 4%. With the new profile of the world leaders, 
we may suspect that the growth rate for electronics in 
the military domain will be larger than the Databeans 
forecast of 1%. These estimates would apply to 
packaged components, but do not include the market 
share for cryocoolers. Although the amount is not 
very appealing, some of the products such as the 
voltage standard are only feasible in this technology, 
which cannot be dropped altogether.   

With all the applications listed above, what will be 
the industrial infrastructure required to meet the 
potential market ? 

The applications reviewed in 1.1 will probably 
open the market for several technologies: we try here 
to estimate what will be the share of each technology, 
i.e. the volume of circuits to be produced for each 
technology. 

The presently most mature technology, i.e. the 
Nb/Al, has been used to produce a wide variety of 

demonstrators and can be used for virtually all the 
superconducting circuits (although in some specific 
cases, other technologies are preferred). But the 4K 
cooling requirement is presently limiting the appli-
cation field, for either financial or technical grounds. 
The development of the application field essentially 
depends on the operational advantage over non-
superconductive technologies, i.e. partly due to the 
functionality of the circuit, partly due to the cryo-
cooler performance at the temperature of operation. 

The functionality of a superconducting circuit 
might be increased by increasing its complexity. As 
this development is foreseen for the mature Nb/Al 
technology, it will increase the number of 
superconducting circuits in future systems. A few 
industrial foundries are already existing for Nb/Al 
circuits (Cf. §4.1), but there are reasons why other 
Nb/Al foundries might be necessary : strategic 
(specialised applications), political (European 
competitiveness), technological (backup source), etc.  

The cryocooler performance is gradually 
improving, but there is little hope that a breakthrough 
will radically change the potential application domain 
for a given temperature of operation (equivalently to 
a given superconducting technology). Refer to the 
discussion §5.1 for more details.  

Other technologies are being developed for 
specific applications, either where a lower tempe-
rature is required (e.g. quantum computation), or for 
higher temperature of operation when cooling at 4 K 
is not mandatory or not acceptable (onboard 
applications). Higher Tc superconducting materials, 
such as NbN, MgBB2 and/or YBCO (cf. §4.2, 4.3, 4.4), 
can be used to reduce the cooling power and 
operation cost. However, this holds only for the 
moderate to low complexity circuits for technology 
maturity reasons (cf. 3.2.1).  

In the “Superconducting Technology Assessment” 
for High End Computing [1.2-3] in 2005, the NSA 
concluded that there were no significant outstanding 
research issues for RSFQ technologies, that reliable 
projections could be made and that risks have been 
identified (e.g. memories). But the development of 
RSFQ technologies based on Niobium would require 
a comprehensive and sustained government funded 
program of approximately $100M/yr, as the private 
sector alone would not support the development and 
industrialization. Once the technology is developed, 
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These different technologies required for the range 
of applications, involving specific – or at least 
dedicated equipment – will probably be produced in 
different foundries. The concentration of a single 
technology at a single place, while this may be 
economically optimal from a supplier point of view, 
might be desirable only for the secondary 
technologies. It is not recommended to confine the 
mature process in a single foundry. This is risky for 
the customer in particular because there is no 
competition, also for technical reasons: it is safer to 
have a secondary source; and finally, political reasons 
may prevent access to the products (e.g. ITAR 
classified products). In Europe, small companies have 
spun-off from publicly-funded research targeting the 
market with SQUID-based small systems: this 
illustrates the difficulty encountered with super-
conductors: components need expertise in cryogenics 
in addition to special expertise in packaging to insert 
them in a system. The level of expertise required for 
superconducting devices is higher than for semi-
conductor electronics; it is safer to design the whole 
system in a collaborative way than to just handle 
products from supplier to customer as is the case in 
semiconductor industry. 

it will find applications for other governmental 
bodies, and may eventually develop commercial 
applications as well.  

The European Nanoelectronics Advisory Council 
(ENIAC) claims that intelligent systems combining 
‘More Moore’ (higher speed for digital circuits) and 
‘More than Moore’ (diverse analog functions) are 
required. They come to the conclusion that high 
speed data converters are crucial. This will increase 
the demand for superconductive ADCs in 
professional electronics, or quoting ITRS 2005, in 
“several important specific applications that are 
beyond the scope of ITRS".  The more recent 
comment of ITRS (2007) on "Emerging Research 
Devices" is clearly restricted to Low-Tc super-
conductivity: "RSFQ devices, systems and circuits 
have been developed, prototyped, and fabricated. 
They could become an important technology if the 
correct market driver emerges. Design and 
fabrication lines for RSFQ systems exist. Cryogenic 
operation, cost and material integration issues limit 
application space". It is true that neither LTS and 
HTS will ever penetrate the consumer electronics 
market, but the important specific applications 
(identified table 1.2-1) justify the research and 
development effort also proposed by NSA. 
Moreover, other technologies will also benefit from 
these developments, e.g. in data signal transmission 
(mainly optoelectronics).  

For the simpler devices, such as passive 
microwave components, material can be grown in 
one place, while device is processed in another. This 
is usually done for HTS thin films and hetero-
structures, fabricated on order within Europe. In this 
case, the need for another source is not clear: on one 
hand, the market is presently too small, and on 
another hand, material quality is more critical with 
Copper oxide perovskytes than with metals such as 
Nb. HTS device processing unit might exist in 
Eastern Asia for electronic devices and in Europe but 
probably only for power applications.  

Another application domain is telecom-
munications either onboard satellites or earth-based 
stations. While the requirement for earth-based 
stations might be comparable to those for High End 
Computing (cf. above), the situation is very different 
for satellites. Here, a 4 K cryocooler is not acceptable 
and technologies with a higher operating temperature 
might be preferred. The gain for a 128-channel 
receiver/transmitter operating at 9 K over its 
equivalent using standard technologies may not be 
sufficient to justify the choice of superconducting 
technology. The scaling is also important for ground-
based communications, as when 100 Tbits/s router 
become necessary, the power dissipation with 
semiconductor technology is estimated to be larger 
than 300kW, where RSFQ circuits together with 
cryocooler dissipation will be about 10 kW [1.2-5]. 

For detectors and RSFQ circuits, FLUXONICS, a 
European initiative is presently responding to the 
demand for research and development: it is a 
distributed foundry with essentially academic 
partners involved in LTS, MTS and HTS circuit 
design and fabrication. But it is not structured/meant 
for volume production when this is required. Already 
existing SMEs might be able to grow with the 
demand of these products within their area of 
expertise (e.g. SQUIDs). In the coming years, other 
fields such as encrypted communications might 

Structure of industrial network: 
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develop, with a demand of single photon super-
conducting detectors for which nearly only one 
supplier exists.  

Superconductor electronics are used by telecom 
operators (microwave filters), calibration laboratories 
(voltage standard) and for magnetometry (medical, 
geomagnetism…). Research infrastructures have long 
been using superconductor electronics also as 
detectors, mixers, photon counters… Most appli-
cations of superconducting electronics correspond to 
a specialised market: as for any physics R&D 
domain, it requests specialised suppliers with a very 
good knowledge of the physics involved, accepting 
some innovation rate [1.2-2]. Supplier and customer 
have mostly R&D partners relationship which help to 
maintain the necessary industrial and technical 
expertise in a fluctuating market. The innovation 
generated may open new markets. As the technology 
matures, more regular customer/supplier relationship 
will develop. Additionally, market fluctuation will 
smoothen. Another impact stems from the fact that 
the high level of technicity developed in industry 
gives a positive image to address other markets. 

Reference 

1.2-1]“Global Europe Anticipation Bulletin” n°30, from 
LEAP/Europe2020 (http://www.leap2020.eu) 

[1.2-2] ERID-Watch Conference, Prague, Oct. 2008. 
[1.2-3] “Superconducting Technology Assessment”  NSA 2005, 

http://stinet.dtic.mil/cgibin/GetTRDoc?AD=ADA464659 
[1.2-4] SIPRI YEARBOOK 2008, SUMMARY: http://www. 

sipri.org/contents/milap/milex/mex_database1.html 
[1.2-5] M.Hidaka, Superconductivity Web21, Winter 2009. 
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2. Basics of Superconductor Electronics 

2.1. Superconductivity  

By applying a voltage to a metal, the electrons 
drift as electrical current under the influence of the 
electric field. As the current flow reaches a steady 
state the electrons must meet a resistance to their 
passage through the metal. The resistance is caused 
by diverse mechanisms of inelastic electron scattering 
which leads to a linear temperature dependence of the 
resistance at higher temperatures. At room 
temperature the scattering process is generally 
dominated by quantized modes of lattice vibrations, 
the phonons and, at very low temperatures, electron-
electron scattering and impurity scattering become 
relevant. 

While investigating these mechanisms in 1911, 
Kamerlingh Onnes discovered that the resistance of 
pure mercury unexpectedly dropped down to very 
low values at a critical temperature TC of 4.2 Kelvin 
(Fig.2-1) [2-1]. He named this phenomenon 
superconductive state and, in 1913, he was awarded 
with the Nobel Prize for this detection. 

In 1914 Kamerlingh Onnes used the best method 
to determine an upper limit for the resistance of 
superconductors with very high sensitivity: he 
measured the decay of a permanent current in a 
superconducting ring. Up to now, no such decay 
could ever be found. These experiments allow the 
estimation of an upper limit of the resistivity of 
superconductors in the range of 10-25 Ωm. This means 
that in practice superconductors carry DC 
electrical currents without losses. This feature is the 
basis for magnetic field generation by 
superconducting coils, superconducting antennas and 
filters (cf.section,3.6), and for fast dispersionless 
signal transmission for digital electronics (cf. section 
3.2). Moreover very sensitive bolometers for 
radiation detection make use of the extremely rapid 
transition from the resistive to the superconducting 
state (cf. section  3.1) 

The second important feature of superconductors 
was discovered by W. Meissner and R. Ochsenfeld 
[2-2] in 1933: In an external magnetic field, the 
field penetrates a superconductor for only a very 

short distance, the London penetration depth. For 
most superconductors, the London penetration depth 
is on the order of 100 nanometers.  

 
 

Fig. 2-1. Kamerlingh Onnes´ measurement of the resistance of a 
mercury sample denotes the detection of superconductivity in the 
year 1911. 

 
Within this surface region, superconducting 

currents are induced, the magnetic fields of which 
perfectly cancel the external field. With B = 0, the 
superconductor acts as a perfect diamagnet (Fig. 2-2).  

 
 

Fig. 2-2. A superconductive ball, cooled down in an external 
magnetic field. For T < Tc the magnetic field B is expelled from 
the sample. 

 
If the external field exceeds a certain value, the 

critical field, it may penetrate the superconductor and 
disrupts the superconductivity. Depending on the 
material, this may happen very rapidly (Type I 
superconductor) or continuously where the magnetic 
flux gradually penetrates the material (Type II 
superconductor). 

http://en.wikipedia.org/wiki/Quantum
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In 1961 Doll and Nähbauer and also Douglas and 
Fairbanks [2-3, 2-4] detected that in a 
superconducting ring carrying a persistent 
supercurrent the magnetic flux is quantized to 
values of Φ0 = h/2e = 2x10-15 Vs with e for the 
elementary charge and h for Planck´s constant 
(Fig. 2-3).  

Flux quantization is caused by the fact that the 
superconducting state of a macroscopic object is 
quantum mechanically described by only one 
“macroscopic” wavefunction. In the ring this can be 
reached only if the periodic wavefunction is phase-
coherent or in other words, the phase difference φ 
over a full path along the ring is an integer multiple 
of 2π. This quantizes the magnetic flux in connected 
superconductive structures. The charge in the 
expression for the flux quantum is 2e. This gives a 
hint to the fact that electron pairing plays an 
important role in the physical explanation of 
superconductivity.  

 

 

Fig. 2-3. In a current carrying superconductive ring the magnetic 
flux as product the magnetic field and the ring area is quantized in 
integer multiples of Φ0 = h/2e. 

In metallic superconductors, the electron pairing is 
caused by an attractive force between electrons 
caused by the exchange of virtual phonons which 
leads to a small energy range 2Δ of a few meV at the 
Fermi energy of the metal which is “forbidden” for 
electrons. It is the minimum energy required to break 
an electron pair. The low value of the energy gap 
explains why the superconducting state is stable only 
at low temperatures. 2Δ must be larger than the 
thermal energy kT of the lattice components (k is 
Boltzmann's constant and T is the temperature in 
Kelvin). The electron pairs are called Cooper pairs, 
named after one of the three physicists who received 
together with Bardeen and Schrieffer [2-5] the 1972 
Nobel Prize of Physics "for their jointly developed 

theory of superconductivity, usually called the BCS-
theory".  

The macroscopic flux quantization can be 
phenomenologically-explained by the fact that, due to 
their average size, the Cooper pairs are widely 
overlapping and form a single macroscopic quantum 
state. This is possible because electron pairs have an 
integer spin, namely zero which allows them to 
gather all in the quantum mechanical ground-state so 
that they will not be scattered by the lattice any more 
and the current flows without energy dissipation. For 
the ceramic high temperature superconductors the 
reason for electron pairing is not yet clear. It might be 
different from the conventional metallic 
superconductors. 

If two superconductors are coupled, by a weak 
link or a barrier Cooper pairs may diffuse or tunnel 
across this connection (Fig. 2.4). The macroscopic 
wavefunctions Ψ1,2 of both superconductors couple in 
such a way that the current I(t) and the voltage V(t) 
across the weak link are dependent on the phase 
difference φ2 - φ1 = φ between the phases of the two 
wavefunctions in the following way:  

 
V(t) = (Φ0/2π )∂φ/∂t   and    I(t) = Ic sinφ.  
 

Ic is the junction-critical current.  
 

 

Fig. 2-4. Ideal Josephson junction. Ψ1,2 are the macroscopic wave 
functions of the junction electrodes, n1,2 the Cooper pair densities 
of the electrodes and φ1,2 the wavefunction phases. 

 
A full-phase rotation of φ = 2π results in the transfer 
of exactly one flux quantum and the DC voltage 
applied to a Josephson junction is exactly determined 
by the rate of the flux quanta V = Φ0 f transferred 
across the junction. This forms the basis for modern 
voltage metrology (cf. section 3.4). The Josephson 
Effects were named after B. D. Josephson who first 
desribed them in 1962 [2-6]. In 1972 he received the 
Nobel Prize for this discovery. 

S1 S2

 ? 1 = ?n1 ei? 1  ? 2 = ?n2 ei? 2

Barrier
Current I

Voltage V
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 By combining one or two Josephson junctions 
and a superconducting ring, extremly sensitive 
magnetic field detectors, Superconducting Quantum 
Interference Devices or SQUIDs can be established. 
The junctions allow to enter flux quanta to the ring in 
a controlled manner. (for more details cf. section 3.3 
and [2-7] and for a general introduction cf. [2-8, 2-
9]). 

An introduction to superconductivity and more 
details can be found in many textbooks, e.g. [2-10, 
2-11]. 

2.2. Superconductive Materials  

Conventional superconductors, such as pure 
metals and metal alloys, exhibit superconductivity at 
temperatures up to about 23 K. The most widely used 
superconductor, niobium, for example, has a critical 
temperature of 9.26 K. Their behaviour is well 
understood with the BCS theory. These materials are 
named in general low-temperature superconductors 
(LTS).  

The highest critical temperature found for a 
conventional superconductor is 39 K for magnesium 
diboride (MgB2) discovered in 2001. This material 
has been identified as two-band superconductor in 
which each band behaves like a conventional BCS-
superconductor.  

High-temperature superconductors (high-Tc or 
HTS) are materials that have superconducting 
transition temperatures above 30 K. The first 
superconductor of this type was discovered in 1986 
by K. Müller and J. Bednorz [2-12], for which they 
were awarded the Nobel Prize in Physics in 1987. 
These HTS materials (often referred to as cuprates) 
are quasi-two-dimensional materials with their 
superconducting properties characterized by electron 
or hole pairs moving within weakly coupled copper-
oxide (CuO2) layers. Neighbouring layers contain 
ions like La, Ba, Sr, or other atoms. They stabilize 
the structure and dope electrons or holes onto the 
copper-oxide layers. Cuprate superconductors have 
high critical temperatures compared with LTS: 
YBa2Cu3O7, one of the first cuprate superconductors 
to be discovered, has a critical temperature of 92 K. 
The best known high-temperature superconductors 
are bismuth strontium calcium copper oxide, BSCCO  
and yttrium barium copper oxide, YBCO.  

The highest superconducting transition temperature 
(Tc) so far obtained is for a material where the charge 
reservoir consists of  mercury oxide; here Tc is with 
more than 130 K, 50 % higher than in YBCO.  

Recently a number of superconductors with HTS 
were found which are not based on copper oxide 
layers. The most recent type is a iron–arsenide 
superconductor discovered in 2008 which shows a Tc 
of about 55 K and better isotropic current carrying 
characteristics than the cooper oxide 
superconductors. These materials are currently being 
investigated for electronics and power applications.  

Two decades of intense experimental and 
theoretical research, have highlighted many common 
features in the properties of high-temperature 
superconductors, but as of 2009 there is no generally-
accepted theory to explain their properties.  

As ceramics are not ductile like metals it is rather 
difficult to form wires and electronic components like 
Josephson junctions with high reproducibility and 
reliability. While for the wire fabrication acceptable 
solutions have been found, the manufacture of 
integrated HTS electronic circuits is still restricted to 
a low number of junctions. Complex electronic 
compounds with more than 100 circuit elements are 
exclusively made of conventional superconductors 
like Nb or NbN. 

Most of the physical properties of superconductors 
vary from material to material, such as the heat 
capacity and the critical temperature at which 
superconductivity is destroyed. Superconductivity 
does not occur in noble metals like gold and silver, 
nor in ferromagnetic metals such as iron. An 
overview on material properties of superconductors 
can be found e.g. [2-13, 2-14]. 

2.3. Power Application and Challenges   

Today, high field magnets are the main application 
for conventional superconductors. At a given field, 
superconducting magnets are much smaller than their 
conventional counterpart, because the windings can 
carry large currents with no energy loss. 
Superconducting magnets are already crucial 
components of several technologies. Magnetic 
resonance imaging (MRI) is fully established in 
diagnostic medicine and plays an even increasing 
role. They are used for NMR systems, mass 

http://en.wikipedia.org/wiki/Superconductor
http://en.wikipedia.org/wiki/Karl_Alexander_M%C3%BCller
http://en.wikipedia.org/wiki/Johannes_Georg_Bednorz
http://en.wikipedia.org/wiki/Nobel_Prize_in_Physics
http://en.wikipedia.org/wiki/Cuprate
http://en.wikipedia.org/wiki/La
http://en.wikipedia.org/wiki/Barium
http://en.wikipedia.org/wiki/Sr
http://en.wikipedia.org/wiki/BSCCO
http://en.wikipedia.org/wiki/YBCO
http://wwwold.ill.fr/dif/3D-crystals/vrml/hgsc.wrl
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spectrometers, and magnetic separation, where 
weakly magnetic particles are extracted from a 
background of non-magnetic particles. The intense 
constant magnetic fields which are needed for these 
instruments are a perfect application for 
superconductors. Particle accelerators like the LHC 
in CERN require high-field superconducting magnets 
for the control of the particle beam. In the same 
sector only superconductive resonators have a 
sufficiently high quality factor for the generation of 
the accelerating microwave fields. The ITER project 
for power generation with nuclear fusion would be 
unthinkable without the huge toroidal magnet that 
captures the ultra-hot high-pressure plasma which is 
to ignite the fusion .  

Most of the large scale applications are not 
realized because of saving energy but because 
superconductivity is the only way to reach the 
objectives. Superconductivity is of fundamental 
importance in research. 

At present most of the large scale applications 
employ the well-understood conventional 
superconductors. But it is expected that high-
temperature superconductors will soon become more 
cost-effective in many cases due to the possibility of 
liquid nitrogen cooling. Both the US and Japan have 
plans to replace underground copper power cables 
with superconducting BSCCO cable-in-conduit 
cooled with liquid nitrogen. By doing this, more 
current can be routed through existing cable tunnels. 
In one instance 250 pounds of superconducting wire 
replaced 18,000 pounds of vintage copper wire, 
making it over 7000 % more space-efficient. 
Promising future applications include high-
performance transformers, power storage devices, 
electric power transmission, electric motors (e.g. for 
vehicle propulsion, as in vactrains or maglev trains), 
magnetic levitation devices, and fault current limiters. 
Recently, power utilities have begun to use 
superconductor-based transformers and fault current 
limiters . The use of superconductors for 
transportation has already been established using 
liquid helium as a refrigerant. Also liquid nitrogen 
cooled high-TC magnets for levitation are currently 
investigated. In Japan prototype levitated trains have 
been constructed and tested which are planned to 
connect Tokyo and Osaka with a high speed 
connection within a few years 

However in contrast to DC currents, alternating 
currents are not completely lossless in 
superconductive wires, so that AC applications like 
transformers will be more difficult to develop than 
those instruments that rely upon DC. AC losses can 
be minimized by splitting the wires into a large 
number of tiny filaments. It is real challenge to 
transfer this fabrication process from the well 
understood NbTi-process to HTS brittle ceramic 
materials. At present it is not possible to fabricate 
100 km long high quality wires which are needed for 
the generation of very high fields.  

Markets will arise where the relative efficiency, 
size and weight advantages of devices based on HTS 
outweigh the additional costs involved. 

2.4. Electronics Application and Challenges  

Superconductive Electronics are planar integrated 
circuits consisting of passive circuit elements like 
superconductive wiring, resistors, inductors, 
capacitors and active components like Josephson 
junctions and SQUIDs. The technology applied for 
realizing superconductive circuitry depends on the 
degree of complexity. At present, practically all 
applied circuits of high complexity are made of Nb or 
NbN. An introduction to the physics of 
superconductive electronics is given in [2-15] 

In the simplest case suitably patterned 
superconductive thin films are as used highly 
efficient microwave antennas or filters for mobile 
communication. Nanometre-sized thin film structures 
are serving as ultra-sensitive particle or single photon 
detectors. Superconductive detectors cover the whole 
frequency range from radio waves to X-rays. 
Transition edge sensors (TES) where the radiation to 
be detected drives a small superconductor, biased 
close to the transition point, to the normal state, reach 
a noise equivalent power of 5×10-20 W/√Hz. The 
Atacama Cosmology Telescope features in its 
millimetre bolometer array camera one of the largest 
TES array sets currently in production or in use. With 
three arrays of 1,024 pixels each, it has only recently 
been operated in its complete configuration. Another 
important field of TES is THz imaging for security 
applications. A detailed overview of different 
detectors and multiple application fields is given in 
Section 3.1.  
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The next level of complexity is reached by 
integrating one or two Josephson junctions in a 
superconducting ring. The superconducting ring can 
pick-up external magnetic fields inducing a 
circulating current inside the ring. The voltage 
amplitude of the interference pattern depends on this 
current and can be used to measure weak magnetic 
fields or currents. This topology is called 
Superconducting Quantum Interference Device 
SQUID. SQUIDs permit the detection of magnetic 
fields as small as 1 fT/√Hz. SQUID magnetometers 
are used worldwide to measure magnetic signals from 
the heart, brain, and other organs. They have proven 
their excellent features in non-destructive material 
evaluation like crack detection in aircraft wheels. An 
airborne full-tensor magnetic gradiometer SQUID 
using liquid-helium-based thin-film technology 
together with system electronics, data acquisition 
system, and cryogenics has been developed and 
extensively tested. Successful field investigations 

were conducted by towing the system from a 
helicopter as well as for a stinger-mounted 
configuration in a Cessna 208 aircraft. While a 
SQUID clearly is an accepted and productive 
research instrument, the application of this 
technology in routine clinical diagnosis is only now 
beginning. The majority of the effort in the field has 
been by university and national-laboratory 
researchers and by small, high-technology 
companies, and has been directed towards the 
development and promotion of this technology. 
Fig. 2-5 shows the advanced status of the circuit 
technology. 
 

The introduction of HTS materials has led to 
enormous efforts to transfer the experiences with 
LTS devices into a technology based on HTS and by 
this make use of the much easier cooling. This was 
successful for passive devices like microwave filters 
and antennas in mobile phone base stations which are 
commercially available and in practical use in the 
USA. Similar trends are evident in the use of 
SQUIDs for the non-destructive evaluation (NDE) of 
aircraft parts and other materials: most of the effort is 
directed towards instrumentation development and 
demonstrations in simple systems. HTS SQUIDs can 
achieve a white noise level as low as 10 fT/√Hz at 
77 K, which only marginally exceeds the noise of 
commercial niobium-based SQUIDs operating at 
4.2 K. Section 3.3 provides an overview of possible 
applications for extremely sensitive analogue sensors 
based on SQUIDs. 

The highest level of complexity is required for 
digital circuits, where signal propagation and logic 
operation is based on the dynamic manipulation of 
single flux quanta. For digital signal processing, 
highly integrated multi-level circuits are required 
which combine Josephson junctions, SQUIDs, 
resistors, inductors and superconductive wiring to 
Rapid Single Flux Quantum (RSFQ) electronics 
[2-16]. Discrete switching between the states is 
performed by pulses of the Josephson junctions. The 
suitable parameters given, a SQUID provides two 
stable flux states which denote flux “0” and flux”1”. 
As each pulse corresponds to the transfer of a single 
flux quantum, SE provides an intrinsic digitization 
on an exact quantum basis. The complete switching 
cycle takes about 5 picoseconds with a total energy 
consumption of about 10-18 Joule. The optimum 
operation frequency is determined by characteristic 
voltage, a product of the critical current and the 
normal state of the Josephson junction. A voltage of 
1 millivolt corresponds to an oscillation frequency of 
about 500 GHz (cf. section 2.1). The outstanding 
advantage of RSFQ electronics is the extremely low 
power consumption at very high speed operation. A 
good example is a reconfigurable-data-path processor 
prototype with 23 GHz clock frequency and a total 
power consumption of only 4.1 mW [2-18]. In 
comparison to standard semiconductor state-of-the-
art processors, this is an operation speed about 10 
times faster at a power consumption about 10,000 

 

Fig. 2-5: 4-inch silicon wafer with niobium SQUID sensors in 
magnetometer and gradiometer configuration (IPHT). 
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times less. For small circuits high speed operation up 
to 750 GHz was shown [2-19]. Fig. 2-6 shows a 2 x 3 
reconfigurable-data-path processor with 14,040 
Josephson junctions and designed for an operation 
speed of 23 GHz. 
 

 

Fig. 2-6 Photograph of 6.8 x 6.7 mm2 2 x 3 reconfigurable-data-
path processor with 14,040 Josephson junctions [2-17] with 
courtesy of A. Fujimaki. 

