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We present two possible methods for the fabrication of sub-micron sized Josephson junctions, namely the 
shadow-evaporation technique and the cross-type technology. Their importance for the field of modern super-
conducting technology is discussed. As examples we present measurement results of a two-qubit sample and a 
prototype of a microwave detector fabricated each by one of the described methods. We review potential appli-
cations of superconducting quantum circuits based on the developed methods. 

PACS: 85.25.Cp Josephson devices; 
85.25.Dq Superconducting quantum interference devices (SQUIDs). 
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1. Introduction

In spite of the fact that superconductivity was opened 
more than 100 years ago, this phenomenon still attracts at-
tention of experts motivated mostly by its potential applica-
tions. By making use of fundamental laws of superconduc-
tivity — namely the quantization of magnetic flux inside of 
a closed loop [1,2] and the Josephson effect [3] — a nontriv-
ial magnetic flux dynamic inside a superconducting structure 
can be realized. A simple example can be demonstrated by 
embedding a single or several Josephson junctions into a 
loop. In such an arrangement magnetic flux quanta can enter 
or leave the loop. Therefore, in this system and under certain 
conditions, two such flux states form the basis of a two-level 
quantum system [4] called a quantum bit (qubit). Similar 
qubits can be developed for the quantized number of Cooper 
pairs on a small superconducting island. There also a Jo-
sephson junction can allow individual pairs to enter or leave 
the island and thus couple different charge states [5]. Note 
that this device embedded into a superconducting loop re-
sults in a so-called interferometer-type charge qubit [6]. 
Qubits are successfully used for quantum-optic experiments 
[7–10] and strong research efforts are made towards quan-
tum computing [11–17]. 

Using the current-biased superconducting loop with two 
Josephson junctions a sensitive magnetic field detector can 
be developed [18]. Such superconducting quantum inter-
ference device (DC SQUID) is biased slightly above the 
maximum of the superconducting current that can be fed to 

both junctions. The value of this maximal current, and 
therefore the voltage across the SQUID-structure, depends 
on the external magnetic field. In that way a reasonable 
large magnetic field–voltage transfer function is achieved. 

On the other hand, a complete isolation from external 
fields is needed for digital electronics based on Josephson 
junctions. These so-called single flux quantum (SFQ) cir-
cuits are based on the flux quantization. The working prin-
ciple can be demonstrated by making use of a simplified 
building block, namely a DC SQUID discussed above (see, 
for example [19]). The presence of an additional flux quan-
tum in the loop will lower the total current at one and in-
crease it at the other junction. If a tact-pulse is applied one 
junction will switch and therefore release the flux quan-
tum. By that a controlled digital operation is achieved and 
by the use of many junctions the fast (hundreds of GHz) 
electronic circuits can be fabricated [20]. 

All of these applications benefit from the fabrication of 
sub-micron sized Josephson junctions. In this article we dis-
cuss two well established methods for their fabrication and 
give examples of measurement results. The paper is orga-
nized as follows. In Sec. 2 we discuss the need of small-
scale junctions with special focus on the application in the 
field of macroscopic quantum phenomena. The fabrication 
methods are explained in Sec. 3. Afterwards measurement 
results on a two-qubit sample and a microwave detector 
fabricated respectively with each method are shown in 
Sec. 4. Finally a conclusion summarizes the paper. 
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2. Motivations for sub-micron Josephson junctions 

The use of small-scale Josephson junction is preferable 
because of the different reasons that depend on the applica-
tion. For example with a lowered parasitic capacitance the 
usable voltage swing of a SQUID is increased while at the 
same time both the energy resolution as well as the intrin-
sic flux noise take lower values [21]. 

To be competitive with the well established standard 
semiconductor technology, progress in the level of integra-
tion in SFQ electronics is required [22]. Small-scale Jo-
sephson junctions allow an increase of their densities on 
chip and thus are one step in this direction. The decrease in 
junctions size should be accompanied by an increase in the 
critical current density such that the value of critical cur-
rent for the junctions remains. This requirement ensures 
the stability of the digital circuits. 

While for the above mentioned applications sub-micron 
sized junctions are preferable, they are required for macro-
scopic quantum experiments. There the ratio between Jo-
sephson energy 0= /2J cE I eΦ  and charging energy 

2= 2 /CE e C  is a key parameter. Here, cI  is the critical 
current and C  is the capacitance of the junction. Also the 
physical constants of electric charge e of an electron and 
magnetic flux quantum 0Φ  are used. In a simplified ex-
planation the comparison of the Josephson and charging 
energy gives a relation of the energy of the quantum states 
and their coupling. Thus the ratio ranges from a value of 
100 for flux [4] to 0.1 for charge qubits [5]. Note that in 
principle also the total energy of the states should have the 
right order of magnitude to be feasible for detection and 
manipulation. The required area A  of the Josephson junc-
tion is than found by 

 
0

1= 2 ,J

C c

E
A e

E j cΦ
 (1) 

where cj  is the critical current density and c  is the sheet 
capacitance of the junction. The latter takes a value of 
about 60 fF/µm2 for tunnel barriers formed by AlOx. With 
a reasonable current density of 200 A/cm2 we find junction 
areas of 0.2 µm2 for flux and of the order of 0.01 µm2 for 
charge qubits. These values illustrate the need of sub-
micron sized Josephson junctions. Note, even if the current 
density is lowered for charge qubits the size of the junc-
tions still has roughly the same order of magnitude because 
of the weak square-root dependency. 

