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Technological processes for the fabrication of low- and high-Tc Josephson junctions, aimed for certain appli-
cations, are described. On the one hand, the integration of low-Tc superconductor digital electronics with super-
conducting sensor arrays enables input signal processing with quantum limited resolution at millikelvin tempera-
tures. We describe this mixed signal superconductor technology for analogue sensor readout and signal 
multiplexing for operating temperatures down to 300 mK. On the other hand, by making use of modern high-Tc 
Josephson junction technology, sensitive magnetometers, which require a modest cooling power, can be devel-
oped. Examples of the application of the mentioned processes are shown. 

PACS: 85.25.–j Superconducting devices; 
85.25.Am Superconducting device characterization, design, and modeling; 
85.25.Cp Josephson devices; 
85.25.Oj Superconducting optical, x-ray, and γ-ray detectors (SIS, NIS, transition edge); 
74.81.Fa Josephson junction arrays and wire networks. 

Keywords: superconducting electronics, Josephson junctions, single flux quantum circuits, superconducting quantum 
interference filters.  

1. Introduction

Superconductor digital electronics was proposed over 
30 years ago as a basis for ultrafast devices exploiting sub-
terahertz frequencies. Recently, it becomes clear that su-
perconductor electronics can be potentially used for energy 
saving implementations related to high-performance com-
puting. Indeed, the energy efficiency of modern computers 
has become a serious problem due to an extremely fast 
growth of energy consumption by supercomputers and 
internet-based systems. The energy dissipation in conven-
tional digital electronics is caused by recharging of the 
corresponding semiconductor circuits. At the same time 
the size of transistors continues to decrease, and the num-
ber of transistors per chip has enormously grown last dec-
ades. The main obstacle to keep progress, for instance by 
using three-dimensional integration, is energy dissipation.  

Here the superconducting electronics, utilizing Josephson 
junctions as nonlinear elements, has the potential to play an 
important role in future. Its main advantage is a very small 
power consumption in combination with a very low noise.  

On the other hand, the requirement of low temperatures 
is a big obstacle to superconducting electronics. The han-
dling of expensive cryogenic liquids as 4He or the need of

large refrigerators is unwanted for certain applications. 
Here, existing technologies of high-temperature supercon-
ductors (HTS) can lower the technical demands.  

For particular applications existing fabrication technol-
ogies can be adjusted to fit specific requirements. Also the 
intelligent use of well-established technologies can cir-
cumvent possible obstacles of the fabrication process. In 
this paper we present examples for both approaches. The 
first is the modification of a technological process for low-
temperature superconducting (LTS) circuits. The second is 
devoted to the special design of HTS magnetic sensors, 
and both fit the need of specific applications. 

Low-Tc junctions 

Historically two processes for the fabrication of Nb-
based superconducting circuits have been developed at the 
IPHT. The first is motiveted by high-sensitive magnetome-
try: application of superconducting quantum-interference 
devices (SQUID) sensors is determined by their relatively 
low intrinsic noise [1]. Based on those elements we de-
velop complete systems for biomagnetic measurements and 
geophysical exploration. Additionally we use this technology 
for testing measurement schemes [2] and mimicking scalable 
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designs for quantum computation [3]. The second is aimed for 
the application of single flux quantum (SFQ) circuits — digi-
tal superconducting electronics [4]. The SFQ technology is 
provided in frame of the IPHT-based FLUXONICS Foundry 
[5] — a strategic development based on the European road-
map of superconductive electronics [6]. Parameters of these 
processes are presented in Table 1. 

In this section we present a recently developed techno-
logical process [7], which is aimed to analogue sensor 
readout and signal multiplexing (so-called mixed signal 
superconductor technology), for operating temperatures 
down to 300 mK. At the end we will discuss recent results 
of its first implementation. 

Security screening or modern astrophysics methods re-
quire a substantial improvement of the detected images. This 
can be done by increasing the pixel numbers, namely in-
creasing the number of sensors. An integration of supercon-
ductor digital electronics together with superconducting 
sensors enables smart multi-channel sensor arrays. However 
the engineering effort increases extremely with the number 
of sensers. Problems are, for example, caused by the thermal 
load of signal lines, cross talk interferences, and electronics 
noise contribution.  