 
The on-chip communication in superconducting 

circuits provides an important advantage in 
comparison to all other existing integrated circuit 
technologies. Transient data pulses can be transferred 
on lossless interconnects with an ultimate delay of 
only 8 picoseconds per millimetre. No degradation 
caused by dispersion disturbs the on-chip 
communication at high-speed. An extensive 
assessment of RSFQ electronics, its potential and an 
estimate of the costs of development are given in 
[2-20]  

The digital application mentioned as examples are 
demonstrators in the research community. Fully 
established in legal metrology and commercially 
available as DC and AC voltage standards are special 
Digital to Analogue Converters with up to 70000 
junctions and more which make use of the Josephson 
junction feature to convert a flux quantum transfer 
rate into a DC voltage (cf. Section 2.1 and section 
3.4) (Fig. 2-7). Transferring and counting the flux 
quanta by means of a precise frequency control can 

be done with fundamental precision. Such devices 
can also be used as voltage controlled high frequency 
oscillators.  
 

 

Fig. 2-7. 3 inch wafer with standard chips for AC and DC voltage 
standards (PTB). 

 
Nearly all the described application fields require 

complex circuitry or very small and thin structures. 
To further improve the circuit performance, a higher 
degree of integration at decreasing linewidths is 
required. At present this can be reached only with 
metallic superconductors like Nb and NbN. Cooling 
to 4.2 K is performed by liquid Helium or small 
cryocoolers. In many cases the low temperatures are 
required to reduce the thermal noise. This is the case 
for ultra-sensitive SQUIDs and detectors. To bring 
superconductive electronics to commercial 
applications adapted low-cost and reliable cooling 
systems must be developed. The required degree of 
integration can be reached only by implementing a 
stable infrastructure for circuit fabrication. 

By preparing small digital HTS circuits it has been 
shown that all logic functions can be realized. A 
125 GHz RSFQ sampler system for observing ultra-
fast signals and a high temperature superconducting 
sigma-delta A/D converter with ramp edge junctions 
and an internal clock of up to 174 GHz has been 
successfully tested. The large energy gap of HTS 
opens the potential of reaching extremely high 
operation frequencies up to THz. 
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The main obstacle for manufacturing more 
complex HTS and MgB2 circuits is the lack of a 
junction and multi-layer circuit technology which 
allows the connection of more than a few hundred 
Josephson junctions. The junctions still have a 
parameter spread too large for high speed RSFQ 
circuits.  

Reference [2-21] gives a broad overview on the 
status of all applications fields. 
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3. Application of Superconductor Electronics 

3.1. Radiation Detectors 

Superconducting photon and particle detectors are 
operated at temperatures close to absolute zero are 
being developed because of the extremely high 
performance that low temperature operation enables. 
The very low thermal budget for cooling puts strong 
limitations in detector size, number and count rates. 

Research on ultra-low temperature photon 
detectors has traditionally been driven by the need for 
high energy resolution in X-ray astronomy and 
fundamental physics. This work has produced a good 
understanding of most of the basic detector science. 
Current research focuses on building detector arrays 
to increase area, count rate and imaging capabilities. 
More recently, applications have been extended to 
biophysics, quantum optics and material science. 
This research is more diverse and thus less 
coordinated. It is now desirable to expand the use of 
cryogenic photon detectors beyond the astrophysics 
applications they were initially developed for, and 
adapt their use for broader scientific and societal 
needs.  

This document describes the current status of 
superconducting detector research, and suggest areas 
for future development. 

3.1.1. Superconducting Detector Technologies 
A common way to detect electromagnetic 

radiation is to absorb incoming photons to an 
appropriate absorber, where its energy causes a 
temperature rise. Usually it is differentiated whether 
the detector can discriminate single events, giving the 
opportunity to derive the energy of the impacting 
photon (“calorimeter mode” or “Geiger mode”), or if 
a constant flux of many photons sum up, resulting in 
a measure of the power (“bolometer mode”).  

Transition-Edge Bolometer (TES) 
In a bolometer, equilibrium between incoming 

radiation power and cooling by a weak thermal link 
arises at a temperature above the cold bath. 

Fluctuation in the thermal transport with the thermal 
conductance G limits the power sensitivity. 

Superconducting detector technology in both cases 
relies on the use of a superconductor operated close 
its transition point to measure the temperature signal. 
This implies two consequences: Firstly, one needs a 
superconducting material with a transition point at 
the chosen working temperature, and secondly, this 
operating temperature has to be extremely stable. In 
practice, due to the sharp increase of detector 
resistance and dissipation during detection, this 
would make the concept almost unfeasible.  

TES microcalorimeters use a bilayer of normal 
metal and superconductor films whose thicknesses 
are small compared with the coherence length in the 
metal, producing a proximity effect that lowers the 
superconducting transition temperature and normal 
state resistance of the bilayer [3.1-2]. One can 
reliably choose a convenient transition temperature 
by varying the relative thickness of the two films. 
Because this superconducting transition is narrow 
(<1 mK), these films are very sensitive thermometers. 
Their sensitivity can be up to two orders of 
magnitude higher than that of other thermometer 
technologies [3.1-3]. 

 

 
Fig. 3.1-1: Principle of operation of a thermal bolometer. 
 
Depending on the application and its energy range 

of interest, several different types of TES detectors 
have been developed. Figure 3.1-1 shows three 
typical designs. In (a) the radiation is directly 
absorbed in the TES film. In this case thermometer 
and absorber coincide. This design is used with 
optical photons where the energy is low. In case of 
X-ray detection, the design (b) is used. There the TES 
film (the thermometer) is deposited on a membrane 
and an absorber in electrical contact with the TES 
film is attached. At the highest energy of γ-rays or 
dark matter particles, the scheme (c) is used in which 
the radiation impacts a large mass absorbers and the 
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resulting high frequency phonons generate 
quasiparticles in a superconducting film which 
diffuse to the TES film. 

Because the TES has low impedance, it couples 
well to SQUID (Superconducting Quantum 
Interference Device) amplifiers and has low 
susceptibility to micro-phonics. SQUIDS also have 
the advantage of naturally operating at low 
temperatures and having extremely low (-nW) power 
requirements. 

Detectors are read-out by applying a voltage bias 
across the TES and measuring the current through the 
sensor with a SQUID [Fig. 3.1-2]. Voltage biasing 
has the advantage of a phenomenon known as 
“negative electro-thermal feedback.” The resistance 
of a TES drops as it is cooled through its transition, 
leading to an increase in the V2/R Joule heating of the 
film. This heating leads to a stable equilibrium 
temperature, depending upon the voltage applied and 
the thermal conductivity of the link between the TES 
and its heat bath. If the bath temperature is 
significantly lower than this equilibrium temperature, 
the equilibrium becomes independent of the bath 
temperature. In addition, response times in the TES 
are shortened by the electro-thermal feedback: when 
a TES is heated by an incident photon radiation, its 
resistance increases, leading to lower Joule heating 
and thus to a more rapid return to equilibrium 
temperature. The resulting pulses are up to two orders 
of magnitude shorter than the natural time constant of 
the device [3.1-1]. TES is the detector of choice when 
energy resolution is the requested factor-of-merit and 
moderate detector speed can be tolerated. Since both 
the energy resolution and sensitivity improve at very 
low temperature, TES is operated in the millikelvin 
region. 

Superconducting Nanowire Single-Photon Detector 
(SSPD) 

Thermal bolometers and calorimeters, as described 
in the paragraphs above, rely on the conversion of the 
absorbed energy to lattice vibrations. This process is 
relatively slow and restricts the time constant of such 
detectors to be of order of µs and slower. 

This speed limitation can be circumvented in case 
of a very small absorber volume. In that case, excited 
electrons which are created in the hot spot of photon 
impact can be read out before they relax to the lattice.  

 

 

Fig.3.1- 2: 288-pixel TES Array with SQUID multiplexer applied 
to the project LABOCA [3.1-3]. 

 
The ability to discriminate the impact of single 

photons obviously depends on the wavelength of the 
photon, i.e. its energy. The crossover from bolometer 
to calorimeter mode for low TC superconducting 
detectors typically can be found at short infrared 
wavelengths. For higher energy photons (visible, 
UV), most of the used detector types can work as 
single-photon detectors for specific wavelengths. 

One particular concept is tailored to the detection 
of single photons only. In literature it is referred to as 
superconducting (Nanowire) single-photon detectors 
or SSPD. 

Basically an SSPD consists of a very thin 
superconducting film (thickness about 6 nm), which 
is patterned into a narrow strip typically below 
0.5 µm wide. The operation regime in the absence of 
an external magnetic field is to bias the device by a 
direct current that has a value very close to the 
critical current value. An impacting photon which is 
absorbed in the film will create a hotspot, where the 
superconducting state is locally destroyed. The 
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consequence is a short voltage pulse, which 
disappears whilst the narrow strip cools back to 
superconductivity and as the bias current inductively 
reset. 

 

 

Fig. 3.1-3 A 10 µm diameter, 0.1 µm line-width spiral NbN 
Nanowire SSPD and its centre detail, patterned on 4-inch sapphire 
[3.1-5] 

 
The development of such detectors requires ultra-

thin superconducting films that would allow one to 
reach the ultimate response-speed of these devices. 
Niobium nitride film with thickness of 4 nm and 
superconducting transition temperature TC ≈ 10 K 
after processing is the most popular material for 
SSPD applications in the 2 K-4 K operating 
temperature range with extremely low noise 
(NEP~10-20 W Hz-1/2). This sets the liquid-helium 
operation temperature of modern detectors, e.g. 
superconducting single-photon detector (SSPD) and 
hot-electron bolometer (HEB) mixer close to 0.5 TC.  
In numerous electronic applications of 
superconductivity, a combination of narrow strips 
made from thin superconducting films is the most 
frequently used device layout. A typical operation 
regime, e.g. for superconducting radiation sensors 

working in the absence of an external magnetic field, 
is when the device is biased by a direct current that 
often has a value very close to the critical current 
value. The development of ultra-sensitive 
superconductive detectors and mixers, whose 
response is based on radiation induced heating of 
electrons, requires ultra-thin superconducting films 
that would allow one to reach the ultimate response-
speed of these devices. However, the detection 
mechanism in these devices and subsequently the 
requirements for the superconducting structures differ 
significantly. 

A comparison of superconducting and semi-
conducting single-photon detectors is given in 
Table 3.1-1.  

 

 
Fig. 3.1-4: Fiber optical end of SSPD [DLR] 
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Tab. 3.1-1: Comparison of photon counting SSPD and semiconducting APD [3.1-6] 

 Semiconducting APD Superconducting SPD 

Detectors Si InGaAs SSPD TES 

Temperature (K) 300 200 2 – 4.2 0.1 

Wavelength (µm) 0.4 – 1.1 0.9 – 1.7 0.4 – 5.6 0.1 - 5 

Time resolution 300 ps 300 ps 18 ps 300 ns 

Quantum efficiency 70% @ 630 nm 25% @ 1.55 µm >10% @ 1.55 µm >92% @ 1.55 µm 

Dark-count rate (Hz) < 100 < 104 < 0.1 < 0.001 

Maximum count rate 10 MHz 4 MHz 250 MHz 20 kHz 

Photon number resolution Very limited No Yes (limited) Yes 
 

Superconducting-Tunnel Junctions 
Superconducting tunnel junctions (STJs) consist 

of two superconducting films separated by a thin 
insulating tunnel barrier and often include a 
quasiparticle trapping layer. Photon absorption 
creates free charge carriers by breaking up Cooper 
pairs and the magnitude of the subsequent temporary 
increase in tunnelling current can be measured to 
determine the photon energy Ex. The small 
superconducting energy gap Δ in the order of meV 
allows high energy resolution, and short excess 
charge life times of order µs allow comparably high 
count rates. Fluctuations in the charge generation and 
tunnelling processes limit the energy resolution of 
STJs.  

Superconductor-Insulator-Superconductor (SIS) 
quantum mixers provide an approach to millimeter 
wave mixing - potentially offering conversion gain, a 
low local oscillator power demand, and potential 
mixer noise temperatures near the quantum limit 
[3.1-7]. The hope of using Niobium Nitride with a 
higher gap energy for achieving the same 
performance as the Niobium junctions, even above 
1 THz, has not been fulfilled due to the difficulties of 
working with the NbN material. Initial experiments 
with Niobium-Titanium-Nitride, however, are strong 
indicators that this material will allow noise 4 hν/k 
temperatures as low as to be achieved even at 
frequencies as high as 900 GHz and beyond [3.1-8].  

Niobium SIS devices for routine use in millimeter 
and submillimeter-receivers are currently fabricated 
at a few dedicated laboratories, including several 

European laboratories, among them IRAM, SRON, 
KOSMA and (in the near future) OSO. Worldwide, 
they are very competitive. 

It is hard to conceive how this very specialized 
fabrication can be transferred to industry in a cost-
effective way. At least, the development work 
necessary to achieve the goals for the LSA/MMA 
mixers (SSB operation, wide IF bandwidth, 
sensitivity) can only be done in the laboratories. The 
current device fabrication techniques are low volume 
and are aimed at specialized production runs with 
widely varying designs.  

Hot-Electron Bolometer Mixer 
Superconducting hot-electron bolometer (HEB) 

mixers are becoming the heterodyne receiver of 
choice for high-sensitivity and high-spectrum-
resolution (ν/Δν > 106) detection in astronomy and 
atmospheric studies 1.5 THz [3.1-9]. The noise 
performance of phonon-cooled superconducting NbN 
HEB mixers has approached ten times the quantum 
limit (10 hν/k) in the THz range. Another important 
parameter of superconducting HEB mixers is the 
intermediate frequency (IF) bandwidth, which needs 
to be sufficiently large for spectral observations since 
the continuous frequency tuning of THz local 
oscillator (LO) sources is very limited even 
impossible for optically pumped far infrared gas 
lasers. Phonon-cooled superconducting NbN HEB 
mixers on the silicon substrate have a gain bandwidth 
of about 3 GHz, which can be increased to 
approximately 5 GHz with an MgO buffer layer 
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introduced, satisfying the needs of astronomical and 
atmospheric observations [3.1-11]. 

  

 

Fig. 3.1-5.: THz-mixer block with Silicon lens [3.1-10]. 

 

Table 3.1-2: Evaluation summary of superconducting particle detectors 

Technology Development 
status today 

Low risk deve- 
lopment steps 

General limits 
(for 1 pixel) 

Open questions Expected impact 

TES γ- and X-
ray detectors 

Small arrays; 
Prototypes in 
operation 

European foun-
dry desirable,  

1 eV resolution 
at up to 10 keV; 
>1000 counts/s 

Can array technology be scaled 
to >>1000 pixels? Is crosstalk 
in large arrays managable? 

High-profile X-ray astronomy, 
Ground-based mm- and µ-wave 
telescopes, nuclear safeguards 

STJ X-ray 
detectors 

Small arrays; 
Prototypes in 
operation 

Reliable STJ 
fabrication 

5 eV resolution 
at up to 10 keV; 
>100.000 cts/s 

Can STJs be built with high 
performance at several keV? 
Can low-noise ASICs be built? 

Improved µ-analysis for semicon-
ductors and nanotechnology; 
 

SSPD Small arrays; 
Prototypes in 
operation 

Reliable SSPD 
fabrication 

0,1 Hz dark cts., 
1 Gbit/s count 
rate 

Can SSPDs be built with high 
Energy resolution, increase of 
Quantum efficiency 

Improved optical tomography and 
microscopy analysis and 
spectroscopy, improved time 
resolution 

SIS and HEB Single 
devices; 
Prototypes  

Reliable SIS 
fabrication 

SIS close to 5x 
quantum limit  

Can HEB built with high 
performance for arrays? 

Improved low noise receivers for 
radioastronomy and security 
applications 

      
 

3.1.2. Important Applications  

Gamma and X-Ray Detection 
Even un-cooled detectors for high energy photons 

like gamma ray or x-ray usually can discriminate 
single events and in doing so create a statistics of the 
energy distribution of all incoming photons. In this 
sense they record a spectrum of the radiation of 
interest. Using superconducting detectors the spectral 
resolution is unprecedented. Most of the applications 
make use of this feature, which enables an 
identification of the material of the source. 

Astrophysical science acts as precursor, so high 
budget projects like the proposed ESA cornerstone 
space mission XEUS accelerate the development of 
such detectors. On earth a variety of applications can 
benefit. TES has to compete with semiconductor 
micro-calorimeters. The development of TES micro-
calorimeter arrays and their multiplexed readout is 
mostly driven by the need for extremely high energy 
resolution in X-ray astronomy. Characteristic X-rays 
indicate elemental abundance, and an energy 
resolution of 2 eV at 6 keV will resolve different 
ionic charge states and line broadening to infer 
temperature, density and velocity structure of 
supernova remnants, stellar coronae, intergalactic 
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plasmas and black holes. TES are also used as 
bolometers for cosmic-microwave back-ground 

studies of cosmological inflation, dark energy and the 
evolution of the universe.  

Lower energies, especially X-rays emitted by 
accelerated electrons in solid state contain a lot of 
spectroscopic information on the actual material. As 
an example, a superconducting calorimeter which 
detects the secondary X-ray radiation caused by the 
electron beam in a scanning electron microscope can 
enhance the microscopic image by material 
information allocated to the actual position in the 
image. TES have also been proposed for 
microanalysis of small defects on semiconductor 
wafers [3.1-12]. Defects below a few tens of nm are 
too small to be efficiently excited by high-energy 
electron microscopes, and require the use of low-
energy electrons and thus soft X-rays for elemental 
analysis. TESs are then required to overcome line 
overlap, although their slow speed has so far keep 
them from widespread use in the semiconductor 
industry. Such an add-on x-ray spectrometer is 
commercially available for instance by Vericold 
Technology (Germany). The Polaris spectrometer is 
laid out as an inspection tool in fabs for semi 
conducting technology. 

On the high end of the energy scale, the 
identification of radioactive material by recording its 
gamma or x-ray spectrum can clarify its origin, which 
is important for instance for security applications. 
Moreover, the high sensitivity of superconducting 

detectors can help to trace such dangerous materials 
at border controls. Microcalorimeters are used in 
high-resolution Gamma (γ) [3.1-13, 14] and fast-
neutron [3.1-15] spectrometers. TES γ-spectrometers 
can improve the precision of non-destructive isotope 
analysis of nuclear materials by an order of 
magnitude, which is important for nuclear safeguards 
and forensics [3.1-19]. 

 

Photon or particle absorption increases the absorber 
temperature, which is measured with the thermometer 
before both parts cool back down to the cryostat 
temperature through the weak thermal link. Thermal 
energy fluctuations across the weak link limit the 
energy resolution of calorimeters.  

STJs are less appropriate for γ- or neutron 
spectrometry since they cannot be made large. 
Additionally they are inefficient for high-energy 
operation. Fig. 3.1-6 Analytic System Polaris [3.1-21]. 

The success of TES microcalorimeters has limited 
the need for superconducting tunnel junctions (STJs) 
in astronomy to optical wavelengths [3.1-17], where 
high count rate capabilities are more important than 
for X-rays. This has reduced the STJ fabrication 
facilities worldwide. Nevertheless, the higher speed 
has made STJ preferred in synchrotron research for 
chemical analysis of dilute samples by high-
resolution soft X-ray analysis [3.1-18]. They have 
e.g. been used to study protein reaction mechnisms 
by X-ray spectroscopy on active metal sites, and to 
examine dopants in semiconductors. STJs could also 
overcome the count rate problem that TES detectors 
face for non-destructive analysis of small defects on 
semiconductor wafers [3.1-19]. 

STJs and calorimeters have been used to detect ion 
impacts and extend mass spectrometry to heavy 
molecules, although this work has slowed down 
recently. In the X-ray energy region (keV) a mention 
should be deserved to the detection of non photonic 
radiation, like heavy ions and molecules (fragment of 
DNA, proteins, polymers) [3.1-20]. The use of 
superconducting detectors for molecule mass 
spectrometry (STJ & SSPD) and X-ray fluorescence 
measurements (TES) on SEM for material elemental 
analysis are applications with potential for wide 
dissemination of superconductive sensors technology. 
For the application in ToF mass spectrometry, the 
energy range is in the X-ray (5-30 keV) region. Here 
four merit factors are important at mass values above 
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40 kiloamu, 1) efficiency, 2) time discrimination 
(<ns), 3) energy spectroscopy (100 eV), and 4) large 
area coverage (mm, cm).  
Two superconducting detectors are under R&D: 
first, STJ which fulfils all the requirements apart the 

large area coverage, but at the cost of using 
millikelvin refrigerators; second, SSPD which at the 
moment does not have energy resolution and 
sufficient large area coverage. 

 

Tab. 3.1-3: Comparison of standard and superconducting X-ray detectors [3.1-22]. 

 
 

Ultraviolet/Visible/Near infrared Spectral range 
The field of detection of ultraviolet, visible and 

near-infrared light is covered by the established 
technologies of photoconductive detectors and CCDs. 
Superconducting detectors can do even better, 
however the need for this improvement is not yet 
well addressed.  

Superconducting detectors have found some 
exclusive niches, where the ability to count single 
photons plays a substantial role, in combination with 
an extremely low false alarm rate (so called “dark 
counts”) and high speed. Quantum cryptography is 
the most prominent application example, where a 
secure transmission of confidential data is based on 
the transfer of a quantum key by single photons, 
which can not be intercepted without revealing the 
eavesdropper. For this application, SSPDs are best 
suited. 

Detecting extremely small signals on a very short 
timescale (e.g. nanoseconds) becomes also important 
for analyzing biochemical processes by means of 
modern spectroscopic methods like Raman. The 
applications of such methods range from 
pharmaceutical industry to human medicine. Again 

this would be the domain of SSPDs, which can be 
designed for different wavelengths ranging from 
ultraviolet down to near-infrared. 

Requirements for new detectors are spectral-
resolution and time-resolved detection capabilities, 
simultaneous measurements of fluores-cence 
photons, faster reading for time resolved imaging, 
improved quantum efficiency and shorten the time 
spread and large-pixels arrays. 

Application drivers are diagnostics and testing of 
chemical and biological materials, long-distance 
optical communications (increasing the sensitivity 
would allow longer transmission links and release the 
need for amplification), and quantum cryptography at 
1550 nm wavelengths. Optical quantum information 
processing (including IR and visible light) is at the 
frontier of modern physics and optics. Other 
applications are biomedical imaging techniques with 
ultrafast single-photon detection in the visible or 
near-IR, for example for time-correlated fluorescence 
spectroscopy and time-of-flight techniques such as 
optical tomography.  

The fast time response of SSPD should allow 
access the dynamics of physical, chemical and 
biological processes with 10 ps temporal resolution 
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and single-photon sensitivity with an impact in the 
fields of nanotechnology, single-molecule 
spectroscopy and surveillance applications as well. 

Far-infrared / Terahertz Detection 
Whereas, conventional photoconductors are 

competitive for near-infrared and shorter 
wavelengths, the situation changes for longer waves. 
Already in infrared bands it becomes usual to cool 
the detector to decrease its thermal noise, and 
bolometers are amongst the most sensitive devices. 
 

Fig. 3.1-7: System for Quantum cryptography [paper R Hadfield 
APL]. 3 K cooler from Symphonia project for Quantum 
cryptography. 

 
For wavelengths longer than 10 µm, 

superconducting detectors have their domain, up to 
the radio band of several millimeters, where 
electronic devices take over as best detectors. In the 
terahertz band, often defined between 0.1 and 
10 THz, superconducting detectors are unsurpassed 
by any other existing technology. 

Again, astrophysics enabled many of the current 
applications. Most of the sensor concepts described 
above have emerged due to demand for ultimate 
sensitivity needed for the research on the origins of 
our universe. Ambitious projects like the search for 
dark matter, or the measurement of the polarization 
of the cosmic microwave background advance the 
technology of superconducting detectors to new 
levels of complexity and sensitivity. 

On earth, sensor technology is currently maturing 
from lab experiments to the first industrial 
applications. As an example, terahertz security 
cameras based on superconducting detectors are 
under development by a few groups, and they are on 
the cusp to be introduced to market. However, this 
constitutes only the very first implementation. The 

whole expertise of ultra-sensitive detection even of 
spectral information can be applied to detect for 
instance explosives or drugs. 

 

 

Fig. 3.1-8: THz Videocamera [3.1-3]. 

Alongside the security solutions, imaging 
applications at far-infrared or terahertz wavelengths 
will be boosted by the availability of array sensors. 
One can think of medical imaging, e.g. to trace skin 
cancer at early stages, enhanced night vision devices 
and so on. Similar to infrared imaging, the market 
will grow because of the ability to identify new 
applications, which are not yet obvious. 

3.1.3. Conclusions for Detector Development 
Observing current trends it becomes obvious that 

the main technology drivers are imaging applications, 
which require large arrays of sensors to fill the focal 
plane of an appropriate optics. Therefore a large 
effort has to be put on maturing single detectors to 
devices, which combine a large number of 
superconducting detectors and their readout whilst 
enhancing the manufacturing technology to make 
such focal plane array manageable and economically 
feasible. Due to the sophisticated sensors, this 
involves not only a pure chip design but the 
implementation of such devices into an adapted cryo 
environment, meaning a cryogen-free cooler and a 
low noise readout / data acquisition chain. 
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Table 3.1-4: Timeline for Radiation Detector Development 

SE Radiation Detectors

Basic R&D

Basic R&D

Basic R&D

Basic R&D

Basic R&D

Basic R&D

Applied R&D

Applied R&D

Applied R&D

Applied R&D

Applied R&D

Applied R&D

First Appl.

First Appl.

First Appl.

First Appl.

First Appl.

First Appl.

Mature Appl.

Mature Appl.

Mature Appl.

Mature Appl.

Mature Appl.

Mature Appl.