3. Fabrication 

3.1. Shadow evaporation 

 The fabrication process starts on 4"-Si-wafers which 
are prepared with wiring-, resonator- or coil-structures and 
alignment marks made from niobium. On such a wafer 
several chip layouts are arranged, see Fig. 1 with two ex-

amples. Each chip has a size of 10 10×  mm. After slicing 
of the wafers, the structures with small Josephson junctions 
are produced separately on the chips in a next manufactur-
ing step. This independent fabrication enables more flexi-
bility and adjustment of the parameters. 

The qubit structures with small Al/AlOx/Al — tunnel 
junctions are fabricated by using the so-called shadow-
evaporation technique [23] and by means of electron beam 
lithography. Here, a thin two-layer e-beam resist is ex-
posed with the electron beam writer LION (Vistec Electron 
beam GmbH) and developed to produce small and 
undercutted resist masks. The LION tool works with a 
beam energy of 20 keV and a beam current of around 
100 mA. The two resists are ARP617 at the bottom and 
ARP6200 on the top with respective thicknesses of 300 nm 
and 120 nm. Both are supplied by Allresist GmbH Berlin. 
After the e-beam exposure the resists are developed sepa-
rately: first 60 s by using AR600-546 developer followed 
by 60 s in AR600-50 and finished by rinse in a isopropa-
nol-bath. 

The junctions are produced by an electron gun evapora-
tion and oxidation of aluminium using a two-angle deposi-
tion-oxidation-deposition cycle on the prepared substrates 

Fig. 1. SEM-images showing examples of Nb-structures ready for 
the shadow-evaporation technique. On the left picture a qubit 
architecture should be placed inside of the coil. The latter forms a 
resonant circuit at frequency of several tens of megahertz with an 
external capacitance. A gigahertz frequency coplanar resonator is 
shown on the right image. On both designs additional lines for 
control fields are visible. 

Fig. 2. (Color online) Schematic of the shadow-evaporation fab-
rication process as described in the main text. 
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(see Fig. 2). First; a 50 nm thick Al film is evaporated and 
then oxidized for several minutes to form the tunnel barrier. 
Then the sample is tilted back to the opposite angle and the 
second 80 nm thick Al film is evaporated. The process is 
completely realized in a single vacuum cycle. Finally, the 
resist mask is removed using a solvent bath (AR 600-71) 
and the qubit structures with the tunnel junctions are ob-
tained. Their typical sizes are about 200×500 nm and the 
junctions have current densities in the order of 500 A/cm 
typically. An example of a junction produced in that way is 
shown in Fig. 3. 

3.2. Cross-type technology 

Cross-type Josephson junctions are usually fabricated 
on wafer scale. Therefore, not only the junctions, but also 
control and microwave lines as well as readout structures 
are produced not individually on chips, but on the entire 
wafer at the same time. 

The process starts by sputter depositing a Nb–AlOx–Nb 
trilayer on a 4-inch silicon wafer. Lithography with an i-line 
waferstepper forms a resist mask in the shape of a narrow 
stripe. The trilayer is structured by reactive ion beam etching 
and sputter etching. The sidewalls of the trilayer stripe are 
passivated by anodic oxidation. Next, SiO is thermally 
evaporated, followed by lift-off in ultrasonically agitated 
acetone. Now the wafer is coated with a Nb layer. This layer 
is structured into a stripe that is perpendicular to the trilayer 
stripe. Etching down to the Al barrier ensures that the junc-
tion is formed at the overlap of the two stripes. Compared to 
alternative fabrication processes for Nb–AlOx–Nb-based 
Josephson junctions, the parasitic capacitance of the cross-
type junctions is minimized. The cross-type fabrication pro-

cess has been described in detail, together with the charac-
terization of the junctions, in Ref. 24. 

Figure 4 shows an example of a cross-type Josephson 
junction. Junctions are formed at each position where the 
two layers overlap. Either layer can be used for control and 
readout lines. An example of two qubits is shown in Fig. 5. 
Each qubit has a quadratic geometry with Josephson junc-
tions in their corners. The qubits are placed in the current 
antinode of a coplanar waveguide resonator. Additionally, 
the qubits share one arm with the central conducting line 
resonator. For the application of dc and microwave fields, 
two external control lines are structured into the trilayer. 
The functionality of these qubits has not yet been experi-
mentally verified. 