A solution can be to use frequency division multiplex-
ing [8,9]. For terahertz radiation a particular example is 
shown in Fig. 1 [10]. The low-temperature platform con-
sists of a sensor array and a multiplexer circuitry. In the 
best case both parts are on-chip [11]. Digital circuits at 
room temperature (interface, FPGA, A/D and D/A con-
verters, filters, clock timers) act as interface between the 
superconducting circuits and a computer, needed for con-
trolling, signal processing, visualization, data storage and 
human interfacing. In common multiplexing systems, the 
switches are close to the sensor at a low-temperature level 
and the controller operates at room temperature. The number 
of wires from room temperature could be further reduced by 
placing the controller also at the low-temperature level.  

On the base of both the SQUID and the SFQ process a 
mixed signal superconductor technology has been devel-
oped and optimized. Main parameters of these processes 
are shown in Table 1.  

A schematic cross section of the new interface process 
is shown in Fig. 2, with Josephson tunnel junction, shunt 

resistor and bond pad structure. There also the materials 
and thicknesses of the layers are given.  

The layer package consists of three superconductor lay-
ers (M0, M1, M2), a resistor layer (R1), a bond pad layer 
(R2), a layer stack of Nb, Al, Al2O3, Nb for the Josephson 
tunnel junctions (T1), and insulation layers as combina-
tions of Nb2O5 and SiO2 (I0A, I0B, I1A, I1B, I2). A cut-
ting process removes auxiliary electrical connections 
(CUT) for the anodization step.  

The dc-magnetron sputtering is used for deposition of 
Nb and Al, and reactive ion-etching (RIE) in CF4 plasma 
for patterning of Nb. The isolation between Nb layers is 
realized by anodization for Nb2O5 and a SiH4-based plas-
ma enhanced chemical vapor deposited (PECVD) process 

Table 1. Parameters of existing processes for SQUID, RSFQ 
and requirements for the new mixed signal process 

Parameter SQUID RSFQ Mixed signal 

Current density, A/cm2 70–350 1000 100–200 

Resistance, Ω/sq 1 1 4–5 

Number of Nb layers 2 3 3 

Total layers number 7 10 14 

Operating temperature, K 4.2 4.2  0.3–4.2 

 

Fig. 1. System scheme multiplexing readout of superconducting 
sensors. 

Fig. 2. (Color online) Schematic cross section of the new mixed 
signal process. The layers materials and thicknesses are given. 
The superconducting Nb layers are colored in blue, the trilayer 
forming the junctions in red, the isolation layers in dark and light 
grey and the normal resistant layers in green. 
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for SiO2. The SiO2 is reactive ion-etched with CF4 and O2. 
Laser-based end-point detection controls all RIE processes. 
Al is patterned by sputter etching with Ar.  

Figure 3 shows a Josephson tunnel junction that is 
formed by a barrier of Al2O3 between Nb layers. Nb and 
Al are in-situ deposited and the surface of Al is oxidized 
with a thickness of about one nanometer which defines the 
critical current density Jc. The value of Jc for the mixed 
signal process is 100–200 A/cm2. Subsequently Nb is de-
posited in-situ. The complete stack consists of Nb, Al, Al2O3, 
and Nb. Galvanic anodization of T1 defines the size of the 
Josephson junctions. The temporary connections for 
anodization are removed by a subsequent RIE in CF4 plasma.  

To control their damping and suppresses the hysteresis 
of the tunnel junctions, a shunt resistor layer of AuPd is 
deposited by sputtering and patterned by lift-off. Because 

of its temperature independent resistance in the tempera-
ture range of interest, this material is chosen. A cross sec-
tion of a resistor structure is shown in Fig. 4. Finally, the 
bonding pads are covered by evaporated gold (R2).  

To qualify the mixed signal superconductor technology 
parameters, measurements of the fabricated Josephson 
junctions at a temperature range down to 0.3 K are neces-
sary. For this measurement a single shot 3He refrigerator 
with sorption pump technology is used. The samples con-
taining unshunted Josephson junctions are mounted at the 
300 mK stage. A superconducting shield suppresses exter-
nal noise sources. Additionally the control dc lines are fil-
tered by RC-filters at about 1.7 K and at room temperature 
accompanied by feedthrough filters at room temperature. 
In a four point setup the current at the junction is ramped 
and the corresponding voltage recorded.  

The results of these measurements at 1.7 and 0.3 K are 
shown in Fig. 5. The I–V-measurements at the two temper-
atures show the same characteristic. Switching current his-
tograms can, if necessary, reveal the slight temperature 
dependency of the switching current [12]. From these 
measurements we also determine the critical current densi-
ty — for a Josephson junction with a size of 20 µm2 we 
find a Jc of 190 A/cm2. Note, at both measured tempera-
tures the AuPd resistors have the same values, resulting by 
temperature independence at this temperature range. 