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

THz detectors and receivers

Medium SSPD Arrays

SSPD

Large TES Arrays

Small TES Arrays

TES

 

Besides, physics of detectors is not yet fully 
exploited. There is room for improvement regarding 
sensitivity, speed and response of all detector types. 
Especially fundamental research on quantum physics 
most certainly will advance the performance of 
superconducting sensors. In the first place such 
quantum limited detectors will be useful for scientific 
applications. Nevertheless, also future industrial 
applications will benefit from these advancements. 
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3.2. Digital Electronics 

Currently, mainstream superconducting digital 
technology is based on the Rapid Single Flux 
Quantum (RSFQ) logic initially proposed in mid- 
1980s [3.2-1]. The superconducting RSFQ 
technology offers several distinct advantages over 
silicon, among them are: unprecedented speed, 
quantum accuracy and sensitivity in combination 
with low power dissipation. Current figure of merits 
for this technology are summarized below:  
• Fast operating speed of 700 Gbit/s for a single 

cell [3.2-2] and up to 100 Gbit/s for a medium 
scale integration circuits [3.2-3]; 

• Low power dissipation [3.2-4] in the range 
of mW; 

• Chip-to-chip communication bandwidth up to 
60 Gbps [3.2-5,3.2-31]; 

• Simple fabrication process that supports high 
integration density with up to 104 active elements 
per chip [3.2-6]; 

• Mature packaging and cooling techniques with 
demonstrated prototypes [3.2-7, 3.2-32]; 

There are several key factors that make this 
technology so efficient. First of all, it uses a quantum 
accurate representation of the digital information in 
the form of single quanta. Secondly, it relies on the 
extremely fast switching speed of the Josephson 
junctions used as active elements, of the order of the 
picosecond, that depends on the nature of the 
Josephson junction barrier. The last but not least 
important factor is availability of lossless 
interconnects that allow to transmit data pulse on a 
long distance at the speed of light and with very little 
dispersion. This makes the speed of RSFQ 
superconducting electronics circuits relatively 
independent from the size of the devices and from 
interconnects. 

There are three main application niches for 
superconducting digital technology. The speed factor 
in combination with quantum accuracy of the digital 
information is essential for telecommunications. For 
the applications of this field, RSFQ technology offers 
a solution for direct signal digitization at the carrier 
and advanced adaptive signal processing. Both 
problems are very challenging if not to say 
impossible to solve in any other way. The low power 

dissipation of the superconducting circuit comes into 
play for large systems like supercomputers and 
back-bone routers where integration density and 
parallelism of the semiconductor circuits reach the 
“heat wall”. The fact that RSFQ circuits are the only 
complex digital circuits capable of operating below 
4 K makes them a unique solution for interfacing 
with cryo-sensors and superconducting quantum 
bits (qubits). These three application niches are 
described in the following sections. 

3.2.1. Superconducting digital circuits for 
telecommunication systems 

In telecommunication electronics performance 
requirements are strongly market driven. They are 
achieved by careful optimization and the use of 
leading edge technology in all the system 
components from antennas and displays to overall 
system architecture. Mixed-signal and digital signal 
processing components are vital elements of this 
chain and must meet very tough requirements on the 
information/processing rate and throughput. Their 
performance has a far reaching effect on the overall 
system architecture, the quality of the products and 
their price. 
In these areas the RSFQ technology provides 
solutions that have been recognized as critical but are 
currently unsolvable with existing technology: direct 
digitization of wideband signals at microwave RF 
carrier frequency and digital signal processing for 
adaptive filtering. 

Application of direct digital down-conversion has 
two major impacts on future communication and 
surveillance receivers: it makes the RF front-end of 
the receivers’ multichannel and programmable; it 
drastically reduces the receiver noise figure. Critical 
to this approach is the existence of wideband high 
linearity Analog-to-Digital converters (ADC) capable 
of continuously sampling at the signal’s Nyquist rate 
of several gigahertz or higher. RSFQ ADCs target 
bandpass Σ-Δ oversampling ADC with 16 bits 
resolution at 60 MHz bandwidth and 40 Gsample/s. 
Extrapolation of present technology indicates that 
conventional A/D converters with this performance 
will not exist at least within the next 10 years. 

RSFQ circuits not only offer unique hardware 
solutions for front-ends of the telecommunication 
receivers but also for the baseband Digital Signal 
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Processing (DSP). In particular, RSFQ provides 
solution for such challenging problem as adaptive 
filtering.  

The applications of adaptive filters are numerous 
and include system identification, channel 
equalization, and signal prediction. For example, 
adaptive Kalman filters are used in radar, wherein 
tracking of a target with noisy location, speed, and 
acceleration readings is improved when the ballistics 
of the target are known [3.2-8]. The most advocated 
applications of adaptive filtering to modern wireless 
communication systems are: Successive Interference 
Cancellers (SIC) for 3G Code Division Multiple 
Access (CDMA) [3.2-9], channel equalizers and 
precoders for 4G Multiple Input Multiple Output 
(MIMO) systems [3.2-10], and general blind signal 
detectors [3.2-11]. 

The main problem with practical implementation 
of the recursive adaptive algorithms in 
telecommunication comes from the combination of 
computational complexity of about 100 Giga 
Operations Per Second (GOPS) and extremely low 
feed-back latency of the algorithms to make total 
computation time significantly less than the duration 
of the transmitted symbols. No existing hardware 
signal processing solution is able to satisfy both 
requirements on throughput and latency. 
RSFQ circuits are very well suited to fill the 
performance gap needed for implementation of 
adaptive filters. The high clock rate, the high-
performance signal processing capability through 
gate-level pipelining, and near speed-of-light delay 
between processors using superconducting 
interconnect are critical to minimize the algorithm's 
inherent feedback time, and cannot be compensated 
using conventional DSPs. 
 
Superconducting ADCs 

High performance oversampling Σ-Δ data 
converters require high clock rates and accurate 
feedback of the digital output to the analog regime. 
Superconductor electronics would seem to have all 
the advantages for Delta-Sigma data conversion. 
Josephson comparators are sensitive and very fast. In 
1.5 μm technology, there is very small probability, 
10−14, that the decision time of a balanced 
comparator, modelled with thermal noise, will be 
greater than 20 ps. Feedback is in the form of the 

superconductor flux quantum. The SFQ has units of 
volt-seconds, which produces invariant voltage 
impulse feedback. Whereas normal electronic 
feedback relies on an uncountable and therefore 
approximate number of electrons, superconductor 
feedback relies on the quantum accuracy of the 
magnetic flux. This same principle forms the basis of 
the metrological Josephson voltage standard.  

The best superconducting ADCs developed by 
Hypres Inc. have achieved performance comparable 
to the state-of-the-art [3.2-12, 3.2-13]. The All 
Digital Receiver (ADR) chips comprise either a low-
pass or band-pass single loop delta modulator with 
phase modulation–demodulation architecture together 
with digital in-phase and quadrature mixer and digital 
decimation filters.  

Hypres Inc. developed a family of the ADRs for 
different bands and with different digital filtering 
[3.2-14]. Fig. 3.2-1 shows an example of the low-
pass ADR with 12,000 Josephson junctions on chip 
clocked at 29.44 GHz. The best results reported today 
are 15 bits SNR for low pass [3.2-15] and 6.4  bits 
SNR for X-band band-pass [3.2-7] ADCs measured 
over a 10 MHz signal bandwidth. 
 
 

Fig. 3.2-1. Microphotograph of the low-pass ADR 1 cm2 chip 
(Hypres Inc.) containing 12,000 Josephson junctions clocked at 
29.44 GHz. In the Nyquist band of 10 MHz, this chip shows 
75.7 dB signal-to-noise-and-distortion ratio (SINAD) [3.2-12]. 

 

 
The immediate future improvements of the 

superconducting ADCs are in the advanced 
architectures [3.2-15] and increasing order of the 
modulators [3.2-16]. The first approach involves 
multi-rate ADC where the modulator sampling 
frequency is increased in multiples of the decimation 
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filter clock. ADC with decimation filter modified to 
accept two de-serialized data streams at half the 
sample rate clocked at 29.44 GHz has 83.93 dB SNR 
in a 10 MHz bandwidth [3.2-15]. Further 
improvement by employing quarter rate ADC with 
eight channel synchronizer is expected to give a 
12 dB performance enhancement compared to the 
single junction quantizer ADC with a two channel 
synchronizer. 

High-order modulators are the most efficient but 
challenging solutions for ADC performance increase. 
In standard Delta-Sigma modulators, signal isolation 
and directionality are provided by op-amps; lacking 
such a device, the RSFQ modulator instead relies on 
relatively large signal amplitudes in the first loop. A 
second-order superconductor low-pass ADC with has 
been developed by Northrop Grumman Inc. USA 
[3.2-16]. The experimental performance agrees 
perfectly with the linearized quantization noise model 
[3.2-17]. The model projects much higher 
performance simply by changing circuit parameter 
values, using a similar circuit schematic. 

The theoretical limit for performance of the 
superconducting ADCs is bounded only by stability 
of the reference sampling clock. This fact is true for 
any high resolution ADCs. However contrary to the 
semiconductor ADCs that relay on bulky and 
expensive external clock generators, superconductor 
ADCs potentially can use the on-chip stable clock 
generators. First demonstration of the on chip 
superconducting clock generator with sub fs 
resolution has been reported by Hypres Inc. [3.2-18]. 
Complete integrated system solutions [3.2-14] that 
include ADCs represent a versatile and powerful 
application of RSFQ electronics. To illustrate this, 
the ADR systems developed by Hypres Inc. were 
assembled following the hybrid-technology-hybrid-
temperature (ht2) system integration approach. The 
systems are integrated with commercial 4-Kelvin 
cryo-coolers (Sumitomo), and equipped them with 
room-temperature interface electronics controlled by 
graphical user interface.  

The future of the superconducting 
telecommunication front-ends is in an All-Digital-RF 
Transceiver (ADT). The overall goal of the ADT is to 
provide direct RF digitization of the whole bandwidth 
for all incoming signal carriers from the antenna and 
consolidate all digital-RF distributions from the 

antenna into a single all-digital software-defined 
platform from RF to baseband. In terms of increased 
capability, this will allow one to have programmable 
and flexible multi-band multi-mode communications 
across multiple RF sources simultaneously. In terms 
of increased performance, this will allow one to have 
greater gain over noise temperature improvement on 
the receive-side and greater power efficiency on the 
transmit side. In terms of cost, this should eliminate 
significant amount of legacy equipment, such as 
intermediate frequency (IF) cablings, analog RF 
switch panels, analog IF up/down converters, and 
analog IF modems. 
 
Superconducting baseband digital processing 
 

Currently, the hybrid DSP-architecture is the right 
choice to take advantage of the strengths of 
superconducting logic, while sidestepping the limited 
complexity realizable in today fabrication process. It 
consists of both semiconductor and superconductor 
parts. The heart of the system is a high-speed 
superconductor RSFQ digital core enabling ultra-fast 
data feedback. The semiconductor part of the 
processor is responsible for programmability, mass 
input data storage, and the I/O interface. 

Multiply-Accumulate Units (MAC) and serial 
cache memory are main components of a RSFQ 
digital core [3.2-18]. The MACs are used for 
computing the filter matrix and for performing 
recursive operation on the input signals. It admits the 
possibility of adjusting filter coefficients during the 
iterations, as is required by the most general case of 
adaptive filtering. The DSP uses single multipliers 
with an accumulator to implement the recursive filter 
sequentially. 

With operating clock speed of MACs of 30 GHz 
the local RSFQ cache is unavoidable. The cache is 
used to buffer data from high capacity but slow room 
temperature memory. Because data remains in the 
cache memory only until used, additional data can be 
loaded from external memory to accommodate array 
dimensions larger than internal storage would allow. 
The RSFQ implementation of the parallel multiplier 
has the well-known structure of a parallel array of 
full adders. The data flow from one row to the next is 
in the vertical direction, and there are no horizontal 
connections between cells of the same row. The 
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VHDL clock frequency of the RSFQ parallel MAC is 
equal to 26 GHz for Hypres 4.5 kA/cm2 process 
[3.2-20] and does not depend on the size of the 
circuit. The main limitation on clock speed comes 
from the thermal jitter that requires significant 
widening of the gates timing windows. The circuit is 
designed to have 10-20 BER, which is acceptable for 
the DSP applications. 

The hardware complexity in terms of a bit-
precision and a number of processors depends on the 
application. For example, in a particular case of 
interference cancellation in WCDMA wireless 
systems DSP core consists of 10 x 10 parallel MAC 
with convergent rounding to 12-bits and an 18-bit 
accumulator, and the serial 12 x 1 MAC [3.2-21]. 
This gives total system complexity of approximately 
70000 Josephson junctions. Implementation of the 
DSP core would benefit from partitioning onto 
several chips on a Multi-Chip-Module (MCM) 
[3.2-22]. Such packaging is a key technology for 
practical implementation of large scale RSFQ 
circuits, as it allows increased yield of the final 
devices by reduction of the chip size, and functional 
flexibility without compromising individual chip 
performance. 

 

 

Fig. 3.2-2 Microphotograph of the 1 cm2 chip with RSFQ 4-bit 
parallel MAC with rounding to 5 bits and integrated on chip 
17 x 6 bits serial cache. 

 
Several components of RSFQ DSP have been 

implemented at the Hypres 4.5 kA/cm2 process 
[3.2-14]: the 4 x 4 two's complement parallel 
multiplier (2800 JJ), 5-bit accumulator (350 JJ), 

20 x 5 and 4 x 15 serial cache memory blocks. A 
simplified version of the complete MAC consisting 
of a 4 x 4 Multiply-Accumulate Unit with rounding 
of the final product to 5 bits, and two 17 x 6 and 
17 x 5 memory caches has been also designed 
[3.2-15]. It contains 10,320 Josephson junctions with 
an occupied area of 1.9 x 4.5 mm2 and average design 
density of 1,200 JJ/mm2 (Fig. 3.2-2). 
Chalmers group in collaboration with Hypres Inc. is 
in the last phase of completing the DSP prototype 
packaged and mounted on the Sumitomo cryocooler 
RDK-101DP (Fig. 3.2-3).  
 

 

 

 

Fig. 3.2-3 Photograph of the RSFQ DSP cryopackage mounted on 
Sumitomo RDK-101DP cryocooler. The system supports DC bias 
of a total 2.5 A, up to 40 Gbps I/O channels, and 40 GHz clock 
lines. 

 
The architecture of the RSFQ DSP is scalable in 

various ways: memory, bit-precision and speed. On a 
circuit level further development of the RSFQ DSPs 
is only dependent on improved performance of the 
fabrication process. By increasing speed and 
integration density more computational power will be 
available for execution of the more complex 
algorithms. For current immediate application in 3G 
WCDMA and 4G OFDM MIMO receivers the 
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efficient interference cancellation can be done on a 
RSFQ DSP with 4 processors fabricated in current 
main stream 1.5 μm process. With advent of sub-μm 
process, at the level of 60 GHz clock with 
105 Josephson junction per chip integration density 
realization of the complex algorithms for blind 
detection of the signal without knowledge of a 
particular transmitting system would be possible.  

To conclude, on a baseband DSP side, RSFQ 
technology opens a unique possibility for 
implementation of adaptive filtering algorithms 
operating with massively parallel data. The 
algorithms are capable of delivering nearly optimum 
signal detection with excellent stability and 
convergence properties independent of the 
communication scenario, for both uplink and 
downlink. The payoff in using the superconducting 
circuits is a savings of up to 30 % in the total number 
of base stations required. 
 

3.2.2. Superconducting digital circuits for high-end 
computing 

The computer industry has now encountered a 
huge barrier that prevents further computational 
performance growth. Main limitations come from the 
communication bandwidth inefficiency of the highly-
parallel multi-core machines and power inefficiency 
of the hardware. Superconducting digital technology 
provides solution for both problems: the on chip 
power dissipation of the LSI RSFQ circuits is on the 
mW level and high clock rate in combination with 
lossless interconnects reduces communication latency 
between processors to a few ns [3.2-24].  

Supercomputing projects performed in USA 
[3.2-25] and Japan [3.2-4] over the last decade, made 
a huge progress towards development of the 
architecture, microprocessor hardware, and 
fabrication process. The USA project has culminated 
on advances towards a fabrication technology with 
tunnel junction critical current density up to 
20 kA/cm2. The Japanese effort put development of 
the RSFQ microprocessor on a even more advanced 
level. All the best technologies concerning SFQ 
integrated circuits have been assembled and the 
worldwide most advanced design environment was 
established to allow the cell-based HDL design 
[3.2-4]. The CORE1 processor chip (Fig. 3.2-4) with 

experimental clock frequency of 26 GHz and 
containing 22,000 Josephson junctions has been 
designed in less than three weeks.  
 

 

Fig. 3.2-4 Photograph of the 8 bit serial microprocessor Core1γ 
[3.2-4] (photo - courtesy of A. Fujimaki). 

 
In both outlined programs an important finding 

was that the limitations of the present fabrication 
technology (especially the defect rate per chip) will 
necessitate more than one chip for the processor, with 
chip interconnections being made through a 
superconducting MCM (multi-chip module). Such 
packaging is a key technology for practical 
implementation of large scale RSFQ circuits, as it 
allows increased yield of the final devices by 
reduction of the chip size, and functional flexibility 
without compromising individual chip performance. 
In contrast to silicon, superconducting MCMs utilize 
lossless passive interconnects with extremely high 
bandwidth. The most important results are 
demonstrations of 60 Gbit/s chip-to-chip ballistic 
transfer of digital data in a BER experiment [3.2-5] 
and 100 Gbit/s chip-to-chip single tone transmission 
[3.2-4, 3.2-31]. 

A related large-scale US project on a switch for 
very high data rate throughput used a 128 x 128 
self-routing crossbar architecture [3.2-26].  

The main problem that is yet needed to be solved 
for superconducting high-end computing is 
development of a high density random-access 
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memory with speed adequately close to the speed of 
the logic circuits. All current solutions for the 
superconducting memory utilize large inductance 
loops with Josephson junction where information is 
stored as magnetic flux quanta [3.2-27, 3.2-28, 
3.2-29]. This basic principle allows reaching fast 
memory operation. Switching times in the ps-range, 
cycle times of 100 ps, and power dissipations 
of ≈ 120 nW per memory cell have been obtained in 
4-kbit RAM blocks based on the RSFQ concept 
[3.2-27]. However inherit limitation of the memory 
cell inductance limits the density. The largest 
superconducting memory chips reported are only 
16 kbits.  

Current status and future development of the 
RSFQ circuits for high-end computing are fully 
covered by the recent Superconducting Technology 
Assessment published by USA National Security 
Agency (NSA) [3.2-30]. This assessment is an in-
depth examination of RSFQ technologies with the 
singular objective of determining if a comprehensive 
roadmap for technology development is possible, 
aiming for industrial maturity in the 2010-2012 time 
frame. Main conclusion of the STA report is that 
there are no significant research issues that need to be 
resolved on a way towards superconducting 
supercomputer. The progress in the field will solely 
depend on aggressive governmental funding.  
 

3.2.3. Interfacing with superconducting detectors and 
quantum circuits 
 

Because of the ultra low power consumption, the 
ultra-fast digital superconductive electronics can be 
integrated on-chip with detectors and 
superconductive quantum circuits. However, they 
have resistors as dissipative and noisy elements. The 
effect of this noise is much smaller than for any other 
digital electronic family and in some cases, it can be 
even reduced to meet special requirement of some 
applications operating in quantum regime. 

 

Detector readout and multiplexing 
The development of superconducting detectors as 

described in section 3.3 has moved toward multi-
pixel devices with several hundred active elements, 

with the aim of having cameras with resolution that is 
useful for astronomical observation mapping. The 
requirement for an ultra low noise and fast readout 
has raised the problem of integrating lots of SQUID 
current sensors to realize a multi-pixel device. No 
other electronics can provide the required circuit 
complexity and has the potential to work in close 
vicinity with ultra sensitive sensor elements. The 
main problems, which have to be addressed, are the 
complexity of the set-up, and the cost. The systems 
are currently limited by thermal load and analogue 
noise, both caused by the readout electronics. Each 
single pixel requires about 10 wires for control and 
readout, which limits the total system complexity to 
less than 100 pixels. 

A multiplexed readout seems to be the most 
promising solution. Both, time-division multiplexing 
(TDM) and frequency-division multiplexing (FDM) 
have their advantages [3.2-33, 3.2-34]. Multi-chip 
modules (MCM), as suggested by NIST [3.2-33], 
provide an opportunity to test individual bolometers 
and the multiplexer chip, and thereby increase the 
yield of assembled cameras. 

 

 

Fig. 3.2-5 Combination of a 32 SQUID readout multiplexer chip 
with an 8 × 8 pixel detector array. Only one column of the array is 
connected. (figure - courtesy of K. D. Irwin) 

 
The superconducting multiplexer chip reduces the 

overall system complexity significantly, because of 
the massive reduction of parallel detector wiring. 
Fig. 3.2-5 shows a possible MCM configuration 
suggest by NIST. However, the setup is more 
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Manipulation and readout of quantum circuits complex and additional interferences can degrade the 
system performance. On the way towards a reliable and scalable 

quantum computer, superconducting qubits are 
promising candidates. On-chip control and readout is 
a key component to obtain the requested 
performance. Ideally, the qubits must operate at very 
low temperature, in an environment with low 
dissipation to preserve the coherent behaviour, with 
control and readout circuit placed as close as 
possible, preferably integrated on-chip [3.2-36]. 
These requirements are fulfilled by single-flux-
quantum digital circuits, which are fast, scalable, 
require a very low power and share the same 
Josephson junctions as the same active elements 
[3.2-37]. 

The integration of the readout SQUID and the 
bolometer on the same wafer simplifies the wiring 
drastically [3.2-34] and the complete device is 
smaller because of the better integration of all 
components. Fig. 3.2-6 shows a layout of a hybrid 
implementation combining the detector and the 
readout SQUID, developed at IPHT Jena. 
Additionally, merging the manufacturing 
technologies promises to simplify the fabrication 
process. Since the total power dissipation should be 
less than 1 mW, it might even be possible to fabricate 
a complete monolithic IC that incorporates both the 
detector focal plane array and the superconducting 
readout electronics. Such a chip would normally 
operate at T = 4.2 K, although it should operate 
equally well at the reduced temperatures below 1 K, 
typical for many detectors.  

 

 

 

Fig. 3.2-7 Concept for RSFQ control and readout circuits for 
interfacing a flux qubit [3.2-37]. 

 
At very low temperature the tolerable dissipated 

power is severely limited by the low refrigerating 
power of dilution refrigerators close to the base 
temperature. As a result, building an on-chip RSFQ 
circuit to control and read out qubits requires a new 
optimization procedure, a new layout design and a 
new fabrication process [3.2-38]. 

 

Fig. 3.2-6 Layout of one bolometer pixel with the integrated first-
stage SQUID on the right hand side. This cell fits on a hexagonal 
grid of about 4 mm side length (IPHT). 

3.2.4. Impact of superconducting digital circuits and 
outlook on future development  

The optimal solution would be a digital 
multiplexer and digital readout electronics for 
superconducting sensor arrays, digitizing the signal in 
the cryogenic environment. This concept offers 
significant advantages in terms of reduced noise and 
increased flexibility, particularly as the arrays 
become larger. Similar to present digital cameras 
CCD sensors, the data interface of such a system will 
be a serialized digital output for an array of many 
detectors.  

 
Due to the necessity of cooling to 4 K, application of 
RSFQ technology is only motivated for tasks that are 
impossible or ineffective using semiconductors. 
Currently even with the moderate integration density 
available in today's fabrication technology, low-
power signal and data processors and switches with  
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Tab. 3.2-1 Evaluation summary of one particular application field 

Open questions Expected impact Development status today Low risk 
development steps 

General physical 
limits   

700 GHz clock frequency of a static 
divider 

Advanced process
100 GHz 

Nb gap of  
700 GHz 

High density memory Quality of service 
improve in 
telecommunication 
systems 

Bias current recycling 
35 GHz clock frequency of LSI circuit 9 metal layers Flux trapping 
104 Josephson junction yieldable 
integration density 

0.5 μm feature 
size 

Thermal jitter Petaflop computing 

60 GHz chip-to-chip communication  

  no research issues 
required 

 how can existing 
question marks be 
removed 

All Digital Receiver, Hypres Inc USA   New architectures and 
devices 

 

speed equivalent to 20 to 40 GHz clock frequency 
appear realistic. This technology status makes 
possible demonstrations and various niche 
applications in (predominantly military) 
communications, and perhaps also in signal 
processing and switching for commercial wireless 
networks. Were it possible to penetrate the 
commercial wireless communication community, a 
sizable niche market could develop. Massive serial 
computing and data switching appears possible in 
principle, but would require a dramatic increase in 
the level of resources, both manpower and funding, 
compared to what this technology enjoyed in the past. 
This would lead to the creation of the necessary 
professional infrastructure and thus to the removal of 
existing technological obstacles. 

RSFQ outperforms all existing digital technology 
in speed and power. However, RSFQ technology also 
has several limitations. Some arise from the relative 
immaturity of the technology, and some are inherent. 
The major maturity-related problem is yieldable 
integration density.  

In all applications advanced processing 
technology will allow more complex circuits on the 
chips. Still larger circuits must use the multi/chip 
module (MCM) technique. Regarding 
supercomputing, only technological breakthroughs 
and the infusion of sizable and stable financing could 
enable true VLSI on chip.  

Inherent limitations of superconducting digital 
circuits include flux trapping, bias current 
distribution, noise-induced jitter and heavy use of 

active elements for signal propagation. Altogether 
these factors limit complexity of reliable circuits. 
Architectures and logic most suitable for processing 
SFQ pulse should be further explored. 

 

Hybrid technologies, e.g., involving CMOS, 
should be chosen to take advantage of the strengths 
of superconducting logic, while sidestepping the 
weaknesses. Further work is needed on two-way 
hybrid interfaces with room temperature circuitry, 
and on integration with suitable 4 Kelvin cryo-
coolers.  
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Tab. 3.2- 2. Timeline for Digital Electronics Development 

Digital SE

Basic R&D

Basic R&D

Basic R&D

Basic R&D

Applied R&D

Applied R&D

Applied R&D

Applied R&D

Applied R&D

First Appl.

First Appl.

First Appl.

First Appl.

First Appl.

Mature Appl.

Mature Appl.

Mature Appl.

Mature Appl.

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Sensor Interface

Memory

Microprocessor

DSP

ADCs
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3.3. Magnetic Field Sensors and ultra-low Noise 
Amplifiers 

3.3.1. Introduction 
Superconducting quantum interference devices 

(SQUIDs) are the most sensitive detectors of 
magnetic flux variations. In principle, every physical 
quantity which can be converted into magnetic flux 
can be measured with SQUIDs, e.g. magnetic 
induction or electrical current. SQUIDs are fabricated 
using sophisticated thin-film deposition and 
patterning techniques and have to be cooled to 
operational temperatures of about 4 K (Low-Tc 
SQUIDs, LTS SQUIDs) or about 77 K (High-Tc 
SQUIDs, HTS SQUIDs), which correspond to the 
boiling temperatures of liquid helium or liquid 
nitrogen, respectively. To operate the SQUIDs, 
sensitive and sometimes complex read-out electronics 
are required. Several different SQUID read-out 
schemes have been developed. Their limits and trends 
will be discussed briefly in this section. 

Because of the high sensitivity of SQUIDs their 
full potential can be exploited only if electromagnetic 
interference is suppressed effectively. SQUID 
magnetometer systems including noise suppression 
and cryogenics are fairly expensive and, therefore,  
they will be utilized only in those applications where 
ultimate sensitivity is needed. The main application 
fields are described in this chapter, with a focus on 
novel measuring techniques. For a more detailed 
description of applications mentioned in this roadmap 
please see [3.3-1]. 

3.3.2. SQUID devices and concepts 

3.3.2.1. Dc and rf SQUIDs 
Dc SQUIDs consisting of a superconducting loop 

with two Josephson junctions are magnetic flux (Φ)-
to-voltage (V) converters with a non-linear, periodic 
V-Φ characteristic. Rf SQUIDs with only one 
junction in the loop have a similar characteristic but 
the output voltage is in the MHz or even GHz regime. 
Although in the past rf SQUIDs were widely used, 
more recently dc SQUIDs have become the most 
(commercially) exploited SQUID type, especially in 

multichannel systems. For systems where a high 
dynamic range and a wide bandwidth are required 
dc SQUIDs dominate the field.  

An overview of SQUID research and development 
in Europe has recently been published by Braginski 
and Donaldson [3.3-2] 

3.3.2.2. Relaxation Oscillation SQUIDs 
Relaxation Oscillation SQUIDs (ROSs) or Double 

ROSs (DROSs) based on dc SQUIDs with hysteretic 
I-V characteristics are an alternative to standard 
dc SQUIDs. They exhibit very high transfer 
coefficients ∂V/∂Φ allowing the use of simplified 
direct-coupled read-out electronics. DROSs have 
been developed and intensively investigated by the 
Twente group and are used e.g. in biomagnetic multi-
channel systems and gravitational wave detectors 
[3.3.-3]. The Korean metrology institute KRISS 
manufactures a considerable number of 
magnetoencephalography systems using this SQUID 
type [3.3.-4] which are widely distributed in Asia.  

3.3.2.3. Digital SQUIDs 
In today’s SQUID systems, the output signal of 

analog SQUID read-out electronics is digitized using 
high-resolution A/D converters. A lot of research has 
focused on developing completely digitized feedback 
loops where the error signal of the SQUID is 
digitized, then integrated by means of a digital signal 
processor and fed back into the SQUID via high-
resolution D/A conversion. Furthermore, the dynamic 
range of the SQUID system can be increased easily 
by implementing a flux quanta counting procedure in 
the digital SQUID electronics utilizing the periodicity 
of the SQUID magnetic flux-to-voltage transfer 
function. It should be mentioned here, that flux 
quanta counting can be used for analog SQUID 
feedback loops as well.  

The digital SQUID concept is particularly 
attractive if it is combined with RSFQ techniques. In 
this case the feedback loop can be set up on chip at 
cryogenic temperatures avoiding the transmission 
line delay between SQUID and room temperature 
electronics, enabling very fast SQUID systems 
[3.3.-5]. Low-temperature FLL schemes allowing for 
wide bandwidth operation have been recently realized 
using analog SQUIDs (see chapter 3.3.4). 
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3.3.2.4. SQIFs  
Superconducting Quantum Interference Filters 

(SQIFs) are novel devices consisting of arrays of 
individual SQUID loops of statistically varying loop 
size. In contrast to conventional dc SQUIDs, the 
voltage-flux characteristics of such a SQIF is no 
longer a periodic one but has a single peak which 
allows absolute magnetic flux measurements. This 
opens novel applications in magnetometry [3.3-16]. It 
has been demonstrated that these devices can be 
realized even with HTS technology on bicrystal 
substrates [3.3-17]. Furthermore, these devices are 
attractive for low-noise amplifiers. Following on 
from the concept of superposition of SQUID 
characteristics with different periodicity in a SQIF, 
SQUID arrays with different signal coupling to the 
individual SQUID loops of equal size have been used 
in absolute dc current sensors [3.3-18].  

3.3.2.5. HTS and LTS SQUIDs 
As mentioned above, HTS and LTS SQUIDs use 

different superconducting materials in the SQUID 
fabrication process. In the 90s a lot of effort was put 
worldwide into the development of an appropriate 
junction technology using HTS thin-films. Although 
industrial fabrication of high quality HTS thin-films 
could be realized even on large substrates (THEVA), 
an adequate junction fabrication process allowing the 
reproducible fabrication of a number of junctions in 
any location on a (cheap) wafer is still missing. The 
combination of thin-film devices with 
superconducting wire-wound antennas or leads, 
which is routinely used in Nb-based LTS technology, 
is not available for HTS which is a serious restriction 
for a number of applications. Aging of HTS sensors 
is still a problem. 

The operation of HTS SQUIDs even in a 
moderately noisy environment (as opposed to one 
with realistic noise levels) is much more challenging 
than with LTS SQUIDs because of flux trapping in 
the films. More complicated read-out schemes (e.g. 
ac biasing techniques for dc SQUIDs) have to be 
applied. In contrast to the situation for LTS SQUID 
where dc SQUIDs dominate the field, the rf SQUID 
concept is very attractive for HTS SQUIDs because 
of its design simplicity – only one junction, no 
bonding wires. Despite the fact, that most aspects of 

the properties of HTS SQUIDs (in particular if they 
are based on YBCO) have been intensively 
investigated and that the magnetic field resolution 
demonstrated is sufficient for many applications, 
HTS SQUIDs have not reached the performance 
initially predicted. A magnetic field sensitivity of 
<50 fT/Hz is typically achieved for single layer 
SQUIDs fabricated on 10 mm x 10 mm substrates 
and values <30 fT/Hz have been demonstrated. For 
comparison, with LTS SQUIDs values of. around 
1 fT/Hz can be routinely achieved on the same chip 
size using Nb-based multilayer techniques. Currently, 
only measuring systems equipped with one or a few 
sensors seem to make sense, e.g. for NDE. HTS 
SQUIDs are offered commercially only by a few 
companies (e.g. dc SQUIDs: [3.3-6], rf SQUIDs: 
[3.3.-7]). A good overview of HTS SQUID 
applications can be found in [3.3-8]. The recent 
development of alternative more or less competitive 
sensors (e.g. optical magnetometers) is also affecting 
this situation.   

Nowadays, LTS SQUID microfabrication is 
usually based on an all refractory Nb/AlOx/Nb thin-
film technology. There are some companies 
fabricating thin-films or complete superconducting 
devices to costumer’s specifications. In Europe the 
Fluxonics Foundry provides such services for the 
community [3.3-9]. 

Standard integrated dc SQUID magnetometers or 
gradiometers with high sensitivity are commercially 
available. In contrast to HTS SQUIDs, LTS SQUID 
current sensors offer the possibility to build 
magnetometers and gradiometers of high flexibility 
using wire-wound pick-up coils. Superconducting 
LTS bonding technology is routinely mastered. 

3.3.2.6. SQUID amplifiers 
The SQUID amplifier is an enabling technology 

for a number of basic research experiments, e.g. read-
out of radiation detectors, the detection of 
gravitational waves, highly sensitive NMR and 
susceptometry at low and ultra-low temperatures. 
When detecting extremely small amounts of energy 
in such experiments, SQUIDs have to be operated in 
complex low-temperature cryostats. This requires 
sensors which are very robust against electromagnetic 
interference. Meanwhile, extremely balanced 
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gradiometric designs enable unshielded operation of 
SQUID current sensors, which can be mounted for 
exampledirectly on the low-temperature platform of 
mK-cryostats [3.3-10]. 

In general, one sensor type cannot fit all these 
applications. For very specific experiments, SQUIDs 
have to be developed and designed for the particular 
experimental setup. State-of-the-art SQUID 
amplifiers are complex devices with up to several 
hundred of single SQUIDs and a number of auxiliary 
components and supporting circuits such as filters 
and current limiters integrated on chip offering 
unique performance (see Figure 3.3-1). 

Customized devices such as these are 
commercially available, from European [3.3-11, 
3.3-12] and North American [3.3-6, 3.3-28, 3.3-29] 
suppliers. 

So, it is of great importance for future research 
activities or projects in the European Society to have 
a superconducting technology available which 
enables the fabrication of such elaborate SQUID 
designs (see also [3.3-9]).  

 

Fig. 3.3-1. Layout (a) and basic circuit diagram (b) of an integrated 
2-stage LTS SQUID current sensor (PTB) . 

3.3.2.7. Parametric SQUID amplifiers 
Development activities for the readout of large-

format arrays of radiation detectors have triggered 
renewed interest in non-hysteretic rf SQUIDs or 
microwave SQUIDs, sometimes called ac SQUIDs, 
which can be used as parametric amplifiers. Its 
concept - a flux-variable, non-hysteretic inductor 
formed by an undamped Josephson junction 
interrupting a superconducting loop - was originally 
described by K.Likharev [3.3-13]. In particular, in the 
context of low-temperature superconducting detector 
readout, parametric SQUID amplifiers are an 
appealing approach [3.3-14, 3.3-15]. Like traditional 
rf SQUIDs, an ac SQUID is read out in a resonant 
tank circuit, enabling parametric amplification at 

microwave frequencies. In doing so, the parametric 
SQUID amplifier benefits from the excellent noise 
and dynamics performance of state-of-the-art high 
electron mobility transitor (HEMT) amplifiers. 
Moreover, frequency domain multiplexing is natural. 
The parametric SQUID amplifier is purely reactive, 
i.e., signals can be sensed without dissipating any 
power in the SQUID itself. This is of practical 
importance as cooling power at very low operating 
temperatures is limited. 

3.3.3. SQUID Applications 

3.3.3.1. Medical and biochemical diagnostics 
The ultimate sensitivity of SQUID magnetometers 

enabling detection of magnetic fields as weak as a 
few fT gives rise to research activities in 
biomagnetism, nuclear magnetic resonance imaging, 
magnetic marker based methods and others. Although 
biomagnetic measurements, mainly magneto-
cardiography (MCG) and magnetoencephalography 
(MEG), can be performed using (commercially 
available) multi-channel SQUID systems, novel 
techniques like low-frequency nuclear magnetic 
resonance imaging (lf-MRI) and magnetic marker 
based methods require novel SQUID sensors which 
are extremely robust against interfering magnetic 
fields. Therefore, the development of these methods 
and adequate instrumentation must be accompanied 
by developing novel SQUID sensors as well in order 
to become of practical clinical importance. 

Biomagnetism 
Magnetocardiography 
A lot of work has focussed on the introduction of 

MCG to clinical practice. However, although it has 
been demonstrated that MCG provides at least the 
same information obtained by electrocardiography 
(ECG) and additional information can be obtained, 
MCG  is yet to become a widely accepted clinical 
tool. A major problem is the availability of 
reasonably priced, easy to use and high throughput 
imaging systems that would e.g. allow for accurate 
cardiac risk analysis. 
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Fig. 3.3-2. Multi-channel MEG systems installed worldwide 
[3.3-1]. 

. The expectation that HTS SQUID systems could 
meet these requirements has not become a reality yet 
because of the lack of a mature HTS SQUID 
fabrication technology as pointed out in section 3.3.2. 
Meanwhile several companies on the market are 
addressing this issue with medium-scale LT SQUID 
systems, e.g. [3.3-19], [3.3-6].  

MCG instrumentation for fetal heart diagnostic 
and small animal investigation is more promising, 
because strong competition of well established 
electrocardiography tools is not present in this field 
[3.3-20, 3.3-21]. The development of appropriate 
systems which can be operated in real or moderately 
magnetically shielded environment is under way 
[3.3-22].  

 
Magnetoencephalography 
MEG has become a powerful tool for studying 

brain function and brain disorders. A continually 
growing number of large multi-channel LT SQUID 
systems have been installed worldwide (see 
Figure 3.3-2).  

The trend is to combine the very effective MEG 
technique for tracking brain activity with alternative 
or complementary techniques to provide an overall 
more accurate description of cerebral function. A 
very attractive approach is the combination of low-
field MRI (see next section) and MEG in a single 
system to measure neural activity and anatomical 
features simultaneously [3.3-23]. 

 

 

Fig. 3.3-3. Commercial LT SQUID MEG system providing  
sophisticated 3D mapping of brain activity, (coutesy of [3.3-24]) 

 

NMR and MRI at weak magnetic fields 
Magnetic Resonance Imaging MRI based on 

Nuclear Magnetic Resonance NMR is an imaging 
technique and a powerful clinical diagnostic tool. 
Usually, the strong magnetic field of about 1,5 T 
which is used in MRI systems is generated by very 
expensive superconducting magnets. Meanwhile 
systems with much higher magnetic fields have 
become available, e.g. a 7 T scanner. SQUIDs allow 
for the detection of NMR signals in mT fields and 
below and therefore low-frequency (lf) MRI systems 
are enabled. Meanwhile full brain images and 
simultaneous detection of MEG signals and NMR in 
µT-fields have been demonstrated by the Los Alamos 
group [3.3-25]. Beside the opportunity for combined 
MEG and lf-MRI instrumentation as described in the 
previous chapter, lf-MRI seems to be very promising 
for imaging tumors, e.g. breast and prostate tumors 
because of enhanced T1-contrast in µT-fields 
[3.3-23].  

Lf-NMR spectroscopy is an upcoming analytical 
tool with great potential for the investigation of 
molecules in organic liquids and other materials 
which is also of importance for security applications 
(see section 3.3.5) 

In order to enhance the signal-to-noise ratio in lf-
NMR and MRI prepolarizing fields are used which 
extend the detection field by several orders of 
magnitude. The trend to higher prepolarizing fields 
which are already in the mT range is a challenge for 
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the design and technology of the SQUID based 
sensors used in these experiments because flux 
trapping in superconducting structures and 
superconducting thin films are limiting factors. The 
sensors are not required to operate during the 
application of the prepolarizing field but have to be 
switched to the sensing mode as quick as possible 
immediately after the prepolarizing field is switched 
off.  

 

Fig. 3.3-4. Low-field NMR setup (PTB). The polarization field 
generated magnetization along the y axis by the large Helmholtz 
coils. After switching off the polarization field ,sample 
magnetization begins to precess about the z axis of the detection 
field which is produced by a small field coil containing the sample 
below the cryostat. The LF-NMR setup is operated in a 
magnetically shielded room. 

 

Magnetic Shielding 
Another limiting factor especially for high 

resolution lf-NMR and MRI is the suppression of 
magnetic interference. Usually magnetically shielded 
rooms consisting of several layers of mu-metal are 
used. There some European suppliers and very 
heavily shielded rooms available for experiments, but 
not only the shielding factor is of importance. For 
high-resolution spectroscopy where the natural line-
width of molecules will be exploited the residual field 
in the shielding has to be very homogeneous. This 
requires a very sophisticated knowledge about the 

magnetization processes in mu-metal and the 
development of effective demagnetization 
procedures. 

Heavily shielded mu-metal rooms are very 
expensive and have high demands on the construction 
site. So, the development of alternative shielding 
methods is essential for commercial systems. Active 
field compensation and superconducting shields are 
possible approaches in combination with effective 
electronical and software noise reduction [3.3-22]. 

Magnetic Nanoparticles 
In recent years, there has been an increasing 

interest in investigating the potential of magnetic 
nanoparticles that are dressed with bio-molecules 
such as antibodies or antigens for Immunoassays 
[3.3-29, 3.3-30]. Different magnetic relaxation 
(MRX) phenomena which are detected with the 
SQUID magnetometers can determine if there has 
been a reaction or not with a resolution that is 
presently a factor of 10 better than the commonly 
used ELISA (Enzyme-Linked Immunosorbent 
Assay). The expected performance of these and other 
SQUID based systems have a resolution of maybe 
two orders of magnitude better than ELISA. 
Furthermore, it is proposed to use SQUIDs to 
determine the possible spread of cancer cells in the 
lymphatic system by using tagged magnetic 
nanoparticles and one could envision drug delivery 
agents tagged by magnetic particles where the drug 
accumulation could be verified by SQUID detection 
once they reach their targets. Both, LTS and HTS 
devices are of interest here, because such 
measurement systems require only a small number of 
sensors. The trend goes to high-throughput systems 
and instrumentation which can achieve a spatial 
resolution of MRX Even for those applications 
sensors that can resist large prepolarizing magnetic 
fields are required. 

Currently, the bottleneck to the application of this 
diagnostic technique is not the status of the magnetic 
sensors but the availability of adequate functionalized 
magnetic nanoparticles.  

3.3.3.2. Read-out of Radiation Detectors 
SQUIDs are widely used to read out a certain class 

of highly sensitive detectors for cryogenic photon 
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detection. These detectors are namely super-
conducting transition edge sensors (TESs), magnetic 
microcalorimeters (MMCs) and hot-electron 
bolometers (HEBs) [3.3-31]. Here, SQUIDs are used 
as sensitive and fast low-power current sensors which 
are compatible with the very low (< 1 K) operating 
temperatures of TESs and MMCs. Furthermore, a 
SQUID current sensor with a superconducting input 
coil is very well suited to obtain impedance-matching 
to the typically low impedance TESs and MMCs. 

Large ground based, air-borne, and space 
telescopes will be equipped with large multi-pixel 
sensor arrays of up to several thousands elements 
which requires SQUID-multiplexing techniques. 
Several multiplexing schemes are currently under 
test. Sensor systems for sub-millimeter, infrared and 
X-ray detection are under construction.  

These applications are strong drivers for the 
development of integrated SQUID read-out circuits 
with increasing complexity. Novel concepts are under 
investigation to meet the extreme requirements 
regarding the dynamic range of the SQUID based 
read-out of superconducting photon detectors, e.g. 
TESs. One approach is to operate conventional 
semiconductor based electronics near the amplifier 
SQUID at low-temperature. The drawback of this 
solution is the increased power dissipation at the low-
temperature level which has to be compensated by 
cooling, typically about 10 mW per channel, but even 
values below 1 mW could be achieved with 
cryogenic bipolar transistor amplifiers [3.3-32]. This 
is in particular a limiting factor when using 
cryocoolers. A more recent approach is a SQUID 
based linearization scheme. When this so-called 
current-sampling feedback [3.3-33] or output current 
feedback [3.3-34] is integrated on the amplifier 
SQUID chip, a drastically increased dynamic range is 
obtained at the expense of a moderate increase in 
power dissipation (ca. 10 nW).  

3.3.3.3. Security applications 
THz cameras similar to the astrophysical 

instrumentation described in the previous chapter are 
promising tools for industrial and security 
applications.  

Another extremely sensitive future screening 
technology is based on ultra-low field magnetic 

resonance imaging (MRI), which detects the 
magnetic changes of individual materials at the 
molecular level. The data are compared with a 
database and allows the differentiation and 
identification of many materials that may be 
packaged together or separately for instance in carry 
on luggage. The goal is rapid hazard and narcotics 
identification even if they are enclosed in luggage or 
closed containers as well as increased automation of  
luggage inspection at transport centres and airports 
[3.3-35]. 

It is very important to initiate European research 
activities or projects to develop this enabling 
technology which will be tested for the first time at 
Albuquerque airport in 2009. 

3.3.3.4. Geophysical Sounding and Archeology 
SQUIDs and their extreme sensitivity to magnetic 

field and its gradients have important applications in 
geophysics. Two main techniques have been 
developed to date. Of these, passive methods map the 
Earth’s magnetic field and anomalies. These 
anomalies are directly (e.g. iron, chromium, 
diamonds) or indirectly (e.g. platinum, gold) related 
to minerals, natural oil and gas deposits, volcanic 
dykes and other structures and the knowledge is used 
for exploration and mine planning and improves the 
efficiency of natural resources usage. In addition, 
unexploded ordnances, shallow underground landfill 
or ancient remains (archeology) can also be detected 
[3.3-36]. 

The goal of active methods is to provide 
information about conductive layers below the 
surface for depths of up to a few kilometers. 
Excitations in different frequency ranges (e.g. MT, 
TEM, AMT, CSAMT) are used to determine the 
electrical conductivity of Earth’s rocks and sediments 
in order to understand tectonic processes and 
geologic structures as well as other environmental 
aspects like ground water and shallow disposal sites. 
Customized LTS and HTS SQUID TEM systems are 
commercially available [3.3-11]. 

LTS SQUID sensors play an important role in the 
field of portable gravity gradiometers as detectors for 
movement of test masses, and this is of great interest 
in geophysics today as a way of measuring density 
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differences in the surface. Worldwide there are no 
appropriate systems available today. 

 

 

Fig. 3.3-4. Air borne SQUID system for geophysical sounding 
(IPHT Jena). 

 

3.3.3.5. Nondestructive evaluation 
Nondestructive evaluation of materials, e.g. 

aircraft parts, nuclear plants, steel reinforced concrete 
structures, electronic chips, is a challenging field for 
SQUID based instruments. The high sensitivity and 
wide dynamic range of SQUIDs permit faults, cracks, 
electrical defects, impurities etc to be detected; the 
presence of which can cause malfunction or even 
catastrophic fatigue failures. Active techniques, such 
as eddy current scanning methods and passive 
detection techniques such as detection of metallic 
particles in food are being investigated [3.3-37].  

HTS SQUIDs have been intensively tested in these 
applications because such NDE systems are equipped 
only with a few sensors. Nevertheless, the need of 
cryogenic equipment is still an obstacle for practical 
use. Practical LTS SQUID based eddy current NDE 
systems and services are meanwhile provided on a 
commercial basis [e.g. 3.3-38]. 

3.3.3.6. SQUIDs for nanoscience and  microscopy 
Science and industry demand ever more sensitive 

measurements on objects in the micro- and nanoscale, 
as exemplified by spintronics, nanoelectromechanical 
systems, spin-based quantum information processing, 
where single electron spin detection poses a grand 

challenge. NanoSQUIDs are being investigated to 
address these issues but it is quite difficult to realize 
such structures because the well established 
Josephson junction techniques exploited in state-of-
the-art SQUIDs cannot be easily adopted to these 
nano-scaled devices [3.3-45].  

The passive detection of the magnetization of the 
smallest structures, or actively generated magnetic 
fields in micro- and sub-micro-structures, by small 
SQUID devices is called SQUID microscopy [3.3-
39]. If the sample under investigation is at room 
temperature, these instruments require sophisticated 
cryostats which allow for a small sensor-to-sample 
distance. This distance is the limiting factor for 
spatial resolution even if micro-SQUIDs are used. 
HTS SQUIDs are well suited for microscopes 
because the cooling of these devices in small distance 
to the room temperature sample is much easier 
compared to LTS SQUIDs. They have great potential 
in particular for magnetic nanoparticle 
characterization using MRX (see chapter Magnetic 
nanoparticles).  

 

 

Fig. 3.3-5. Commercial LT SQUID NDE system for defect 
inspection of materials (courtesy of [3.3-38]) 

 

3.3.3.7. Measurement techniques and metrology  
Precise measurements have been the domain of 

SQUIDs for many years and the current progress in 
nanoscale science and technology will open the door 
for new applications of these sensors. A detailed 
discussion of the limitations placed by the SQUID on 
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the measurement has been given by J. Gallop 
[3.3-40]. 

Reference systems 
The evaluation and calibration of systems based 

on magnetic measurement techniques which will be 
introduced into the market, often requires extremely 
sensitive reference systems enabling tracebility to 
internationally agreed measurement standards.. This 
is particularly true for the novel biomagnetic tools 
and magnetic nanoparticle characterization. SQUIDs 
are essential for such reference measurements even if 
the systems used in practice exploit less sensitive 
detectors. 

Cryogenic Current Comparators  
For the maintenance and dissemination of the 

electrical units, e.g. the unit of the electrical  
when comparing currents by using so called 

cryogenic current comparators (CCCs). In particular 
these devices are of importance for electrical 
quantum metrology (see section 3.4) [3.3-41] or 
[3.3-42]. 

SQUID based thermometry 
Measuring low temperatures in laboratory 

instrumentation is often performed using calibrated 
resistive thermometers. Superconducting fixed point 
devices supporting the temperature scale PLTS 2000 
above 15 mK are commercially available [3.3-43].  

 As an alternative, noise thermometers based on 

the statistical thermal motion of conduction electrons 
in resistors are very attractive devices. Depending on 
the SQUID read-out technique, current sensing noise 
thermometers or magnetic field fluctuation 
thermometers have been investigated [3.3-44]. These 
thermometers will be developed further to address the 
temperature range below 1 mK.  
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3.4. Fundamental Metrology  

The transfer of quanta across suitable junctions 
enables important applications of superconductor 
electronics in metrology, i.e. for high-precision me-
asurements. In particular, the magnetic flux quantum 
Φ0 and the single charge e (or 2e for Cooper pairs) 
are of unique interest due to their relations to voltages 
and currents, respectively. Some fundamentals and 
applications of these macroscopic quantum phenom-
ena are described in the following sections.  

3.4.1. Quantum standards for voltage and power  
Voltage metrology is based on the AC Josephson 

effect [3.4-1]. Constant-voltage steps are generated in 
the current-voltage characteristic of Josephson 
junctions under microwave irradiation. The voltage 
levels of these steps Vn = n · Φ0 · f are determined by 
the microwave frequency f, the flux quantum Φ0, 
which is composed of the ratio of two fundamental 
constants (Planck’s constant h and the elementary 
charge e), and an integer n for the order of the step. 
The voltage V is nothing more than the transfer rate 
of flux quanta across the Josephson junction, which 
shows the quantum nature of the voltage generated. 
Because frequencies can be measured with extreme 
precision by atomic clocks, Josephson junctions 
enable the generation of reference voltages at a 
similar level of precision.  

A single Josephson junction operated at 73 GHz 
generates a voltage of 150 µV for the first order 
constant-voltage step. Large series arrays containing 
thousands of junctions have been developed within 
the last two decades to realize modern Josephson 
voltage standards having output voltages up to 10 V 
for practical applications [3.4-2 – 3.4-6]. The tech-
nology used to fabricate these devices is described in 
section 4.  

Conventional Josephson voltage standards 
Conventional Josephson voltage standards aim for 

DC applications. The series arrays consist of up to 
20,000 under-damped Josephson junctions with a 
strongly hysteretic current-voltage characteristic and 
overlapping current ranges of the constant-voltage 
steps. The junctions used are SIS tunnel junctions 
(S: Superconductor, I: Insulator). The uncertainty of 

voltage measurements is below 1 nV (i.e. a relative 
uncertainty below 10-10 at 10 V) for a direct 
comparison of two Josephson voltage standards at 
room temperature [3.4-7]. High-precision measure-
ments of constant-voltage steps generated by two 
Josephson junctions have validated the Josephson 
voltage to frequency relation down to a relative 
uncertainty of about 3 × 10-19, making this one of the 
most accurately determined relationships in physics 
[3.4-8]. The relative uncertainty for calibrations is 
typically above 5 x 10-8, determined by the quality of 
the device under test, i.e. the calibrated instrument. 
Conventional Josephson voltage standards are now-
adays routinely used by more than 50 laboratories 
world-wide for DC calibrations and related 
applications (cf. Fig. 5.6).  