Recently we began experiments with a higher integra-
tion level of junctions on chip — the measurements are in 
progress. 

3. High-Tc junctions 

Potential applications of high-Tc superconductors, mo-
tivated mostly by modest cooling power required for keep-
ing the superconducting state, are still restricted by the 
relatively poor technological abilities. The demonstrated 
progress for implementation of multilayer processes for 

Fig. 3. (Color online) Josephson junction cross section. For better 
visibility, the thin isolating barrier of Al–Al2O3 is highlighted in 
red, while the Nb layers are colored blue. The black areas corre-
spond to isolation layers. For the SEM picture the chip was pre-
pared by focused ion-beam (FIB). Therefore, an additionally 
layer (grey on top of Nb) is deposited to protect the structures 
during FIB milling. 

Fig. 4. (Color online) SEM picture of a resistor structure cross 
section. The FIB milling was similar to Fig. 3. The thin resistor 
layer is highlighted in green. 

Fig. 5. (Color online) I–V plot of a Josephson junction with an 
area of 20 µm2 at 1.7 and 0.3 K. 
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Josephson junction fabrication [13,14] is not enough for 
the fabrication of scalable superconducting electronic cir-
cuits. Nevertheless single-layer structures exploiting so-
called grain-boundary junctions can be used for sensitive 
low-frequency magnetometry [15,16]. Here we present 
results of fabrication and testing multijunction magnetic 
field sensors. These sensors are known as superconducting 
quantum interference filters (SQIFs) [17].  

SQIFs are arrays of superconducting loops, with Joseph-
son junctions in each loop and with different sizes of the 
loops. They can be used for magnetic field measurements in 
the following way. The superposition of the signals of all 
these loops results in a large unique delta-like peak at a zero 
applied magnetic field and almost no modulation at other 
magnetic fields (see Fig. 6). We have prepared SQIFs by 
making use of our standard high-Tc technology that is based 
on YBa2Cu3O7–x grain boundary junctions formed on MgO 
bicrystal substrates. These structures are operated at 77 K. 
For the arrays 30 to 200 loops are used in serial or parallel 
configuration or in a combination of both.  

First experiments using a standard array of SQUID 
loops are performed without any pickup loop coupled to 
the bare SQIF [18,19]. In general, the serial SQIFs work 
properly and show the expected increase in peak height 
and a reduction of the magnetic field noise with an in-
crease in the number N of SQUID loops. The parallel 
SQIFs, however, do not show the expected reduction of the 
peak width with increasing N and therefore have worse 
magnetic field noise as expected. This weaker performance 
is caused by the technologically given spread in the critical 
currents of the single SQUIDs. This spread causes a redis-
tribution of the currents through the parallel SQUIDs and 
thereby parasitic flux in the loops. For better field sensi-
tivity, pickup coils are directly or inductively coupled to 
serial arrays, either on the same substrate or on a separate 

chip flipped to the SQIF. Best results are obtained for flux 
transformers flipped to a series array of 95 SQUID loops 
[20], see Fig. 7. We obtain a voltage swing (peak height) 
of 720 µV, a voltage field transfer factor of 84 µV/nT and 
a white noise Bn = 65 fT/Hz1/2 (107 fT/Hz1/2 at 1 Hz). Alt-
hough Bn is not as low as for modern high-Tc dc SQUIDs 
[16], SQIFs are still very interesting as magnetic field sen-
sors because they feature (i) relatively high voltage-field 
transfer function and (ii) a unique voltage peak at zero 
magnetic fields. A further noise reduction might be ob-
tained by minimizing the inhomogeneity of the Josephson 
junctions (for instance so-called faceting [21]), namely by 
using submicron junctions. 

4. Conclusion 

In conclusion, existing fabrication technologies for su-
perconducting electronics still gives great potential for 
possible applications. We showed an example for the ad-
justment of the well-established fabrication process for 
LTS circuits to fit the specific need of a particular applica-
tion. Namely the interface of a detector readout to room 
temperature electronics that is capable of multiplexing. 
There, adjustments of the working temperature and critical 
current densities have been experimentally verified. On the 
other hand, we demonstrated the clever use of well-
established HTS technology for the fabrication of sensitive 
magnetometers. By the use of a serial configuration in the 
SQIF architecture the influence of the unavoidable spread 
in the critical current can be reduced.  
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