Programmable Josephson voltage standards 
The increasing demand, not only for DC voltages 

with fundamental precision, but also for highly 
precise AC voltages has stimulated the development 
of other kinds of Josephson junctions. As the 
overlapping constant-voltage steps of conventional 
Josephson voltage standards prevent fast and specific 
switching between steps, which is required for 
applications of precision AC voltage metrology, 
overdamped Josephson junctions have been 
increasingly investigated in the last decade. Due to 
their non-hysteretic current-voltage characteristics, 
single-valued constant-voltage steps are generated by 
microwave irradiation. Overdamped SNS or SINIS 
Josephson junctions are widely used for these 
applications (S: Superconductor, I: Insulator, 
N: Normal metal). 

Suitable external bias electronics enable rapid 
switching between the different constant-voltage 
steps of the junctions. If the series arrays of N 
junctions is divided into segments containing 
numbers of junctions belonging e.g. to a binary 
sequence and the junctions are operated on the zeroth 
and first order steps, any number of junctions 
between –N and +N can be active at a given instant 
and add to the desired reference voltage. This type of 
binary-divided series arrays based on overdamped 
Josephson junctions is the main feature of a 
programmable voltage standard.  

While conventional Josephson voltage standards 
are typically operated using microwaves around 
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Josephson Arbitrary Waveform Synthesizer 70 GHz, 1-V circuits for programmable voltage 
standards have been constructed for two frequency 
ranges containing 32,768 SNS junctions for operation 
around 15 GHz [3.4-9] and 8,192 SINIS junctions for 
operation around 70 GHz [3.4-10], respectively. 
Besides these 1-V circuits, the first 10-V circuits 
have been developed and operated successfully at 
PTB [3.4-11]. As the fabrication of 10-V series arrays 
is very complicated due to the enormous number of 
about 70,000 sensitive SINIS junctions, only single 
70-GHz chip devices were successfully used to 
generate 10 V AC voltages for metrological purposes 
[3.4-11]. An improved junction technology based on 
SNS junctions is under development for achieving a 
better fabrication yield (cf. Fig. 3.4-1 and 3.4-2 and 
section 4) [3.4-12]. The first 10-V SNS series arrays 
based on NbN for operation at 10 K were realized in 
Japan [3.4-13].  

The Josephson arrays described in the previous 
sections are biased with sinusoidal microwaves. A 
more fundamental approach for an AC Josephson 
voltage standard is a series array of overdamped 
Josephson junctions (typically SNS) biased with a 
coded train of short current pulses [3.4-16]. While a 
sinusoidal microwave drive allows correct operation 
only close to the characteristic junction frequency, 
the pulse operation is not subject to a restriction con-
cerning the pulse repetition rate. The train of pulses 
controls the number of flux quanta transferred across 
the Josephson junctions at any time and thus the 
output voltage and its time dependence. Pulse-driven 
Josephson arrays enable the synthesis of arbitrary 
waveforms. The most promising versions of this 
Josephson Arbitrary Waveform Synthesizer generate 
bipolar voltages that require bipolar drive pulses, 
which can be generated using different methods [3.4-
17 – 3.4-21]. A second-order sigma-delta modulator 
is typically used to generate the pulse code for the 
desired waveforms. The most developed version has 
demonstrated RMS voltages up to 275 mV [3.4-22]. 
The frequency spectrum of synthesized arbitrary 
waveforms is limited only by the digitization 
algorithm; the AC voltages are intrinsically accurate, 
just as for DC voltage standards.  

 

 

 

Fig. 3.4-1. Current-voltage characteristic of a 10-V series array 
consisting of 69,632 SNS Josephson junctions under 70-GHz 
microwave irradiation. The width of the constant-voltage step is 
above 1 mA, which guarantees correct AC operations [3.4-12]. 

The first important applications of binary divided 
arrays have been successfully demonstrated. The 
most promising ones are based on sampling methods, 
because they avoid the limitations of synthesized 
waveforms because they are designed to act as a 
digital-to-analog converter (i.e. non-quantized 
voltage levels during switching on and off between 
different segments and a frequency spectrum 
containing higher harmonics). Examples are the 
AC quantum voltmeter [3.4-14] and the primary 
power standard [3.4-15].  

 

Fig. 3.4-2. 1-V (top) and 10-V Josephson series array consisting of 
8,192 and 69,632 SNS junctions, respectively. 

 
First applications have been successfully 

demonstrated, such as calibration of thermal voltage 
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converters [3.4-23], the characterization of the stabil-
ity of a commercial calibration source [3.4-22] or the 
use for Johnson noise thermometry systems [3.4-24].  

3.4.2. Quantum standard for current and capacitance  
Single charge, i.e. single electron tunneling (SET) 

and single Cooper pair (SCP) devices driven by ex-
ternal ac signal of frequency f allow the generation of 
electric currents of magnitude I = n⋅e⋅f, where n = 1 
for SET devices and n = 2 for SCP devices. This 
possibility is important for metrology, because it 
opens the way to definition of the electric current via 
the electronic charge e and frequency f. Conventional 
metallic SET devices, the so-called electron pumps, 
comprising a serial array of 5-7 small identical 
metallic tunnel junctions in the normal state, possibly 
with on-chip resistor, enable currents of magnitude 
not higher than several picoamps. The accuracy in 
achieving the relation I = e⋅f, can meet the present 
requirements of metrology, i.e. to be about 10 parts in 
109. Although this value of current is insufficient for 
carrying out comparison of currents (using, for 
example, a cryogenic current comparator) at 
sufficient accuracy, the circuit can be used in the 
quantum standard capacitance setup. In this setup a 
stable cryogenic capacitor is charged by a well-
defined large number (N ~ 107) of electrons, corre-
sponding to N cycles of the periodic drive, and the 
voltage V across this capacitor makes it possible to 

define the capacitance via the relation C = N⋅e/V. 
Larger values of single charge current can be 
achieved in metallic circuits including supercon-
ductor components. The recently proposed SNS- and 
NSN-type turnstiles based on hybrid single electron 
transistors with tunnel junctions having supercon-
ductor (S) and normal metal (N) electrodes. The 
speed of operation of these devices can be made one 
order of magnitude higher than in traditional SET 
pumps, which results in values of current in the range 
from 10 pA to 100 pA. Further increase of current 
may be achieved in the single Cooper pair device, i.e. 
the array of small Josephson junctions enabling a 
driven motion of 2e-solitons, or in the microwave-
frequency driven quantum phase slip device (see Fig. 
3.4-3).  

3.4.3. Impact of quantum standards and outlook on 
future developments  

In the field of metrology, i.e. in high-precision 
measurements, quantum phenomena have 
increasingly gained in importance in recent years. 
Reference of units to artefacts (i.e. tools created by 
humans) has been replaced by reference to funda-
mental constants. These quantum standards provide 
uniform measuring capabilities independent from 
space and time. Nowadays, two of the most important 
electrical units are already reproduced very success-
fully by quantum standards: the unit of voltage, the 

 

Fig. 3.4-3. The ranges of constant electric current sustained by frequency-driven single-charge devices and suitable for quantum standards of 
capacitance and current. The metallic single-charge circuits enabling currents of gradually increasing magnitude are single electron R-pump 
[3.4-25], SNS and NSN turnstiles [3.4-26], Cooper-pair solitons array [3.4-27], and superconducting quantum phase slip device (QPS) 
[3.4-28]. 
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volt, by the Josephson effect, and the unit of 
resistance, the ohm, by the Quantum Hall effect. A 
quantum standard for the unit of current, the ampere, 
is under development.  

 

Voltage, resistance, and current form the so-called 
metrological triangle shown in Fig. 3.4-4. The 
ultimate goal of research related to the metrological 
triangle is to base all three electrical quantities on 

quantum effects. This will enable the international 
system of units (SI) to be redefined and the kilogram, 
the last artefact, to be replaced by quantum standards 
[3.4-29]. 

Conventional Josephson voltage standards are 
nowadays routinely used by more than 50 
laboratories world-wide for DC calibrations and 
related applications. The traceability to a quantum 
standard ultimately enables precise and uniform 
measurements to be carried out in laboratories and 
workshops world-wide. Conventional Josephson 
voltage standards are currently commercially 
available from two companies. 

 

The use of Josephson voltage standards will be 
significantly broadened by the current development 
work on AC applications. Examples are the AC 
quantum voltmeter [3.4-14], the quantum power 
standard [3.4-15] or, in the long run, an easy-to-use 
quantum multimeter. These systems are intended to 
cover the frequency range from DC up to the MHz 
range with voltages up to 10 V. The pulse-driven 
version is of special interest, because it includes DC 
and AC reference voltage applications as well as 
arbitrary waveform synthesis over a very wide 
frequency range. The increase of the output voltage 

Fig. 3.4-4. The quantum metrological triangle applies Ohm’s law 
directly to electrical quantum standards [3.4-29]. 

Table 3.4-1: Status of different systems for metrological applications  

open questions expected impact systems development  low-risk develop-
ment steps  

general physical 
limits and typical 
linewidths  

status today  

conventional 
voltage standard 

1 V, 10 V, 
established, com-
mercially available; 

   status today: 
standard calibration 
tool 

≥ 10 µm  

in use world-wide 

world-wide use for 
improved AC 
metrology 

AC voltages below 
3 kHz (transients)  

Reducing the 
influence of the 
transients  

binary-divided 
voltage standard 

1 V,  improved arrays 
(10 V) first 10 V 

≥ 5 µm  established wide-
spread applications 

first applications 

 1 V or 10 V arrays  world-wide use for 
improved AC 
metrology 

pulse-driven 
voltage standard 

275 mV improved arrays, in-
crease of output 
voltage 

≈ 1 µm pure spectra 

first applications 
established wide-
spread applications 

realization of real 
current standards 

metrology; achievable 
accuracy of clocked 
currents in the pA 
or nA range 

pA range improved SET R-
pumps for the 
capacitance 
standard; hybrid 
NSN SET devices 

capacitance and 
electrical current 
standards 

new definition of 
physical units 
within the SI 

≤ 100 nm 
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to levels of 1 V or even 10 V is the main challenge of 
this development due to the requirement of homo-
geneously supplying a large number of Josephson 
junctions with a complex pulse drive. 

A promising alternative for the pulse pattern 
generator is the use of SE circuits for the pulse drive 
[3.4-31]. This so-called Quantum Synthesizer was 
recently investigated and realized in a multi-chip 
configuration consisting of an RSFQ pattern 
generator in LTS Nb technology, an amplifier in 
semiconductor technology, a Josephson junction 
series array as a quantizer, and a cryo-cooler. Circular 
shift registers serve as memory devices. A 128-bit 
circular RSFQ shift register memory for digitizing, 
memory, and further processing was designed to have 
signal processing speeds higher than 10 GHz, 
fabricated and tested [3.4-21].  

The first quantum current standards are able to 
provide quantum currents in the range of a few pA. 
But even these small reference currents have already 
been used for calibrating current standards based 
upon charging capacitors.  

Superconductor electronics is playing an important 
role for fundamental metrology and high-precision 
measurements as shown in Table 3.4-1. Devices 
based on superconductivity have resulted in quantum 
standards, which permit measurements at an accuracy 
level that can not be reached using room temperature 
instrumentation. Tab. 3.4-2 shows some expected 
developments in the field of high-precision measure-
ments and their timeline. In particular, improved 

Josephson voltage standards for low-frequency AC 
applications and improvements of capacitance 
standards are expected within the next 2 years. Goals 
for the next 5 years are improved pulse-driven 
voltage standards for output voltages up to 1 V and 
first real electrical current standards. The quantum 
multimeter, pulse-driven voltage standards for output 
voltages up to 10 V, and improved electrical current 
standards are expected within the next 5 to 10 years.  
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3.5. Artificial Atoms 

Quantum computing went from a purely 
theoretical concept to successful building of few-
qubit prototypes in rather short time. Wild hopes and 
profound skepticism often went hand-in-hand. A 
number of elegant proposals, feasible in principle, 
have run into technological difficulties (e.g., The 
Kane quantum computer [3.5-1]). Quantum error 
correction ensures that quantum computation is 
possible in principle, but it requires a large overhead 
in terms of additional qubits and operations. The 
scale of this overhead is extremely sensitive to 
uncontrollable assumptions about the character of 
decoherence in the system, and even in the best-case 
scenario, a practical realization of even small 
demonstration prototypes is not yet feasible [3.5-2]. 
On the bright side, one- and two-qubit quantum gates 
were successfully performed in solid-state based 
systems, in particular, in superconducting structures 
[3.5-3]. Superconducting structures are attractive due 
to their intrinsic protection against decoherence, 
compared to normal structures of comparable size, 
well-understood physics, and well developed design, 
fabrication and measurement techniques [3.5-4]. 

Successful realization of superconducting qubits, 
with a path to scalability and realization of quantum 
error correction (therefore “standard” gate-based 
quantum computing) requires substantial 
improvement of the qubit coherence times. On the 
one hand, intrinsic imperfections of the materials 

used for qubit fabrication induce decoherence. That is 
why the development of a new fabrication process 
based on low noise, high quality materials becomes 
one of the central themes for further research. On the 
other hand, the read-out of the quantum state by 
means of classical electronics is the second source of 
decoherence. This feedback should be minimized by 
choosing a proper detector. However, even with 
currently available techniques, there are less 
demanding approaches to quantum computing: so 
called adiabatic quantum computing [3.5-5] and 
approximate adiabatic quantum computing [3.5-6]. In 
these approaches, the system always remains in or 
close to the ground state, and its precise time 
evolution is not important (unlike gate-based 
quantum computing, which demands precise time-
domain control of each qubit’s operation). We 
therefore suggest that the research should be 
conducted in the direction of study decoherence 
mechanisms in the superconducting structures, 
improvement their measurements procedure as well 
as investigation multuqubit circuits and their 
operation in adiabatic or quasiadiabatic regime. Such 
quantum-coherent structures may be also useful 
outside the field of quantum computing (e.g., as 
quantum metamaterials [3.5-7]). The experience 
which European research institutions have in the 
theory of such structures, their design, fabrication and 
manipulation, ensures a high probability of success. 

Table 3.5-1: Status of Artificial Atoms 

development 
status today 

low risk development 
steps 

general physical 
limits 

open questions expected impact 

  

new generation of the 
information 
processing devices 

Existence of fundamental 
limits to scaling up 
quantum coherent circuits  

no fundamental limits to scaling 
up exist in accepted theory; none 
were so far found on experiment 

materials issues to 
improve qubits 
characteristics 

demonstrated 
physical 
principle 

 Quantum-classical 
transition 

new quantum coherent 
metamaterials 

 measurement issues to 
minimize feedback from a 
detector to qubit 

 Limits of validity of 
quantum mechanics 

  control issues to minimize 
feedback from control 
circuits/need in control 
circuits 

   Corrections to quantum 
mechanics   
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3.6. Passive Superconducting Microwave 
Components 

Superconductors show a very low surface 
resistance over a wide frequency range, mostly many 
orders of magnitude lower than that of copper. 
Copper becomes a better material only at very high 
frequencies (of the order of the gap-frequency of the 
individual superconducting material). This is due to 
the f1/2-dependence of its surface resistance on 
frequency, whereas superconductors in general show 
an f2-dependence. The crossover between the surface 
resistance of copper and practical superconductors 
lies in the upper GHZ-range [3.6-1] (see Fig. 3.6-1).  

In the commercially interesting regime of up to 
100 GHz the surface resistance of classical 
superconductors like Nb and high-Tc 
superconductors like YBa2Cu3O7-δ is so low that it 
becomes attractive to build thin-film filters for 
commercial applications from these materials. 
Resonators with a quality-factor of 104 to 106 have 
been fabricated and tested. Such high quality factors 
are essential in bandpass filters for applications, in 
which a very high suppression of signal outside of 
but close to the transmission band is required. In 
principle any application that requires low losses in 
the transfer of microwave signal can benefit from the 
low surface resistance of superconductors: from 
microwave delay lines to micro-strip lines in 
cryogenic amplifiers and superconducting antennas 
plus negative diffraction index arrangements, the 

benefit of superconducting properties has been 
demonstrated. 

Telecommunication applications in the cellular 
phone market, especially in the USA, have also 
benefited from this technique: hundreds of 
superconducting filterbanks [3.6-2] (see Fig. 3.6-2) 
have been installed in the USA in critical base 
stations for the cellular phone communication. These 
filters are all based on high-Tc superconductors like 
YBa2Cu3O7-δ and are cooled to a temperature near the 
boiling point of liquid nitrogen (77 K) with high-
reliability cryo-coolers. Even more stringent 
requirements are found in military applications, 
especially in the telecommunication and radar area – 
both, for ground- and airframe-based applications. 

  

Fig. 3.6-2: Characteristics of superconducting filterbanks 

At present, thin film superconducting filters are 
primarily used for low-power applications. At higher 
power non-linear effects start to appear in 
combination with higher losses and thus decreased 
quality factor. This effect can be diminished by 
intelligent layout of the microwave circuit, but this is 
still a limiting factor for applications requiring 
increased microwave power. 

Fig. 3.6-1: The crossover between the surface resistance of copper 
and practical superconductors lies in the upper GHZ-range. 
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4. Materials and Fabrication Technology for 
Superconductor Electronics 

Since the discovery of the Josephson Effect in 
1962, the application of superconductivity to 
electronics has been a challenging field of work for 
both physicists and engineers.  

The Nb-AlOX-Nb junction process was invented 
in 1983 [4-1] and has since then become the principal 
technology for superconductor electronics on the 
liquid helium level (4.2 K). Digital electronics 
achieved relevance when the Rapid Single Flux 
Quantum (RSFQ) logic, first reported in 1985, 
became popular in the late 1980’s [4-3]. Public 
funding in the 1990’s, in particular in Japan and in 
the U.S., has enabled rapid progress in this field and 
as a result several RSFQ IC foundries were 
established worldwide and are operating to this day. 
In Japan there are fabrication facilities at 
ISTEC/SRL, in the U.S. at HYPRES, NIST, and 
TRW, and in Europe at IPHT [4-4] and PTB [4-5], 
both in Germany, at VTT in Finland [4-6], [4-7], and 
at CNR in Italy. Linewidth reduction and phase 
engineering are currently the major fields of research 
for Josephson junction.   

On the system level, cooling is a major issue. 
Therefore, other materials were considered that allow 
higher operation temperatures. Early developments in 
this direction are based on Josephson junctions of the 
type NbN-MgO-NbN with operation temperatures in 
the range of 10 K. High expectations were raised 
when in 1986 high temperature superconductivity 
(HTS) was discovered. For electronic application 
YBCO became the standard material for cooling on 
the liquid nitrogen level (77 K). The research 
activities for YBCO digital circuits were mainly 
focused on freely positionable ramp-type Josephson 
junctions. Since in 2001 another superconductor, 
MgB2 (magnesium diboride) was discovered this 
material is under discussion for superconductor 
electronics with an operation temperature of 20 K.  

Superconducting radiation detectors are based on 
either application-specifically designed Josephson 
junctions (e.g. STJ) or single superconducting thin 
films (e.g. TES).  

 

4.1. Nb Josephson Junctions and Circuits 

Compared to the other superconductor circuits and 
sensors, digital RSFQ logic has the fabrication 
process with the highest complexity. Currently, the 
niobium-based Nb-AlOX-Nb junction technology is 
the only candidate for VLSI superconductor digital 
electronics circuits.  

The Nb-AlOX-Nb Josephson junction is a 
superconductor-insulator-superconductor (SIS) 
junction. The electronic behaviour of the unshunted 
(underdamped) SIS junction is a hysteretic function. 
The shunted (damped) SIS junction is a parallel 
connection with a resistor (shunt). The nonhysteretic 
function of such a shunted SIS junction is necessary 
for the RSFQ logic. Another possibility to avoid the 
hysteresis is the integration of a resistive barrier into 
the Josephson junction. Such established junction 
types are superconductor-normal metal-
superconductor (SNS) or superconductor-insulator-
normal metal-insulator-superconductor (SINIS). 
Their implementation in digital circuits is in 
discussion. 

Basically, the Nb-AlOX-Nb standard technology 
utilizes a sandwich structure of successively 
processed superconducting Nb and insulating SiO2 
layers. The Nb layers are used to wire the Josephson 
junctions and to shield them from magnetic fields. 
The number of stacked superconducting layers differs 
in the various foundry processes. For resistors, a 
normal metal layer is included.  

The Josephson junctions are integrated in this 
process as the so-called trilayer, which is a sequence 
of the layers Nb-Al-AlOX-Nb deposited in situ in 
order to obtain clean interfaces. AlOX acts as the 
tunnel barrier.  The critical current density jC of the 
Josephson junction is a major issue for both 
fabrication technology and application. This 
parameter depends exponentially on the thickness of 
the AlOX tunnelling barrier and is set during 
fabrication process by the oxygen exposure [4-9] (see 
Fig. 4-1). 

The barrier is quite thin, typically only a few 
nanometres. It is technologically challenging to 
obtain perfectly leakage-free AlOX layers. The 
standard value ranges of jC are for digital electronics 
1 kA/cm2, for SQUID sensors 100 A/cm2, and for 
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metrology circuitry 10 A/cm2. For some applications 
at ultra-low temperatures even lower critical current  
densities are considered. 

 
As described elsewhere, the intrinsic switching 

time of superconductor electronics is very short, of 
the order of a few picoseconds. In addition, their 
power dissipation is very low, below one microwatt 
per junction, which is a thousand times less than for 
CMOS. The switching time is determined by the gap 
voltage Vg (which is a material parameter) of 1.4 mV 
and jC (which is a process parameter). To benefit 
from the unique features of superconductor 
electronics the fabrication technology has to be 
modified to increase jC as the junction sizes decrease.  

The shrinkpath for LSI or VLSI superconductor 
electronic circuitry is governed by two scaling rules 
which are shown in Fig. 4-2 [4-10]. The clock rate of 
complex circuits can be increased with the square 
root of critical current density while the junction size 
has to be reduced by the reciprocal of the same 
square root. Apart from the fact that the thermal 
budget would not permit highly integrated 
semiconductor circuits to operate at several tens of 
gigahertz clock rate, it should be noted here that 
superconductor circuits can achieve such clock rates 
using a lithography resolution of a few microns.  

 
 

 

Fig. 4-2: Shrink path for superconductor electronics. Scaling the 
junction size down to 0.3 µm the clock speed of integrated circuits 
can be increased well-above 100 GHz. 

 
 
A 100 kA/cm2 sub micrometer Josephson junction 

process would give access to complex digital 
circuitries with clock rates far above one hundred 
gigahertz. More details about this exciting possibility 
are shown in Tab. 4-1. 

Currently, the most important application of 
superconductor electronics is the SQUID sensor. The 
SQUID fabrication can be considered as simplified 
variant of the RSFQ process.  

 
Tab. 4-1: Basic figures of merit for niobium-trilayer RSFQ circuits 
for different minimum feature sizes as described in [4-10]. 

Josephson 
junction 
size 

Integrated 
circuit 
density 

Integra-
tion 
Level 

RSFQ 
pulse 
width 

Maximum 
Clock rate 

Minimum 
power 
dissipation

[μm] [cells per 
cm²] 

 [ps] [GHz] [μW per 
cell] 

3.5 10,000 LSI 4 10-40 0.03 

1.5 30,000 VLSI 2 40-80 0.06 

0.8 100,000 ULSI 1 70-130 0.1 

0.4 1,000,000 SLSI 0.8(?) 100-200(?) 0.15(?) 
 

 
Other Nb-based, junction types such as 

superconductor-normal metal-superconductor (SNS) 
or superconductor-insulator-normal metal-insulator-
superconductor (SINIS) are discussed for digital 

 

Fig. 4-1: Critical current density as a function of oxygen 
exposition; ultra-violet light-assisted oxidation allows to reach 
very low values of the critical current density (triangles). 
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electronics and are already in use in some 
metrological circuits. Metrology drives the 
development of a new stacked junction technology, 
which is making new advances [4-8] and of interest 
for all highly integrated electronic circuits. 

SIS Technology 
 
The application of complex digital 

superconducting electronic circuits (see Fig. 4-3) in 
commercial products requires a stable technological 
base for circuit development, fabrication, and testing.  

 

 
Currently, the only process that allows to the 

production of tens of thousands of Josephson 
junctions is the Nb-AlOX-Nb technology with 
aluminum oxide as the tunneling barrier. To give a 
more detailed understanding of niobium technology, 
the circuit fabrication process [4-4] that has been 
developed at the Institute for Photonic Technologies 
(IPHT) is described below. IPHT is part of the 
European FLUXONICS Foundry and a supplier of 
superconductor electronics circuits for European 
research and industry.  

Based on its Nb thin film processing line, IPHT 
has implemented standard processes for the 
preparation of RSFQ circuits, SQUIDs and metrology 
circuits in an ISO5 cleanroom. Fixed design rules 
define the layout conditions for these well established 
and DIN EN ISO 9001 certified processes.  

The RSFQ circuit fabrication starts with the 
optimization of the circuit design. For this purpose a 
set of software tools for parameter extraction, design, 
and simulation of complex circuits has been prepared. 

The circuit layout is setup using elements of the 
FLUXONICS Foundry cell library, which has been 
developed and tested with all basic circuit elements, 
including cells for I/O-operation, digital logic, and 
signal distribution. Many complex circuits built with 
these library cells have been successfully tested. 
Before starting the photo mask production an 
automatic design rule check review the layouts. 

The FLUXONICS standard thin film fabrication 
process is an SIS Nb-Al-AlOX-Nb trilayer process 
with externally shunted Josephson junctions and 
comprises twelve photo-mask steps. The key 
parameters of the FLUXONICS Foundry RSFQ 
process are: 
• Critical current density jC of the Josephson 

junctions: 1 kA/cm2 
• Minimum area of a Josephson junction: 12.5 µm2, 
• Sheet resistance R□ of the resistor layer: 1 Ω, 
• Minimum feature size:  2 µm, 
• Overlap layer to layer:  2.5 µm. 
 

Figure 4-4 shows the cross section of a shunted 
Josephson junction on top of a Nb ground plane. The 
film stack consists of five metal layers: three 
superconducting Nb layers and two resistive layers 
(Mo, Au). The isolation of the metal layers is done by 
the combination of NbOX (anodically oxidized Nb) 
and evaporated silicon monoxide films. The Nb-Al-
AlOX-Nb trilayer is deposited without interruption of 
the vacuum; the aluminum oxidation is performed at 
room temperature in pure oxygen atmosphere. The 
resist structures for pattern definition are prepared by 
contact lithography using a mask aligner. Fluorine 
based reactive ion etching (RIE) and lift-off 
processes are used for film patterning. 

 

 

 

Fig.4-3: Example of a complex RSFQ circuit, fabricated at the 
FLUXONICS Foundry at IPHT 

 

Fig. 4-4: Cross section of a shunted SIS junction with ground 
plane. For the SEM image, the sample was prepared by FIB 
etching (IPHT). 
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The function and thickness of the different layers 
are shown in Tab. 4-2.  

 

 

SINIS and SNS Technology 
 
Another application of superconductor electronics 

is the quantum Josephson voltage standard. For the 
more recent programmable Josephson voltage 
standards arrays of Josephson junctions with intrinsic 
damping are employed. Two different junction 
technologies are currently well established: SINIS 
junctions for operation about 70 GHz and SNS 
junctions for operation about 15 GHz. A new 
metrology application is the arbitrary waveform 
synthesizers based on pulse-driven SNS junction 
arrays. 

A particular requirement for all kinds of 
Josephson voltage standard arrays is the uniform 
supply of all junctions with microwave power. The 
junctions are therefore integrated into suitable high-
frequency transmission lines. Different types of lines 
like low-impedance microstrip lines [4-11], [4-12], 
[4-13], coplanar waveguide transmission lines (CPW) 
[4-12], or coplanar striplines (CPS) [4-14] are used 
mainly depending on the required frequency range. 
Typical thicknesses of the layers are compiled in 
Tab. 4-3. The metallic layers are deposited by 
sputtering, the dielectrics by sputtering, CVD or 

PECVD. Patterning is done by optical photolitho-
graphy or electron-beam lithography and fluorine 
based dry etching processes.  
 

 
SINIS junctions (see Fig. 4-5) are very sensitive to 

process parameter stability due to the extremely thin 
oxide barriers. Therefore, a few junctions of the 
arrays are often accidentally shorted. The fabrication 
of arrays containing a large number of junctions is 
challenging.  

The use of SNS junctions would overcome these 
difficulties as these are more robust. Several different 
materials for the normal metal in these junctions have 
been investigated, i.e. PdAu, MoSi2, and NbxSi1-x 
[4-15] of which the latter is very promising. The first 
10-V SNS arrays were successfully fabricated 
without single junction failures [4-16].  

 
 

 
To reduce the substrate area and to increase the 

integration density, stacks of up to 9 junctions for 

Tab. 4-2: Functionality and thickness of the different layers of the 
FLUXONICS Foundry RSFQ process. 

Name Function Material Thickness (nm) 

M0 Ground plane Nb 250 

I0A Isolation Nb2O5

SiO 

50 

100 

I0B Isolation SiO 100 

M1 Wiring 1 Nb 250 

T1 Trilayer Nb/Al-AlOX/Nb 60/12/30 

I1A Isolation Nb2O5 70 

I1B Isolation SiO 180 

R1 Shunt Mo 80 

I2 Isolation SiO 170 

M2 Wiring 2 Nb 350 

R2 Bond Au 45  

Table 4-3: Typical thicknesses of the different layers for voltage 
tandard applications (cf. [4-11, 4-12]). s 
base electrode 150 nm – 200 nm 

Aluminium layer (SIS)  10 nm (1 nm – 2 nm Al2O3) 

Aluminium layer (SINIS) 3 x 10 nm (< 1 nm each Al2O3) 

Normal metal (SNS) 10 nm – 30 nm 

top electrode 80 nm – 200 nm 

insulating layer 250 nm – 350 nm 

wiring layer 300 nm – 600 nm 

dielectric layer for 
microstrip lines 

1 µm – 2 µm 

ground plane  150 nm – 300 nm 

 

Fig. 4-5: Schematic cross section of a low-impedance microstrip 
line.with SINIS junctions. 
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small series arrays [4-17] have been fabricated. 
Junction sizes about 1 µm typically are used for 
arbitrary waveform synthesizers based on pulse-
driven junction arrays.  

Typical parameters of SINIS [4-18] and SNS [4-
19], [4-20] series arrays are summarized in Table 4-4. 
 

 

Methods of achieving nanometre Josephson Junction 
size 

 
The necessity for reducing Josephson junction size 

to submicron dimensions arises from the need to 
increase clock frequency, reduce capacitances and 
increase integration density for superconducting 
digital electronic circuits. It is also important for 
special applications in metrology, e.g. qubits or 
single charge tunnelling (SET) devices.  

In RSFQ circuits the critical current IC is fixed by 
design considerations. Therefore an increase of the 
critical current density jC in order to increase the 
clock frequency means reduction of junction size and 
that allows higher integration densities. So e.g. at a 
current density of 100 kA/cm2 the junction area has 
to be in the range of 0.1 um2 compared to 10um2 at 
1 kA/cm2. The nonhysteretic I-V characteristic of the 
SIS-type junctions is obtained by external shunting, 
but these shunt resistors consume chip area. In the 
case of very high jC (>100 kA/cm2) the junctions 
become nonhysteretic without the need of external 
shunt resistors [4-63], [4-64]. Thus such junctions 
seem to give ideal device performance for digital 
circuit applications. However there are strong 

technological problems with process reproducibility 
and stability which arise in the preparation of the 
extremely thin (in the range of one monolayer) oxide 
tunnelling barriers.  

SINIS or SNS junctions are intrinsically shunted. 
SNS junctions might be an alternative to high jC SIS-
junctions. They allow high current densities at 
relative thick N-layers, but suffer from lower ICRN 
products compared to SIS junctions. With SINIS-
junctions only low current densities can be obtained, 
which are outside the range of interest for digital 
superconducting circuits. 

The first submicron SIS-type tunnel junctions 
were prepared by an aluminium shadow evaporation 
technique [4-65], [4-66], which currently has a 
renaissance in the preparation of qubit and SET 
devices [4-67]. After the invention of the Nb trilayer 
process [4-1] several modified processes were 
developed in order to fabricate Josephson junctions 
with submicron tunneling areas [4-68]-[4-73]. The 
problem of reliable junction sidewall isolation 
becomes dominant at lateral junction dimensions 
smaller than 1 µm. The introduction of the chemical-
mechanical polishing (CMP) technique [4-73] was an 
important step to solve this isolation problem and to 
strongly improve the quality of wiring connections by 
minimizing the step heights in circuits with a large 
number of layers.  

 
As example a process, developed for the 

fabrication of pulse-driven SNS series arrays, 
combines e-beam lithography and chemical-
mechanical polishing (CMP), cf. Fig. 4-6 allows the 
fabrication of sub-µm junctions [4-18], [4-20]. 

 
 

Fig. 4-6: Schematic cross section of SNS junctions prepared by 
multilayer Nb technology using CMP 

The total capacitance of the Josephson junctions 
depends not only on the junction area and barrier 
material, but also on the immediate surroundings of 
the junction, which adds parasitic capacitance. 
Especially in the case of extremely small junction 
areas this parasitic capacitance can dominate the total 
capacitance. Therefore the cross-type junction design 

Table 4-4: Parameters of SINIS and SNS junctions for 
programmable and pulse-driven Josephson voltage standards. 

 SINIS 

programmable 

SNS 

programmable 

SNS 

pulse-driven 

number of 
junctions 

8,192 (1 V), 
69,632 (10 V) 

8,192 (1 V), 
69,632 (10 V) 

1,000 – 
12,000 

length of 
junctions 

10 µm-20 µm 6 µm  0.7 µm-2.5 
µm 

width of 
junctions 

30 µm-50 µm 20 µm  0.7µm-2.5 
µm 

critical 
current 
density 

100 A/cm2 – 
500 A/cm2  

2.5 kA/cm2  50 kA/cm2 – 
100 kA/cm2  

 

Nb

Nb
SiO2

Substrate
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[4-71], [4-72] is of particular interest for the 
fabrication of circuits with extremely low parasitic 
junction capacitances [4-74] in addition to the 
advantage of better lithographical junction area 
definition. 

4.2. Complementary Superconductive Materials 

For many applications, Nb based fabrication 
technologies are a natural choice due to their ability 
to construct complex circuits containing large 
numbers of junctions with a high degree of 
reproducibility. However some alternative materials 
like NbN, YBaCuO7-x (YBCO) and MgBB2 do provide 
capabilities not available with the basic Nb based 
process and the fabrication of Josephson devices can 
also provide a deeper understanding of 
superconductivity itself.  

NbN Josephson Junctions and Circuits 
 
NbN films have attracted significant attention for 

application in superconductive electronics because of 
their attractive material parameters like the high 
critical temperature Tc of about 15 K and the large 
gap voltage Vg of 5 mV. These parameters make NbN 
very promising for higher operation temperatures and 
high frequency high-speed applications in 
superconducting electronic devices. However NbN 
has a larger magnetic penetration depth and a shorter 
superconducting coherence length than niobium 
[4-21], [4-22], [4-23], [4-24] (cf. Tab. 4-5).  

 
Tab. 4-5: Comparison of characteristic material parameters of NbN 
and Nb films. 

Parameter NbN Nb 

 polycrystalline  epitaxial polycryst. 

Tc / K 12..15 15.4…17.8 9.2 

2Δ /mV 5 5.0…5.8 2.8…3.2 

λ / nm 300…600 90…100 85 

ξ / nm 3…5 7 35  
 
These properties are undesirable for electronics 

applications because of increasing parasitic 
inductances and decreasing quality of all-NbN 

Josephson junctions caused by the low coherence 
length. 

All-NbN technologies ([4-25], [4-26], [4-27], 
[4-28]) were developed for the preparation of 
Josephson junctions and complex superconducting 
logic circuits, pushed especially by the expectations 
for high operation temperatures with decreased 
cooling demands. There are no substantial differences 
between the NbN- and Nb-processes concerning the 
types of Josephson junctions (SIS, SNS, SINIS), the 
structure sizes or the number of layers in complex 
circuits. But the parameter spreads and functional 
complexity of all-NbN integrated circuit technologies 
has not reached the quality and yield level of 
established Nb technologies. This may be caused by 
the fabrication process of so-called artificial type 
[4-29] tunneling barriers, which are prepared by 
direct deposition of the barrier material (MgO, AlN, 
NbNx,…). Any deviation in film thickness or 
homogeneity strongly influences the wafer to wafer 
or chip to chip spread of junction current density. 
Tunnel barrier preparation is a technological 
challenge, especially for the case of high current 
densities, which are required for high clock 
frequencies in integrated digital circuits. E.g. the 
thickness of the directly deposited MgO barrier for jc 
= 50 kA/cm2 in NbN/MgO/NbN junctions is only 
0.4 nm! [4.27]. Further, the NbN films are deposited 
usually by reactive processes which are more 
sensitive to parameter deviations. This influences the 
film stoichiometry and parameter reproducibility. The 
deposition of single-crystalline NbN films is a 
possible method to minimize the drawbacks of the 
values of the penetration depth and coherence length 
[4-21], [4-22]. Epitaxial NbN films can be deposited 
at high substrate temperatures or by using MgO 
single crystal substrates or MgO buffer layers on 
silicon substrates for room temperature deposition. 
High substrate temperatures cannot be used in 
multilayer processes for superconducting electronic 
circuits because of degradation effects.  

Presently, high quality NbN films are used for 
high frequency detector applications. NbN tunnel 
junctions are operating in SIS-mixers in the sub-
millimeter wavelength range because of their high 
gap frequency of 1.4 THz [4-30], [4-31], [4-32]. For 
superconducting single photon detectors epitaxial 
NbN films deposited onto MgO substrates are of 
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growing interest [4-33], [4-34]. They show high 
quantum efficiencies at fast response time at 
moderate cooling needs of 4 K. Despite the particular 
technological difficulties of the all-NbN process for 
large scale integration digital circuits, NbN has the 
potential to offer improved clock frequency and bit 
error rates. If the technological requirements and the 
related practical restrictions are under control, then 
all-NbN electronic circuits could advance beyond the 
limitations of Nb devices. 

 
Table 4-6: Pros and cons for an all-NbN fabrication process for 
highly integrated superconducting digital electronic circuits 
compared to all-Nb technologies 

Pro Con 

higher Tc: 

 higher operating temperature 

higher penetration depth: 
higher parasitic inductances 

higher gap energy: 

 lower bit error rate 

lower coherence length:  

lower quality and 
reproducibility of JJ 

higher gap frequency:  

higher clock frequencies 

lower Hc: 

higher sensitivity to flux 
trapping 

 lower development status of 
fabrication technologies for 
highly integrated circuits  

 
 

MgB2 devices 
 

For superconductor electronics, the main interest 
in MgBB2 is the 40 K transition temperature. In 
addition, there have been a number of proposals for 
bolometric detectors [4-36]. Production of devices 
from this material is challenging both at the level of 
thin film deposition and junction fabrication. Mg and 
B have very different vapour pressures, both elements 
oxidize easily and at temperatures above 300 °C, the 
sticking coefficient of Mg is very low. There is much 
work still to do in the development of junction 
technologies suitable for this material, but there has 
been some success in the production of tunnel 
junctions [4-38] and with the use of ion beams to 
fabricate junctions [4-39], [4-40], [4-41]. In 
particular, bridges created using Focused Ion beam 
systems have been used to construct SQUIDs and 
magnetometers by damaging the material [4-40] or 

making nanoconstrictions [4-41]. Excellent 
performance has also been achieved using MgB2B  
bridges in mixers for THz applications [4-36]  

 

YBCO devices. 
 
YBCO is a ceramic oxide material and therefore 

the high quality thin films needed for electronics 
applications can only be fabricated by epitaxial 
growth on well lattice matched substrates. This is 
achieved using a number of processes including 
reactive co-evaporation, sputtering and pulsed laser 
deposition [4-42].  

Josephson junctions can be fabricated using all of 
these techniques and whilst there have been a number 
of prototype devices, the two most successful types 
are based upon artificial grain boundaries induced in 
the oxide thin film or multilayer junctions fabricated 
on sloped (ramped) edges etched into a YBCO base 
electrode. These technologies and others have been 
used to fabricate SQUIDs [4-43] and digital circuits 
[4-44], [4-45] with operating at temperatures well 
above those at which Nb based devices operate. 

Devices based on intrinsic π− phase shift junctions  

The effect of the π phase shift on a 
superconducting loop is shown in Fig. 4-7 [4-50]. 
Here we see that for a SQUID with junctions directed 
at right angles, the critical current is a minimum 
when no flux is applied, whereas, for a device with 
the junctions parallel to one another, the usual 
behaviour is observed. In particular loops which 
spontaneously generate flux were incorporated in a 
toggle flip flop as memory storage elements [4-51]. 
This eliminated the need to bias part of the circuit 
into a half flux quantum state and increases the 
tolerance of the circuit to variations in device 
parameters. In the area of quantum computing, there 
have been a number of proposals which employ π 
junctions or the effect of the vanishing of the critical 
current at the boundary between 0 and π behavior [4-
52] [4-53]. 

 



 4. Materials and Fabrication Technology for Superconductor Electronics 62 

 

Fig. 4-7. Upper part: π SQUID. Lower part 0 SQUID 

  
The use of YBCO as a superconductor allows one 

to construct devices with built in π phase shifts and 
hence superconducting loops which spontaneously 
generate fractional flux quanta. These devices rely on 
the dx2-y2 pairing of the YBCO and Josephson 
devices based on artificial grain boundaries provided 
some of the earliest definitive evidence of this [4-46], 
[4-47]. Two techniques have been developed for 
fabricating devices which make use of the YBCO 
pairing state. The Twente ramp junction process [4-
48] and the Naples/Chalmers process [4-49]. 

The π phase shifts can also be induced in 
superconducting loops by inserting a thin 
ferromagnetic layer next to the oxide barrier of a Nb 
tunnel junction or using a SFS superconductor-
ferromagnet-superconductor junction. When the 
ferromagnet is placed in contact with the 
superconductor, a superconducting order parameter is 
induced, just as it is with a non magnetic metal, 
however not only does the magnitude of this order 
parameter decay with distance from the interface, it 
also oscillates. Hence for ferromagnet layers thicker 
than a critical value, the order parameter at the free 

surface has the opposite sign and is π out of phase 
with the order parameter in the superconductor. This 
enables one to construct a π junction.  

 

 

Fig. 4-8 Critical current versus magnetic field for a 0-p junction 

 
This has been demonstrated with both strong 
ferromagnets such as Co [4-54] and alloy 
ferromagnets such as PdNi [4-55]. Weides et al [4-
56] confirmed the π phase shift above the critical 
ferromagnet thickness, by fabricating a junction with 
two different thicknesses of NiCu in side by side in 
the barrier. The critical current of this device was 
small in zero applied magnetic fields and increased to 
a maximum before decreasing again for both positive 
and negative fields. (See Fig. 4-8). Ferromagnetic 
layers can also be used to construct a range of novel 
devices. One example is the use of a pseudo spin 
valve between Nb electrodes to give a junction with a 
controllable critical current [4-57]. 

4.3. Radiation Detector Technology 

New applications of superconducting technology 
in areas like sub-millimeter astronomy, security 
screening and x-ray microanalysis are advancing 
rapidly. The need to detect weak photonic signals and 
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even single photons has given considerable stimulus 
to the development of very sensitive instruments. 
Various types of superconductive radiation detectors 
like micro calorimeters, transition edge sensors 
(TES), superconducting tunnel junctions (STJ), and 
superconducting single photon detectors (SSPD) 
were developed in the past. Their fabrication 
technology, functionality, and application fields are 
described elsewhere. 

In contrast to superconductive electronic circuits, 
where a wide variety of functionality can be achieved 
within a single technology by a combination of only a 
few basic elements such as Josephson junctions, 
inductances, capacitors, and resistors, radiation 
detectors rely on application-specific fabrication 
technologies. Depending on the wavelength and 
energy of radiation detectors, either very special 
material properties of superconducting thin films or 
particular physical properties of Josephson junctions 
are exploited. Because of this great variety there 
exists no general detector fabrication technology, but 
a lot of demanding tasks in terms of thin film 
preparation for such detectors in combination with 
advanced micro- and nanomechanical fabrication 
techniques are required.  

For the next couple of years detector applications 
will focus on complete imaging systems. This 
requires large focal plane arrays of radiation detectors 
with more than 1,000 pixels. The further 
implementation of detector technologies must follow 
up this development. Aside from the improvement of 
the single detector parameters, the reproducibility of 
the fabrication processes is a major issue. Moreover, 
large arrays require on-chip integration of electronic 
signal processing capabilities as well as reliable 
nanomechanical processes on wafer scale. The 
challenge for the future will be the implementation of 
detector technologies together with the fabrication of 
the sensors, which combines superconductive 
electronic circuits with nanomechanical functional 
components. 

4.4. Status and Outlook 

Currently, the niobium-based SIS junction 
technology is the only candidate for LSI 
superconductor electronics circuits with the potential 
to be further developed to the very large scale 

integration (VLSI) level necessary for practical 
applications. 

Apart from their useful physical properties SNS 
and SINIS junctions are so-called intrinsically 
shunted junctions and need no extra shunt resistors to 
be processed. This simplification of technology is of 
great importance from a fabrication point of view. 
However, more research effort is needed to make 
them ready for use, especially for digital circuitry. 
Robust SNS technologies might be an important 
alternative to the SIS technology for further reduction 
of the line width to values smaller than 1 µm. 

So far, all the efforts to qualify superconductors 
with higher critical temperatures for electronics 
applications did not fully succeed as operating 
circuits on MSI level could not be demonstrated. The 
reason for this situation is the material itself. The 
conventional superconductors such as niobium and 
aluminum are simple stable metals with a 
superconducting coherence length of about 80 nm. 
They are easy to process using thin film deposition 
and patterning methods, whereas the other above 
mentioned materials are more complex and more 
difficult to work with. YBCO for instance is a 
ceramic material with a comparatively complicated 
lattice structure and coherence length of only a few 
nanometres, a value which is close to the 
reproducibility limit of the YBCO thin film 
processes. This makes it hard to obtain a reliable 
fabrication processes for LSI YBCO-based electronic 
circuits. 

A basic overview on the worldwide niobium 
fabrication facilities for digital superconducting 
electronic circuits based on niobium SIS junctions 
and their main process parameters is given in 
Tab. 4-7. In addition to these facilities, there are 
worldwide a lot of capabilities for the fabrication of 
sophisticated superconducting sensors and circuitry. 
In Europe for example there is. VTT in Finland 
(SQUID; RSFQ), CNR in Italy (SQUID, SSPD), in 
Germany PTB (metrological circuits, SQUID, 
RSFQ), Univ. Karlsruhe (SSPD), IPHT (SQUID, 
RSFQ, TES, STJ).  

Although there are some attempts to obtain higher 
current density processes for digital circuits, currently 
most of these containing several thousand Josephson 
junctions are fabricated by means of the standard 
1 kA/cm2 process.  
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On the present-day technological level digital 
circuits with up to 10,000 Josephson junctions per 
chip can be fabricated with a junction failure rate of 
about 0.01 % at the standard value for the critical 
current density of 1 kA/cm

Tab. 4-7: Manufacturing facilities for niobium-based digital 
superconducting electronic circuits on costumer request. 

 Japan USA EU 

Institution ISTEC/SRL Hypres IPHT 2. For the less complex 
technology of metrology circuits the latter holds even 
up to 70,000 junctions. For digital electronics 
however, the 10,000 junction level is useful for 
demonstration purposes only. 

[4-58],  
[4-59], [4-60] 

[4-61], [4-62] [4-4] 

Process SDP ADP2 1000-1 4500-1 rsfq1d 

 

A real breakthrough of superconductor electronics 
necessarily requires more complex circuitry on the 
100,000 Josephson junction scale. This is not only 
true for purely digital circuits in computing. Also the 
very promising mixed-signal superconductor circuits 
for telecommunication or for sensor readout would 
need significantly more complex circuitry. The same 
arguments hold for the clock speed, where clock rates 
beyond 100 GHz are of considerable interest for a 
several real-world applications outside the 
superconductor community. From a technological 
point of view the last demand is a true challenge, 
because at current densities beyond 10 kA/cm

Current density 
[kA/cm

2.5 10 1 4.5 1 
2] 

Minimum lateral 
JJ dimension [um]

2 1 3 1.5 3.5 

Nb layers 3 6…10 4 4 3 

2 the 
much stronger dependence on the oxygen exposure 
(see Fig.4-1) may cause problems in terms of 
reproducibility of the aluminum oxide barrier. 
Therefore, the 10 kA/cm2 process is an important 
next intermediate step in developing the technology 
to higher clock rates.  

From this the main goals for the shrinkpath 
strategy of superconductor electronics technology for 
technology-related research can be derived very 
clearly: 

 
• high jC leakage-free tunneling barriers on a six 

inch-wafer scale by improved process control, 
• reliable deep submicrometer lithography for 

Josephson junctions including the required 
planarization processes,  

• increased number of superconducting wiring and 
screening layers, 

• achievement of the VLSI level for the 
superconductor electronics chips at significant 
yield. 

 
In conclusion, in a five year term, the efforts for 

technology-related research and development for the 
European FLUXONICS Foundry must be focused on 
the following topics. 

For the next two years: update of the standard process 
• implementation of 5:1 projection lithography for 

reducing layer overlap and parameter spread 
within the wafer. 

• junction size (2.5 μm)2 with jC = 2 kA/cm2. 
 
For the next five years: development of an advanced 
fabrication process 
• junction size (1 μm)2, 
• current density jC = 10 kA/cm2, 
• planarization by CMP, 
• increased number of niobium layers (four to six). 
 

It should be noted here that the implementation of 
a VLSI level of niobium technology requires such a 
high complexity in processing equipment, process 
control, and process maintenance that it is in some 
respect comparable with that of the state-of-the-art 
semiconductor production facilities. The installation 
of such a new, highly specialised foundry for 
niobium technology on the VLSI level could be 
unacceptably expensive. Possibly, it is more 
promising to develop such a process in an existing 
semiconductor facility in parallel to semiconductor 
process. Whatever the right way is, in any case it is 
worth doing, as the potential of superconductor 
electronics is amazing. 

 

 Complexity  23.5k   12k...15k 5k 
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Tab 4-8. Timescale for the technology-related R&D in the European FLUXONICS Foundry 

 

FLUXONICS Foundry Technology for SE

Basic R&D

Basic R&D

Basic R&D

Basic R&D

Applied R&D

Applied R&D

Applied R&D

Applied R&D

Applied R&D

First Appl.

First Appl.

First Appl.

First Appl.

First Appl.

Mature Appl.

Mature Appl.

Mature Appl.

Mature Appl.

Mature Appl.

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Nb Digital: VLSI Complexity

Nb Digital: 6-10 Wiring Layer

Current Density (10kA/cm2)

Smaller Structures (1 micron)

Smaller Structures (2.5 micron)
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5. Enabling Technologies 

5.1. Device Modelling and Design 

The Josephson junction is an active switching 
element which can be integrated with resistors, 
inductors and capacitors. Signal representation in 
semiconductor electronics is based on well defined 
voltage levels and a specific quantity of electric 
charge is used to store analogue and digital 
information. In contrast, superconductive digital 
circuits are voltage pulse driven. Each pulse has a 
length of a few picoseconds and a quantized area of 
exactly one flux quantum. The information is stored 
in small inductors as magnetic flux quanta. The 
storing inductors are closed superconductive 
structures, flux transfer to the inductors is controlled 
by Josephson junctions. In this way, logic elements 
and transmission lines can be realized. For circuit 
design, mathematical models of the circuit elements 
are required. In semiconductor technology transistor 
models are based on empirical data. For Josephson 
junctions the model can be based on a small number 
of fundamental, yet exact equations. This simplifies 
the transient circuit simulation of digital Josephson 
devices. Capacitors are modelled in the same way as 
for semiconductor circuits. Inductors need a different 
treatment if they are fabricated from superconductive 
materials because the expulsion of the magnetic flux 
creates an inhomogeneous current distribution which 
in thin films can lead to additional kinetic inductance. 
There are tools available that calculate the 
inductances of superconductive structures (Fasthenry, 
Sonnet-EM and Lmeter).  

Fig. 5.1 shows the standard design shells from the 
physical description of integrated circuits to the 
structural description of systems. The logic level 
shell is almost identical to standard digital circuit 
design and does not require any custom tools. Since 
the pulse driven nature of RSFQ circuits is 
completely different to CMOS level logic, the 
structural synthesis of complex circuits is a 
challenging new field and requires further research 
and development in the field of information science 
[5.1-1].  

 

 
Fig. 5-1. Y-diagram for behaviour, structural and 
geometry levels in superconductor circuit design. 

 
Parameter variations caused by the fabrication 
process are difficult to control and require high 
circuit reliability. The yield of a certain chip design 
can be increased by either reducing the defects and 
tolerances in the fabrication process or changing the 
design so it is less susceptible to those defects. The 
interaction of the fabrication process and the circuit 
design is the key for yield improvements. We use the 
design for a yield (DFY) driven optimization process 
[5.1-2, 5.1-3, 5.1-4].]. Superconductive circuits have 
a very low impedance, which keeps parasitic 
interactions between gates strong. The present 
process is yield driven and focused on an optimum 
robustness of the circuit design. Using the DFY 
approach, the FLUXONICS Foundry has developed a 
library of standard logic and interface cells, which 
has been experimentally tested [5.1-5]. A circuit 
design kit, design support and the basic cells are 
provided to ease the Foundry access. Fig. 5-2 shows a 
cell layout and the realized flip-flop circuit fabricated 
at the FLUXONICS Foundry. 

At the Chalmers University in Sweden a specific 
cell library for a complex telecommunication digital 
signal processor has been implemented [5.1-6]. The 
USA and Japan have developed own RSFQ cell 
libraries [5.1-7], [5.1-8] [5.1-9].  
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Fig. 5-2. Circuit layout and micro-photograph of a set-reset flip-
flop cell fabricated at the FLUXONICS Foundry. 
Fig. 5-2. Circuit layout and micro-photograph of a set-reset flip-
flop cell fabricated at the FLUXONICS Foundry. 

At present, a wide range of CAD tools are 
available to design semiconductor integrated circuits. 
These tools can also be used with the necessary 
adaptations. Standard tools for automated design rule 
check and schematic versus layout verification are 
directly applicable to SE. Commercial design 
frameworks, such as Mentor Graphics and Cadence 
are typically used. 
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Nevertheless, the cell-based design methodology 
based on simple one- or two-bit operations is the 
most promising technique for designing complex 
RSFQ circuits. The development of adequate design 
tools for the high speed SE as discussed in [5.1-10, 
5.1-11]. 
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RSFQ circuits. The development of adequate design 
tools for the high speed SE as discussed in [5.1-10, 
5.1-11]. 

The key to success of the recent developments in 
superconductive electronics is the symbiosis between 
design and fabrication based on extensive 
experimental evaluation of process parameters and 
circuit performance. Our experience and results of 
other groups [5.1-12] show, that a closed cycle 
involving design, fabrication and measurement 
requires at least 5 turns to create enough confidence 
before declaring a fabrication process mature. 
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The very low power consumption of 
superconducting circuits is a unique feature and 
ensures their ultimate sensitivity close to the quantum 
limit. In order for these superconducting subsystems 
to be broadly applicable they must be combined with 
semiconductor electronics at room temperature, 
which requires effective high-speed communication 
links between the two technologies. The interfaces 
must take into account the different impedances, 
temperatures, and voltage levels. The extremely low 

power (less than 10-18 Joule) and the pico-second 
pulse width of an SFQ pulse, impede the transmission 
of bits from superconductor systems to room-
temperature semiconductor systems. The opposite 
direction of data flow from the semiconductor to the 
superconductor system is much easier in terms of 
signal energy. Electrical pulses are attenuated to 
trigger a single-flux quantum input circuit. Such 
interface circuits are not limited in terms of clock 
speed, but clock jitter is a critical issue of ultra-fast 
systems above 40 GHz clock speed. 
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Appropriate multi-chip modules with 
superconductive high bandwidth micro-strip lines for 
hybrid packaging are required. Depending on the 
system application, an adequate high-frequency pin-
count from 8 to 64 communication lines with room 
temperature electronics is required in future test 
sockets and cryo-probes for several applications.  
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system application, an adequate high-frequency pin-
count from 8 to 64 communication lines with room 
temperature electronics is required in future test 
sockets and cryo-probes for several applications.  

In addition, one has to be careful to shield input 
lines to the superconducting circuit as well as 
possible against electromagnetic interference signals. 
In case of power supply lines and low frequency 
signals, adequate filtering is necessary to reach the 
specified system performance.  
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specified system performance.  
  
Electrical interfaces 

-18 Joule) and the pico-second 
pulse width of an SFQ pulse, impede the transmission 
of bits from superconductor systems to room-
temperature semiconductor systems. The opposite 
direction of data flow from the semiconductor to the 
superconductor system is much easier in terms of 
signal energy. Electrical pulses are attenuated to 
trigger a single-flux quantum input circuit. Such 
interface circuits are not limited in terms of clock 
speed, but clock jitter is a critical issue of ultra-fast 
systems above 40 GHz clock speed. 

Electrical interfaces  
For a Nb-based RSFQ technology with critical 

current densities of jC=1 kA/cm2, typical output 
voltages of about 200 µV are available with a very 
low output impedance of about 1 Ω. To send data 
with an acceptable signal-to-noise ratio to room-
temperature electronic equipment, digital interface 
amplifiers that convert SFQ pulses into more 
powerful electrical signals are utilized. Such a device 
would be a superconducting SFQ driver for output 
signals with a higher voltage level (several 
millivolts). Recent developments of joint 
architectures comprising superconductor and 
semiconductor circuit are very promising. RSFQ 
voltage drivers based on SQUID stacks [5.2-1] were 
fabricated at PTB Braunschweig [5.2-2, 5.2-3] and 
voltage multipliers were fabricated at IPHT Jena 
[2.4], both in standard Nb technology with 
jC=1 kA/cm2. Such interface circuits have already 
been demonstrated to work in practical systems 
developed in the USA [5.2-5] and in Japan [5.2-6].  

In addition, broad band low noise amplification 
from the 200 µV-output level of RSFQ circuits is 
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required in several steps. Most important is the 
performance of the first preamplifier stage at 4.2 K. 
They must provide a high bandwidth (above 
10 GHz), ultra-low noise, and extremely low-power 
consumption (below 2 mW). 

A multi stage amplifier hierarchy with two or 
more temperature stages is most promising to meet 
the system specifications, e.g. total cooling power 
and data-rate. Fig. 5-3 shows the most advanced 
interface configuration of the superconducting 
network switch developed by ISTEC-SRL in Japan 
[5.2-9]. 

 

 

Fig. 5-3. Multi-stage interface configuration including 
superconducting voltage drivers and cryogenic semiconductor 
amplifiers (figure- courtesy of Y. Hashimoto [5.2-9]). 

The bit-error rate (BER) is the most important 
measure for the quality of a digital data transmission 
system. Since the BER is related to signal-to-noise 
ratio, we should be able to reduce the BER by using 
larger signal amplitude. This is especially important 
in high-speed systems because the noise power 
increases with the bandwidth [5.2-7]. The most 
advanced electrical interface circuits today can 
provide data rates up to 25 gigabits per second with a 
BER lower than 10-13 errors per second [5.2-8]. This 
speed would enable the transfer of an entire movie 
DVD within only 1.5 seconds. 

 
Electro/Optical interfaces  

 
The most attractive signal transfer for both 

directions would be the application of optical fibres, 
because of the extremely high data rates, low signal 

losses, no electromagnetic interference and almost 
no heat load. Special hermetically sealed optical 
connectors are required and uni-traveling carrier 
photodiodes (UTC-PDs) [5.2-9] have been 
demonstrated to operate at low temperature of 
4 Kelvin. Signal communication between room 
temperature electronics and superconductor circuits 
with data rates up to 40 gigabit per second has been 
demonstrated recently [5.2-10]. In future, for input 
lines WDM (Wavelength Division Multiplexed) 
optical technology may be used, which provides the 
best electro-thermal isolation. 

The principal problem is the output-signal 
circuitry. Since there is not enough power in an SFQ 
data bit to directly drive ambient or cryogenic 
semiconductor electronics, interface circuits are 
required to amplify the SFQ voltage pulse. 
Semiconductor drive circuits consume more power 
than can be tolerated at the 4-Kelvin stage. One 
option is to communicate SFQ signals up to an 
intermediate temperature stage and then optically up 
to room temperature. There is currently a strong 
demand for research, but no solution known. 

5.3. Cryocooling 

This section considers firstly the developments in 
cryocooler user communities followed by a 
comparison of the cryocooling state-of-the-art with 
the targets set in the 2006 roadmap [5.3-1]. Then, the 
requirements as imposed by present-day super-
conducting electronics are summarized and compared 
to the state-of-art on cryocooling. Finally, trends are 
reviewed, followed by a subsection on cryogenic 
packaging issues and a concluding discussion. 

5.3.1. Cryocooler user communities 
In the previous roadmap, three user communities 
were identified (for cryocoolers with a cooling power 
in the range of 1 W or below): Infrared detectors, 
cryopumping, and space. A new cryocooler market 
that has developed in the last few years is the cooling 
of high-temperature superconducting filters in base 
stations for cellular phone telecommunication, mostly 
in USA [5.3-2]. These filters provide better filtering 
performance, improved gain, and less losses 
compared to conventional filters. The required 
cooling power is about 5 W @ 80 K, mostly 
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determined by the low insertion-loss cabling. The 
cooler price as always depends on quantities, and is 
typically 3 to 10 k€. The required lifetime is at least 
five years. By 2008, over 6000 cryogenic receiver 
front-end units were installed in North American 
wireless networks [5.3-2]. 

5.3.2. State-of-the-art compared to previous roadmap 
The targets defined in the 2006 roadmap for the 

temperatures 65 K and 25 K are fairly well met by 
currently available coolers [5.3-3], [5.3-4]. The costs 
are still too high by about a factor of two. However, it 
is expected that reduction will occur as the 
technology matures and the numbers to be produced 
per year will increase. 

Tables 5-1 and 5-2 present the targets of 2006 for 
10 K and 4.5 K compared to commercially available 
coolers. Here, most parameters are far off. The 
specific power is off by a factor of 2 at 25 K and by a 
factor of 4 at 4.5 K. As a result of the larger input 
power that is required, the compressors are also fairly 
heavy and large. A further important drawback is the 
maintenance-free lifetime. Maintenance is typically 
required every 10,000 hours.  
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Some improvement has been established in the 

energy efficiency of 4 K coolers, specifically in the 
low-power range. This is illustrated by Fig. 5-3 in 
which currently available 4 K coolers are compared 
to those of the 2002 CILTEC survey [5.3-5].  

 
Tab. 5-1:  Targets and commercial 10-K cryocoolers 

 2006 roadmap available 
[5.3-6] 

input power 500 W 2600 W 
cooling power at 10 K 1 W 2.5 W 
mass 20 kg 100 kg 
volume 50 liters 110 liters 
cool-down time 30 minutes < 40 min 
life (maintenance-free) > 5 years ~ 1 year 
cost at 100/year 10-15 k€ 15-20 k€ 1

cost at 1000/year 7 k€ ? 

* authors estimate 
 
 

Tab. 5-2:  Targets and commercial 4-K cryocoolers 

 2006 roadmap available 
[5.3-7] 

cooling performance 1W @ 4.5 K 1W @ 4.2 K 

input power 1500 W 7000 W 

Mass 50 kg 140 kg 

Volume 200 liters ~200 liters 

cool-down time 30 minutes < 60 min 

life (maintenance-free) > 5 years ~ 1 year 

cost at 100/year 15-25 k€ 25 k€ 

cost at 1000/year 10 k€ ? 
 
 
Fig. 5-3: Specific power of 4-K coolers: open symbols: status of 
2002 [5.3-5]; closed symbols: state-of-the-art [5.3-7]; diamonds: 
Gifford-McMahon coolers; squares: pulse-tube coolers. The 
efficiency of the coolers compared to the ideal Carnot process is 
shown on the right-hand side.  

 

5.3.3. Cryocooling requirements 
The cooling requirements for superconducting 
electronics are summarized in Table 5-3. 
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Tab. 5-3: Cooling requirements for superconducting electronics 

tempe-
rature 

cooling 
power SE application 

10 - 100 
mW 

small HTS SQUIDs (mm2) 10 - 20 
mW; larger SQUIDs (cm2) 50 - 100 
mW;  70 - 80 

K 
2-10 W HTS filters for telecom 

30 - 40 
K 

10 – 20 
mW 

digital HTS circuits with small 
complexity and failure tolerant, e.g. 
sampler and DigiSQUID 

20 K ? MgB2 devices, however, junction 
technology not yet available 

8 - 10 K 0.1 – 0.2 
W 

NbN, ADC, voltage standards, 
perhaps detectors 

4 – 5 K 0.1 – 0.2 
W 

Nb-based RSFQ and voltage 
standards* 

3 – 5 K 0.3 - 3 
mW 

LTS SQUIDs, SIS mixers, hot-
electron bolometers, single-photon 
detectors. 

0.1 -0.3 
K 

20-100 
μW transition edge sensors 

50 mK 10 μW micro bolometers 

10 mK μW qubits (quantum computing) 

* The cooling power required for RSFQ may be reduced by 
more advanced circuit design, see text. 

 
 
On-chip power consumption 

The electrical power consumption of 
superconducting electronics cooled at 4.2 K can be 
estimated quite accurately from recent developments 
of the most complex digital circuits fabricated to date 
in the world, in particular in Japan. State-of-the-art is 
180-350 nW/junction [5.3-8 to 5.3-10]. The most 
optimistic expectations in the near future are of the 
order of 10 nW/junction [5.3-11].  

In the case of low- to medium-complexity circuits 
(≈ 100 to ≈ 1000 junctions), the maximum power that 
is dissipated on-chip is lower than 300 µW. This 
corresponds to a wide range of circuits, concerning 
most of detectors and specific digital electronics 
circuits for dedicated tasks, like digital SQUIDs. For 
more complex circuits, like supercomputer chips, 
readout of detectors, routers for telecommunications, 
the currently expected on-chip power dissipation is of 
the order of 1.5-3 mW for complex chips (104 

junctions) to 15-30 mW for highly integrated chips 
(105 junctions). 

For operations of circuits at higher temperatures 
like 20 to 80 K, the bias current of digital circuits 
should increase linearly with temperature in the most 
pessimistic case to stay higher than the thermal noise. 
Nevertheless, no high-complexity circuits are 
expected to work at these temperatures in the near 
future. Consequently, the maximum value of 300 µW 
given above will likely not increase above 6 mW at 
80 K.  
 
Off-chip power consumption 

Concerning off-chip power dissipation, one can 
separate applications in two main categories: a) the 
ones that require only dc wiring and low-frequency 
signals, and b) the ones that require microwave 
frequencies and/or high data rates. For the first kind, 
the amplifiers and transducers that carry the data 
from the inside of the cooler to room temperature will 
consume a low power. Consequently, on-chip power 
consumption will dominate. For the second kind of 
applications, things are really different: the simple 
use of one microwave amplification channel will lead 
to a power consumption of several mW, 2 mW for a 
reasonable 20 dB gain in the best case, 10 mW as a 
more typical value. Nevertheless, even complex 
circuits will not require many channels since most of 
the data processing is done on-chip. A reasonable 
estimate of 10 input/output channels corresponds to 
100 mW of power consumption, that should be 
enough to meet a large part of the needs. 
 
Cooler interference 

A further important point is the issue of cooler 
interference (temperature stability, vibrations, EMI). 
Currently, SE electronics can be operated with 4 K 
coolers and first demonstrations were made with 
voltage standards. However, cooler interference 
appears to be the limiting factor with respect to the 
overall system noise levels. 

5.3.4. Trends in cryocooling 
Lifetime and reliability 

Long-life compressors incorporating flexure 
bearings and clearance seals are now available in 
mechanical coolers for the HTS temperature range. 
Lifetimes of at least 5 years are specified. In order to 
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also realize long life at 4 K, flexure-bearing 
compressors are now under development for that 
temperature range as well. Table 5-4 summarizes 
objectives and test data of some of these programs. 
Although a long lifetime may be realized, it is clear 
that energy efficiency remains an issue. The specific 
power is in the range of 10 kW/W (compare to Fig. 
5-3). 
 
Tab. 5-4: long-life (> 5 years) 4 K cooler development in USA 

Application Objectives [5.3-12] Test data [5.3-12,  
5.3-13] 

space 20 mW @ 6 K + 
150 mW @ 18 K 

Achieved with 208 W 
of input 

military 0.2 W @ 10 K + 
8 W @ 75 K  

0.2 W @ 10 K + 8 W 
@ 83 K with 450 W of 
input 

digital SE 
100 mW @ 4.5 K + 
additional cooling 
at intermediate 
stages 

25 mW @ 4.5 K + 
48 mW @ 10.5 K + 
0.15 W @ 28 K +  
4.4W @ 66K at 680 W 
i

 
 

 
Cost 

The cost of a cooler is mostly determined by the 
maturity of the technology in combination with the 
quantities that need to be produced. At relatively 
small cooling powers, the price hardly depends on the 
cooling requirement, and the operating temperature 
starts to play a role only at relatively low 
temperatures. If quantities of coolers are increased 
from typically a few hundred currently to above 
thousand pieces per year, then significant price 
reductions (factor 2) can be achieved by reducing 
parts prices and required labor.  However, the 
investments required to enable the cost price 
reduction only make sense if a larger number of 
coolers is required over a longer period of time. If 
small quantities of coolers are needed for specific 
applications, then these coolers should be based on 
available modular products / assemblies in order to be 
cost effective.   
 
Performance (energy efficiency) 

The performance of a cooler in terms of its 
efficiency (how much cooling per Watt of input 
power) is limited by the Carnot efficiency [5.3-14]. 
Regarding the efficiency of coolers relative to Carnot, 

two effects are unavoidable. A lower cooling power 
implies a lower efficiency relative to Carnot because 
parasitic heat loads become more dominant relative 
to the required cooling power. Similarly, at lower 
operating temperature the efficiency decreases since 
the parasitic heat loads increase. The former effect is 
clearly illustrated by Fig. 5-3, whereas the latter can 
be derived from Tables 5-1 and 5-2. At 65 K the 
efficiency relative to Carnot is typically 9-10%, at 
25 K it is 6%, at 10 K 3%, and at 4 K a mere 1%. 
Especially at the low-temperature end this relative 
efficiency is astonishingly low. Theoretically, a factor 
of 100 is to be gained in efficiency! Some 
improvement should be achievable, but will need a 
large scale market requiring such a development. 
This, for instance, occurred as the HTS filter market 
for telecom applications developed. Driven by the 
requirements of that market, the efficiency of 80-K 
coolers has been improved by a factor of 2 to 3, from 
a few percent of Carnot to typically around 10% 
[5.3-5].  
 
Size reduction 

There is a need for extremely small coolers (order 
cm) with small cold heads (order mm). These can be 
used to cool small SE devices that exhibit low power 
dissipation, such as SQUIDs. The application of 
micromechanical techniques for manufacturing such 
microcoolers is investigated at a number of institutes 
among which the University of Twente in the 
Netherlands [5.3-15, 5.3-16] and NIST/University of 
Colorado in USA [5.3-17].  
 
Lower operating temperature 
Sub-K cooling down to the mK-regime is an 
expanding market with European companies active in 
this field as well. As indicated in Table 5-3, 
temperatures well below 1 K are required for cooling 
transition edge sensors (typically 0.1 – 0.3 K), 
microbolometers (~ 50 mK) and quantum computers 
(~ 10 mK). The level of 0.3 K can nowadays be 
reached in a relatively simple manner by pumping a 
liquid helium-3 reservoir with a sorption unit. These 
units can be operated from a liquid-helium bath or 
from a 4-K mechanical cooler [5.3-18]. Lower 
temperatures down to 50 mK can be achieved with 
adiabatic demagnetization, again starting from a 4 K 
precooler [5.3-19]. Research aiming at compact 
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adiabatic demagnetization coolers, mostly for space 
applications, is carried out in USA [5.3-20] as well as 
in Europe [5.3-21, 5.3-22]. It should, however, be 
realized that with this technique most SE applications 
will require substantial magnetic shielding [5.3-21]. 
In order to arrive at 10 mK, as required for quantum 
computing, a dilution refrigerator is required [5.3-19, 
5.3-23].  
 
Low-noise coolers 

Vibrations can be drastically reduced by using 
back-to-back compressors, active vibration control, 
and pulse-tube cold heads with no moving parts in 
the cold end. Extremely low levels of vibrations are 
achievable by using thermally operated sorption 
compressors combined with Joule-Thomson 
expansion stages [5.3-24]. 

5.3.5. Cryogenic packaging 
Packaging issues strongly depend on the specific 

application. In general, the aim is to have compact 
and low-cost coolers to be integrated with the 
superconducting system.  In addition, specific SE 
applications may require very low interference levels. 
 
Size (mass and volume) 

As a rough indication, it is felt acceptable for the 
SE community if the cooler takes 10% of the system 
volume and similarly it may cost 10% of the whole 
system. In order to realize these small and cheap 
coolers, it is essential to operate at higher 
temperatures and/or at lower cooling powers.  

At a given operating temperature, the volume of a 
cooler increases with the required heat lift as a power 
law in which the exponent e.g. at 65 K is about 
0.7 [5.3-5]. Twice the cooling power, therefore, will 
result in a cooler volume increase of 60%. Size also 
reduces dramatically as the operating temperature is 
increased. Within the temperatures and power ranges 
relevant to SE, the mass decreases by about 5% for 
every K increase in operating temperature! [5.3-5]. 
 
Operating temperature 

There is no general answer to the question how to 
realize a higher operating temperature; it is strongly 
depending on the application. Nevertheless, one can 
set up some global guideline, unfortunately indicating 
that there is not much margin to increase the 
operating temperature: 

(1) In digital applications, if many junctions are used 
and a very low bit-error rate is required, it typically 
comes down to a maximum operating temperature of 
around 50% of Tc, e.g. 40-50 K for YBCO, 4-5 K for 
Nb, 8-10 K for NbN.  
(2) SQUIDs can be operated up to 80-90% of Tc. At 
higher temperatures, all parameters become too 
temperature dependent, and any temperature 
fluctuation immediately translates in a significant 
change of the electrical parameters. 
(3) Detectors: superconducting devices are used in 
this field only for measurements with maximum 
resolution: thus the temperature should be kept as 
low as possible. 
 
Required cooling power 
A lower on-chip consumption can be obtained by 
reducing the critical current (and consequently the 
size) of the Josephson junctions. At 4 K, a maximum 
reduction of on-chip consumption of 4 to 16 can be 
expected in the best case, departing from a critical 
current in the range 100-200 µA to reach 50 µA. 

A lower off-chip consumption can be realized by 
reducing the current flowing through the connecting 
lines. This can be established by recycling as much as 
possible the current in the superconducting circuit. A 
reduction of power dissipation by a factor of 100 can 
be expected in bias wires from first encouraging 
experimental results [5.3-25].  

Furthermore, parasitics can be reduced mostly by 
reducing the conductive heat load through the wiring. 
In digital systems operating at temperatures below 
about 20 K, HTS may be used for bias wiring up to 
fairly high currents [5.3-26]. The most difficult part 
of the dissipated power to reduce is the one 
consumed by the amplifiers or optoelectronic 
transducers used at the output of the superconducting 
chip, e.g. by interfaces to the external room-
temperature world. The choice of the temperature of 
operation of these transducers or amplifiers is crucial 
with regards to the thermal budget.  

Moreover, for microwave communication and 
associated signal processing, an important aspect is 
low-loss signal coupling of the outside world to the 
cryogenic inside. Usually, low insertion losses are 
required implying high thermal losses in case of 
straightforward electric connections. Alternative 
connecting schemes will have to be developed, e.g. 
by capacitive and/or inductive coupling facilitating a 
thermal interrupt. First experimental results with 
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antennas used in near-field configuration are 
encouraging for transmitting through the cryocooler 
stages, with no thermal conductive loss, narrow-band 
10 GHz microwave signals with losses lower than 
2 dB over a 1 GHz bandwidth [5.3-27]. 

The required cooling power can also be reduced 
by incorporating multi-stage coolers. Heat can be 
removed more efficiently at higher temperatures, and 
thus the heat load to the coldest stage can be 
significantly reduced. In addition, when using low-
frequency pulse-tube coolers down to 4 K or below, 
some “free” cooling can be recovered at temperature 
levels between 20 K and 4 K using heat intercepts 
thermally anchored to the regenerator and/or the 
pulse tube [5.3-28 to 5.3-30]. 
 
Low-interference interfacing 

In many cases, coolers generate noise: 
electromagnetic interference (EMI), mechanical 
vibrations and/or temperature fluctuations. Correct 
mounting of the compressor in the application is very 
important in this respect. 

The simplest approach for the suppression of 
cooler interference is to switch off the cooler at the 
moment the superconducting device is to be used. 
There are two problems: firstly, the cooler should not 
be switched off too frequently because that will 
seriously limit its lifetime, and secondly, the 
temperature of the device will slowly increase 
(thermal drift). Both problems can be solved by 
incorporating a sufficiently large thermal buffer. To 
stabilize the temperature it is best to apply a buffer 
with a phase change material involved [5.3-31]. 

Besides separation in time, cooler and device can 
also be separated in space. A large separation can be 
realized by using a forced circulation of helium [5.3-
32]. 

5.3.6. Discussion 
Cryocoolers, allowing for cryogen-free operation 

of superconducting electronics (SE), are now 
available on the market for the whole temperature 
range relevant to SE (0.3 – 80 K). The reliability of 
these coolers has been dramatically improved over 
the last decade and nowadays lifetimes of over 5 
years are specified. Cost has been reduced but should 
decrease by another factor of two in order to reach a 
price level that is considered acceptable compared to 
the overall system costs. This further reduction in 

price is expected to occur as technology matures and 
numbers produced increase. 

The main drawbacks of commercially available 
cryocoolers are their poor efficiency at low 
temperatures and at low cooling powers, and the 
interference they cause in SE applications. Energy 
efficiency not only is relevant from a power input 
point of view, it also directly relates to mass, size and 
cost of the system. At relatively high temperatures 
(> 20 K), the available cooler efficiencies are quite  
acceptable, whereas at lower temperatures there is 
quite some room for improvement. At 4 K, 
cryocoolers typically operate at only 1% of their 
thermodynamic limit. Obviously, parasitic heat loads 
are important especially at lower temperatures, but 
the performance gap between high-power coolers 
(e.g. helium liquefiers) that operate around 30% of 
the thermodynamic limit and SE coolers is far too 
big.  

Performance at low powers and at low 
temperatures seems to be limited by the technology 
used (e.g. regenerator performance). In that respect, a 
technology breakthrough is needed. 

Interference is mostly caused by the mechanical 
principle of operation (mechanical compressors and 
often moving displacers in the cold head). Vibrations 
are generated and the driving currents and moving 
magnetic material cause electromagnetic interference. 
Specifically for sensitive SE applications (detectors, 
SQUIDs) low-noise coolers are needed. These can be 
realized by incorporating noise-cancellation 
techniques in mechanical operation, or by developing 
non-mechanical cryogenic cooling techniques. 
Table 5-5 shows the cryocooler development timeline 
in which the applications considered in Table 5-3 are 
reduced to five main types. Coolers for passive HTS 
applications, such as filters, that can tolerate “some” 
cooler noise, are close to maturity already. Further 
development mainly is on cost. The required 
development of the other cooler types towards 
maturity directly results from the timelines of the 
various SE applications as presented in the other 
sections of this roadmap. 
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5.4. Superconducting system architecture  

Because of the temperature and shielding 
requirements of superconductive electronics, a 
special architecture is characteristic of all systems. 
The common user interface is a room temperature 
(RT) computer for control and data exchange. The 
first challenge is the connectivity between the 
superconductive circuitry and commercial electrical 
devices. As described in Chapter 5.2, special filters, 
analogue and digital amplifiers are required as 
interface circuits. The superconductive electronics is 
mounted inside a cryo-cooler as explained in 
Chapter 5.3. Since all these circuits are sensitive to 
magnetic fields, adequate magnetic shielding is 
required to ensure proper system operation. Typically 
a double mu-metal shied is integrated in the vacuum 
chamber of the cryo-cooler.  

High-frequency multi-I/O cryo-packages and 
high-speed data interface circuits to RT electronics 
are the keys to system integration. The use of cryo-
coolers introduces a trade-off between reducing heat 

leaks and widening the communication bandwidth 
due to the limited cooling capacities of such devices.  

The thermal budget, which determines the size of 
the cooling power, depends strongly on the required 
electrical wiring of the system. High temperature 
superconductor wires are a very interesting 
alternative to reduce the heat load on the 4 kelvin 
stage. These wires can be split into several (typically 
dc) power supply lines and communication lines for 
analogue and digital signal [5.4-1]. In the vicinity of 
the superconductive electronics, the power supply 
lines must be designed in such a way as to minimize 
any magnetic fields created by the current flowing 
through the wires. The total length of signal lines 
should be short, to reduce insertion losses, but the 
dimensions and the thermal conductivity are also 
very important.  

The typical distance between the RT and the 
superconducting electronics is below 1 metre. Digital 
data processing is connected to the memory access 
for data exchange. Currently there exists no solution 
for a superconducting memory and the development 
of microprocessors described in Chapter 3.2 is 
currently based on conventional semiconducting 

Tab. 5-5: Cryocooler development time line (maturity of cooler only) 

 

Cryocooler for SE

Basic R&D

Basic R&D

Basic R&D

Applied R&D

Applied R&D

Applied R&D

Applied R&D

First Appl.

First Appl.

First Appl.

First Appl.

First Appl.

Mature Appl.

Mature Appl.

Mature Appl.

Mature Appl.

Mature Appl.

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Low -Noise Sub-K (<0.3K, <0.1mW)

High-Pow er Low -Noise LTS (4-5K, 0.1-0.2W)

Low -Pow er Low -Noise LTS (3-5K, <3mW)

Low -Noise HTS (70-80K, <0.1W)

Standard HTS (70-80K, 2-10W)

 

 

 

 

 



 European Roadmap on Superconductor Electronics, Version June 2010 77

memory at RT. To reduce access time and latency, 
the distance between memory and processor needs to 
be small, which can be solved by cryogenic CMOS 
implementations of memory directly connected to 
RSFQ chips [5.4-3]. 

As mentioned in Chapter 5.2, the use of optical 
fibers together with hermetically sealed optical 
connectors relaxes the restrictions caused by high 
speed communication lines. 

Fig. 5-6 shows a fully operational example of a 
cyro-cooled digital switch system demonstrated at 
NEC in Japan [5.4-4]. The system utilizes a two stage 
GM cryo-cooler from Sumitomo Ltd. with a cooling 
power of 1 W at 4.2 K and 31 W at 40 K. The 32 
signal and supply lines are semi-rigid coaxial cables 
with a bandwidth of more than 25 GHz. The probe 
head carries a MCM sample carrier and is equipped 
with a two layer magnetic shield.  

 

Fig. 5-6 Cryo-cooled system configuration for the switch system 
developed at NEC in Japan [5.4-3] 

 
As an example, a Josephson voltage standard 

made by Supracon AG is shown in Fig. 5.7. The 
system is integrated with a commercial 4 Kelvin 
cryo-cooler, and equipped them with room-
temperature interface electronics controlled by 
graphical user interface. This metrological standard 
demonstrates the maturity of fully cryo-cooled 
superconductor technology operating at 4 Kelvin. 

 

Fig. 5-7. The cryo-cooled Josephson voltage standard, fabricated 
ad Supracon AG. The system comsists of the following 
components: 1: pulse tube cooler with a SIS Josephson junction 
array and the 75 GHz microwave electronics installed in the 19” 
rack, 2: control electronics, 3: source looking counter, 4: null 
detector, 5: 3-channel polarity reversal switch, 6: sensors for 
temperature, pressure and humidity, 7: computer control, 8: 2 kW 
compressor unit. 

 

  



 5. Enabling Technologies 78 

 Circuit Design, Interfaces and System Configuration for SE 

Basic R&D

Basic R&D

Basic R&D

Applied R&D

Applied R&D

Applied R&D

Applied R&D

First Appl.

First Appl.

First Appl.

First Appl.

Mature Appl.

Mature Appl.

Mature Appl.

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Complete Cryo-Cooled Digital Signal Processor

Eff icient Commercial Cooler for General SE
Application

Event Based Logic Synthesis Tool for
Complex Circuits

Integrated Design Framew ork w ith Industrial
Standard
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6. European SE Research Vision 

6.1. Assessment of the current status  

Superconductivity already plays a very important role 
in scientific measurement techniques and ultra-
sensitive detectors or on the large scale for 
experiments like the Large Hadron Collider or the 
development of fusion reactors. Such experiments 
would not even be feasible without superconductor 
technology. In the future, a growing number of 
superconductor applications in science and industry 
can be expected. 

The European expertise in basic science 
concerning superconductivity and in material science 
is strong. Also in the area of applying 
superconductivity in high energy technology, health 
care, prospecting, standardization and measurement, 
Europe is still competitive. But with the current level 
of support, Europe is in danger to loose ground in the 
areas of health care and prospecting relative to the 
competitors in the USA and Japan.  

In the important area of information and 
communication technology, Europe has already lost 
ground and urgently needs to close the gap to the 
USA and Japan. These countries have continuously 
maintained research programs for exploiting the 
unique features of Superconductive Electronics (SE). 
In Europe, only the FLUXONICS platform – 
implemented by means of the European Community - 
aims at bringing together actors from industry, SMEs, 
and research organizations such as universities in the 
field of superconductive electronics 

As has been outlined in the previous sections, 
superconductive electronics is of potential impact in a 
variety of fields which determine the contemporary 
way of life as well as its quality: 
- Resources and Environment, 
- Security and mobility, 
- Information and Communication Technology, 
- Improved Production Processes, 
- Health Care, 
- Standardization and measurement. 
 

With the appropriate support, the European 
position can be transformed into leadership in all of 
these fields. It would be an effective contribution to 
strengthening the future position of the European 
industry. 

In the following, the R&D targets for Europe are 
specified and necessary steps on the road towards 
these aims are outlined. With research and 
development in the identified topics, Europe can 
reach the international status of SE.  

6.2. Superconductive Electronics Research Domains  

In order to turn the advantages of superconductivity 
into effective applications, research on different 
levels is necessary. These levels range from 
fundamental considerations to high-tech fabrication, 
from training of engineers to the dissemination of 
knowledge. It includes work in the field of applied 
research where phenomena are investigated under 
real-life conditions.  

 
Essential research domains for SE are identified as:  
- Basics and Fundamentals, 
- Materials, 
- Process and Design Technology, 
- System Cooling, 
- System Interfacing. 
- SE Applications (Radiation Detection, Digital 

Electronics, Magnetic-Field Sensing, Metrology, 
Passive Microwave Techniques). 

6.3. Superconductive Electronics Application 
Domains 

Superconductive Electronics is of societal impact in 
the following application domains: 
- Industrial,  
- Scientific/Governmental, 
- Medical, 
- Infrastructural. 
The next sections describe a projection of beneficial 
impact in the domains. 
 
Industrial 
One of the goals of research under the EU’s research 
programs consists in improving the competitiveness 
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of European industry. SE can support this aim by 
enabling 
- high-speed ICT components with low energy 

consumption, 
- non-destructive material evaluation for quality 

assurance, 
- IR and THz imaging technology for security, 

pharmaceutical and chemical industry, 
- quality assurance by means of standardization / 

measurements, 
- communication and cryptography. 
 
Scientific / governmental 
Both sectors of this domain can benefit from the 
advances SE offers through its unique capabilities of 
measuring physical quantities, controlling processes, 
and perceiving responsibilities of public 
administration. The impact is already strong in 
important fields such as 
- scientific instrumentation, 
- passive security screening, 
- identification of substances.  
 
Medical 
Medical applications are strongly connected with the 
superior features of measuring tiny and faint signals. 
The particular application potential in the medical 
domain, given in: 
- imaging of objects and markers, 
- new instrumentation for genomics and 

proteomics, 
- diagnostics of brain and heart signals, 
- identification of substances including low-field 

MRI, 
- cell and drug spectroscopy. 
Many of these methods are non-invasive and allow 
enhancing the productivity of medical diagnosis, 
which is a unique advantage of SE. 
 
Infrastructural 
In the domain of infrastructure, essential effects can 
be expected by a wide exploitation of the data 
sensing capabilities of SE. One example is given by 
avoiding accidents by preventive 
- non-destructive material evaluation for safety. 
 
In the field of information infrastructure which is 
known to “underpin economic development in all EU 

regions” [6-1], the high speed processing capabilities 
of digital SE will enable  
- components for broadband communication as 

routers and switches, 
- A/D and D/A converters, 
- Concerning the search for resources, SE today 

contributes significantly in the  
- geological exploration, 
- detection of raw materials, minerals, ground 

water, 
- environmental protection, 
- imaging of archaeological objects. 

6.4. R&D Objectives of SE - meeting Europe’s major 
Challenges 

R&D work, directed towards applications, will 
inevitably be of benefit for European Society in all 
the application domains described above. From 
today’s view, the effects will contribute to meet the 
general goals and challenges of the European Society 
which are outlined e.g. in [6-2]. In the following 
paragraphs, this is briefly illustrated. 
 
Competitiveness of European Industry 
The introduction of SE will have impact on 
production issues mainly, but not only, through 
superior diagnostics will it enable the highest level 
quality assurance and precision. 
 
Broad-band Communication 
Tomorrow’s networks as well as the desired 
ubiquitous access to digital content and the “Access 
for All”-initiative is based on the existence of a 
powerful infrastructure for data transmission. SE can 
provide high-speed digital electronics with high 
throughput. 
 
Energy efficiency and environmental 
sustainability 
Besides improving the performance of ICT 
infrastructures, technology has to address 
environmental concerns. Here, the unique 
combination of high processing speed and lowpower-
consumption of the circuits themselves may pave a 
way for processing data with reduced dissipation of 
energy.  
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Improving the quality of life 
Safety and security have become an important 
societal issue. In these fields the outstanding 
capabilities of SE components may be used for 
detecting faint signatures, e.g. in explosives and 
drugs or even safety screening of food. 
 
Health systems 
One of the challenges to be addressed by EU R&D is 
given by sustaining the healthcare system [6-1]. 
Besides providing the technical backbone for coping 
with the data traffic in this information-intensive 
field, especially the possibilities for biomedical 
analysis and clinical diagnostics offered by SE are to 
be mentioned. 

6.5. R&D Projects for Superconductive Electronics 
as proposed by the European Network 

Project Planning 

To reach the international level of SE, collaborative 
European R&D is seen as an important issue. To 
increase the coherence of the present SE research 
work on the European level is seen as a key element 
for the fast implementation of promising SE 
applications.  
Based upon the assessment of the status of the 
research on SE in Europe and upon the projections of 
the future research work both described in the 
previous chapters, three main research projects can 
be identified: 

  
- Ultra-sensitive sensing and imaging, 
- Quantum measurement instrumentation, 
- Advanced analog-to-digital converters. 
 
These projects are defined according to the expected 
strengthening of the European competitiveness in SE 
so that real-world applications in this technology with 
societal and industrial impact become viable. All 
three projects require an advanced fabrications 
technology. This leads to the definition of an 
additional integrating research project:  
 
- Superconductive electronics technology. 
 

This project forms the link between the other project 
areas. Figure 6-1 shows how the research projects are 
to be integrated to a common European research 
effort.  
 
 
 

Research Projects 

 
 
 
 
 
 
 
 
 
 

Fig. 6-1. European superconductive electronics research matrix.  

 
The matrix shows how the defined projects are to be 
integrated that the entire innovation chain from basic 
research to system implementation is covered. The 
described organization scheme avoids doubling of 
R&D effort and increases effectiveness by combining 
European research and fabrication capabilities. 

The identified four research projects are described 
in more detail subsequently.  

 
 
Project: Ultra-sensitive sensing and imaging 
 
Superconductive radiation and photon detectors cover 
a very wide spectral range from millimetre to 
nanometre wavelengths or in the energy scale 
between meV and keV. Superconducting detectors 
are also emerging as detector-of-choice in mass 
identification with high throughput of 
macromolecules such as proteins and virus. In the 
next years all the different types of detectors should 
be improved and optimized to reach the ultimate 
quantum limit in the respective spectral range for 
applications in instruments for fundamental research 
in astronomy, material science, security, chemistry 
and biology. There is room for improvement 
regarding sensitivity, speed and response of all 
detector types. Especially fundamental research on 
quantum physics most certainly will advance the 
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performance of superconducting sensors. In the first 
place such quantum limited detectors will be useful 
for scientific applications. Nevertheless, also future 
industrial applications will benefit from these 
advancements. 
Observing current trends, it becomes obvious that the 
main technology drivers are imaging and high 
throughput applications, which require large arrays of 
sensors to fill the focal plane of an appropriate 
photon or ion beam. Therefore a large effort has to be 
put on maturing single detectors to devices which 
combine a large number of superconducting detectors 
and their readout whilst enhancing the manufacturing 
technology to make such focal plane array 
manageable and economically feasible. Due to the 
sophisticated sensors, this involves not only a pure 
chip design but the implementation of such devices 
into an adapted cryo-environment, meaning a 
cryogen-free cooler and a low noise readout / data 
acquisition chain. 
Some applications with large impact to societal needs 
like imaging of X-ray, optical and THz signals in the 
fields of security, telecommunications at high bit rate, 
materials and health will require a mature thin film 
nanotechnology to fabricate large-area detectors and 
large number of single pixel detectors or even small 
and large arrays. This technology should be able to 
fabricate up-to a million detectors on a chip with nm-
size dimensions of the active devices embedded in a 
complex microwave wiring environment with several 
metallic layers.  
In addition, large detector arrays will require an 
integrated ultra-low power readout circuitry with 
sufficiently high bit rate capability and very low 
back-action to the detectors. Obviously, such a new 
readout technology can be realized with an ultra-low 
power RSFQ technology. The power dissipation of 
the actual existing RSFQ technology should be 
reduced by a factor of 1000. Therefore an appropriate 
RSFQ technology should be developed. In the next 
years feasibility studies will demonstrate the 
functionality of this approach and will lead to a new 
complex design of arrays and readout electronics. 
 
 
 
 
 

 
goals for the next two years: 
- For mm- and sub-mm-applications, Transition-

Edge Sensors (TES) single pixel detectors will 
be optimized and integrated in small arrays.  

- For the same spectral range, especially for the 
THz for coherent receivers Nanowire Hot-
Electron Bolometers (HEB) will be improved. 

- For IR and Visible spectral range 
Superconducting Nanowire Superconducting 
Single Photon Detectors (SNSPD) will be 
optimized at the single pixel and array stage to 
achieve large area coverage and imaging.  

- For heavy ions and macromolecules, 
Superconducting StripLine Detectors (SSLD) 
will be implemented for subnanosecond response 
time at few mm pixel size and ≥ 5K operating 
temperature for 100% efficient detection of 
massive proteins.  

- New devices like Kinetic-Inductance Detectors 
(KID) will be placed in first demonstrators.  

- First ultra-low power RSFQ circuits, Frequency-
Domain (FDM) and Code-Division Multiplexer 
(CDM) will be developed and demonstrated for 
detector readout.  

- The nanotechnology for detector and RSFQ 
fabrication will be optimized with a focus on 
nm-sized dimensions for multi-pixel arrays and 
integration with ultra-low power RSFQ devices. 

 
goals for the next five years: 
- Imaging applications of X-ray, optical and THz 

signals with large arrays up-to 1000x1000 pixel 
demonstrated in laboratory. 

- Small TES arrays will be implemented in real 
systems, e.g. for THz scanners.  

- First arrays with Single-Photon and Single-
Molecule Detectors will be demonstrated in real 
applications for biology, chemistry and quantum 
communication.  

- First practical readout circuits with ulta-low 
power RSFQ, FDM and CDM will be 
demonstrated. 

 
Project: Quantum measurement instrumentation 

Superconductive devices are playing an important 
role for fundamental metrology and high-precision 
measurements by means of quantum standards, which 
enable the reference of units to fundamental 
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constants. These quantum standards provide uniform 
measuring capabilities independently from space and 
time at an accuracy level that can not be reached 
using room temperature instrumentation. While 
quantum standards are presently well-established for 
DC applications and only at national metrology 
institutes, future activities strongly aim for simple 
and user-friendly instruments for AC applications, 
which are to be routinely used not only at special 
laboratories but at the workshop floor of industrial 
and private companies. As metrology based on 
quantum standards is of outstanding relevance for the 
society, specific metrology-aimed developments are 
presently funded by the EC within the European 
Metrology Research Programme (EMRP). This 
programme is focused on the metrological aspects of 
new developments, which are mainly performed at 
national metrology institutes. The proposed activities 
here do not overlap with the EMRP, but are to push 
forward such developments which enable the 
implementation and distribution of quantum-based 
measuring capabilities onto a broad and user-friendly 
measurement instrumentation platform in Europe as 
mentioned above. The envisaged goals for the next 
two and five years are listed below. A promising 
approach for future developments is here the 
integration of adapted superconducting digital 
electronics into novel quantum measurement 
instrumentation.  

Improved fabrication technologies will play a key 
role in reaching these ambitious goals. The 
technological developments have to be focused on 
two main directions: First, improved superconductor, 
normal metal and dielectric materials as well as 
Josephson junctions with a wide range of dimensions 
on their basis will be needed for the realization of 
robust and adapted circuits for quantum voltage and 
quantum current measurement instruments. An 
envisaged goal for the next two years is here the 
development of more robust junctions for electrical 
current standards in the sub-nanoampere range. 
Secondly, the fabrication of large series arrays will 
require the VLSI integration level especially for 
voltage standards at the 10-V level. In addition, the 
improved fabrication technology will strongly push 
forward the development of detectors for electrical 
quantities and with sensitivity approaching the limits 

imposed by quantum mechanics as for example 
SQUIDs or electrometers.  

An important goal in the field of quantum 
measurement instrumentation is the development of a 
quantum multimeter being a user-friendly multimeter 
for measuring voltages, resistances, and currents 
directly referenced to quantum standards. A first 
prototype version of this top-level instrument will 
probably be demonstrated within 5 years. This multi-
purpose instrument will be used at national metrology 
institutes and in the long term for on-site calibrations 
and precision measurements in university and 
industry laboratories, respectively.  

 
goals for the next two years: 
- concept of a modified 1-V quantum synthesizer,  
- concept of a quantum mulitmeter.  
 
goals for the next five years: 
- modified 1-V quantum synthesizer,  
- first version of a quantum multimeter 

demonstrated. 
 
Project: Advanced analog-to-digital converters 
One of the important stakes of future generations of 
ground- or space-based telecommunication networks 
relies on the possibility to introduce flexibility in the 
payloads through configuration by software. This is 
called software-defined radio (SDR). The main 
objective is to propose systems to operators and users 
for which parameters like frequency bands, 
modulation formats, and number of channels per 
carrier can be modified after the system is built and 
during its entire life. This objective is particularly 
important for satellites that are now built with a 
15-year life expectancy, but also for related ground 
systems that need to adapt to the rapidly changing 
telecommunication field for a minimal cost. The 
general trend is to address a higher number of final 
users with a broader individual bandwidth, of the 
order of tens of Mbits/s. Associated services range 
from phone, mobile TV, professional mobile internet 
and interactive TV, point-to-point connection for 
large files [6-3]. 
Nevertheless, the SDR technique requires ultrafast 
analogue-to-digital converters (ADC). The currently 
available semiconductor ADCs only offer a 
bandwidth of a few GHz with no more than 8 
effective bits. The state-of-the-art and future 
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expectations of semiconductors lead to an 
improvement of performance of only 1.5 bit every 
7 years, with a constant sampling rate. Consequently 
the expected performances of semiconductors in this 
particular field are very far from what is needed, even 
in a time frame of 10 to 15 years. 
The direct digitization of radiofrequency signals at 
microwave sampling rates is the most promising way 
of introducing the flexibility in future 
telecommunication systems. The all-digital technique 
is the main trend in this field, allowing to filter or 
reconfigure modulated formats of received signals in 
specific frequency bands, to reprogram signal 
processing algorithms, or even to modify the 
radiation pattern of software-controlled agile 
antennas, all this on-the-fly. 
To achieve these tasks, Superconducting Digital 
Electronics has two key advantages on other 
technologies:  
- the already demonstrated possibility to sample 

signals at frequencies in the 100 GHz range with 
the RSFQ technique, with negligible power 
consumption;  

- the possibility of obtaining extremely high 
dynamic range due to the fundamental quantum 
accuracy of the digital bit in multiples of the 
magnetic flux quantum h/2e, based on quantum 
mechanics. The quantum accuracy is not 
available in the semiconductor circuits 
digitization principle.  This greatly limits their 
linearity. Thus, complex architecture and circuits 
to overcome the issue are required. 

To achieve the goals required by SDR, it is necessary 
to develop extremely sensitive ADCs having the high 
desired dynamic range. Since the circuits need to be 
cooled at cryogenic temperatures, it is advisable to 
perform as many tasks as possible on the ADC chip, 
like on-chip direct signal processing, for the same 
cryogenic price since the power consumption of 
complex RSFQ chips is in the 500 mW range at 
maximum. This requires circuits with about 10000 
logic gates, which fit on a 1 cm2 chip, that need to be 
fabricated with a low-Tc technology, as a necessary 
step to gain knowledge on designs and architectures 
since the technology is mature, before envisoning 
higher-Tc superconductors. 
 
 

goals for the next two years: 
- prove ADC design with current 1 kA/cm2 low-Tc 

technology. 
goals for the next five years: 
- prove ADC design with entire signal processing 

with current 1 kA/cm2 low-Tc technology; 
- prove ADC design with current 10 kA/cm2 low-

Tc technology. 
 
Project: Superconductive electronics technology 
Superconductive electronics technology comprises 
the device and circuit design as well as the 
corresponding fabrication process.  

The SE technology must be focused to reach VLSI 
integration level as fast as possible. Only this level of 
integration allows getting access to real-world 
applications being of significance for the society and 
the industry as well. Furthermore, only this level of 
circuit complexity allows to fully emphasizing the 
unique features of SE. Therefore, the research goals 
in this field have to follow strictly the shrink path: to 
downsize the junctions, to increase the critical current 
density through improved lithography and to increase 
the number of metallization layers. For this, it is 
necessary to improve the lithographic process, to 
include CMP and finally, to reach a new level in 
process control. 

 
goals for the next two years SE technology: 
- 5:1 projection lithography, 
- 2.5 µm Josephson junction size, 
- jC=2 kA/cm2, 
- robust technology for large SNS circuits, 
- Noise-optimized extremely thin films and 

structures down to nm size. 
 
goals for the next five years SE technology: 
- planarization by CMP, 
- 1.0 µm Josephson junctions size, 
- jC=10 kA/cm2, 
- 6-10 wiring / screening layers, 
- nanostructures on wafer-scale demonstrated, 
- process control and simulation demonstrated 
- VLSI circuits demonstrated. 

 
The design infrastructure is seen as the enabler for 

intentionally introducing functionality into 
technological structures. In order to get best 
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functionality and compatibility to the international 
mainstream of circuit design, the software tools for 
SE to be developed in future should be linked as best 
as possible to the software used in semiconductor 
design. Also, the knowledge about these tools has to 
be disseminated. One example is the NioPulse 
software tool suite which is especially developed for 
SE. It is created for fast, closed-cycle design and 
offers simulation [6-4]. Design for Yield (DFY) still 
has to be established. Another important topic is the 
development of a cell library for mixed-signal 
circuits. The capabilities to simulate the whole SE 
system have to be developed. Furthermore, adapted 
circuit architectures are required. 
 
goals for the next two years SE design 
infrastructure: 
- compatibility of design formats in European 

groups, 
- cell libraries optimized and characterized, 
- Design for Yield (DFY) established, 
- Analog-mixed-signal circuit simulation. 
 
goals for the next five years SE design 
infrastructure: 
- unified European design tool suite, 
- cell libraries and design kits experimentally 

proven, 
- DFY approach consolidated by fabrication 

statistics, 
- verification by simulation simulation on system 

level, 
- Cell-library-based analog-mixed-signal circuits 

demonstrated. 
 

Inter-relation between the proposed projects 
The efforts on the project Superconductive 
electronics technology are favorably in close 
connection with each of the application fields in 
order to directly support the successful 
accomplishment of the three main research projects. 

The suggested organization structure to embed the 
projects in a European SE Network of partners is 
illustrated in Figure 6-2.  
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Fig. 6-2. Connection between the proposed projects and a 
European SE Network of partners. 

 
Three application-oriented projects (columns) are 
supported by dedicated development of SE 
technology which comprises the particular fabrication 
processes and the specific design capabilities for 
devices and circuits. A European SE Network of 
partners control the interaction of the projects. 
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