Fig. 3. Tilted SEM-picture of a typical Al/AlOx/Al-tunnel junction 
fabricated by the two-angle shadow-evaporation technique. 

Fig. 4. SEM image of a cross-type Josephson junction with a size 
of nominally 0.8 0.8×  µm. 

Fig. 5. SEM image of an example of a two-qubit sample fabricat-
ed by the cross-type technology. 
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4. Application examples 

4.1. Two-qubit sample 

 The shadow-evaporation technique is regularly used for 
the fabrication of macroscopic quantum systems. In Fig. 6 a 
SEM-image of two flux qubits fabricated to the center of a 
coplanar waveguide resonator is shown. The qubit-loops 
have sizes of 2.5 5×  µm and 5 5×  µm. Each includes three 
Josephson junctions. They are designed to have sizes of 
150 750×  nm for the two big junctions and 150 500×  nm 
for the small. An oxidation time of 6.5 min was used for an 
aimed critical current density of jc = 200 A/cm2. 

For the experiment the sample is mounted at the base 
stage of a dilution refrigerator at a nominal temperature of 
about 20 mK. Mu-metal and superconducting shields de-
crease the influence of external field noise. Attenuators at 
the resonator input line and a circulator at its output isolate 
the sample from room temperature noise. An external bias 
coil for applying magnetic field is wired over low-pass 
filters at different temperature stages. 

The fundamental half-wavelength mode of the resona-
tor at = 2.5rν  GHz produces a current antinode at the 
qubits position. The quality factor of the resonator has a 
value of 4= 2.2 10Q ⋅  at 20 mK. The qubit parameters, 
namely the minimal level splittings kh∆ , the persistent 
current pkI , and the coupling constant to the resonator 

=k k pk rhg M I I , can all be extracted from the measure-
ments of the resonator transmission [25–27] and [28]. The 
subscript k  is used to identify the values of each qubit 
were “1” and “2” are used, respectively, for the large and 
small qubit. The values for the mutual inductance kM  
between the qubits and the resonator are estimated from 
their geometry to be 0.8 and 1.3 pH for the small and big 
loop, respectively. The zero point current 

 = r
r

r

h
I

L
ν  (2) 

of the resonator follows from its inductance 13rL ≈  nH 
and resonant frequency [29,30]. The transmitted phase 

over the externally applied flux eΦ  reveals characteristic 
dependencies for measurements on qubits. They are 
demonstrated in Fig. 7(a). Two dip structures together with 
a strong phase jump in between are experimentally ob-
served. The dips can be associated to the bigger qubit, be-
cause they have half of the period in magnetic flux com-
pared to the phase jump. The x-axes is scaled in units of 
flux quanta 01Φ  in the big loop. Therefore, the dips are 
observed at 0.5 and 1.5 quanta. Because of the half area of 
the small qubit its degeneracy point is roughly found close 
to one flux quanta in the big qubit. The applied magnetic 
field leads to an energy bias ( )0= 2 0.5k pk e kh Iε Φ − Φ  
that contributes to the qubits level splitting 

2 2= .qk k kν ε + ∆  

The phase response of both qubits for a resonator 
probed at its resonant frequency can be calculated from the 
transmission coefficient [30,31] 

 2= .
2

qk p k

qk p k k

i i
t

i i g∆

 κ ν − ν − Γ −
 κ ν − ν − Γ + 

 (3) 

Here 2πκ  is the lossrate of the resonator, pν  is the prob-
ing frequency, 2πΓ  is the qubit's decoherence rate, and 

= /k k k qkg g∆ ∆ ν . Also it is assumed, that each qubit stays 
in the ground state during the measurement. This is justi-
fied for big detunings qk p kgν − ν   or small probing 
amplitudes. 

The dip structure of the bigger qubit indicates that its 
gap 1∆  is larger than the probing frequency pω . This al-
lows to assume large detunings and set 1qk pν − ν Γ  so 

Fig. 7. (Color online) Phase response of the two-qubit-resonator 
sample measured at the resonant frequency  ωp = ωr in depend-
ency of the external magnetic flux. In (a) the external magnetic 
flux is varied over a wide range. The results in (b) and (c) are 
found close to the degeneracy points of the two qubits. 

Fig. 6. SEM picture of a qubit sample fabricated by shadow 
evaporation. Two qubit loops are fabricated at the center of a 
coplanar waveguide resonator. 
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that the transmission phase can be calculated from real and 
imaginary part of (3) as 

 ( )
2 2
1 1

2
1 1

2( )= arctan = arctan .
( ) q q p

hgt
t

∆ℑ
ϕ

ℜ κν ν − ν
 (4) 

With the definitions of 1g , 1ε , and the quality 
= /rQ ν κ  only 1∆  and 1pI  remain as fitting parameters 

 ( )
2 22 1 1

2
1 1

2
= arctan .p

r q q p

IM Q
hL
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 ϕ
 ν ν − ν 

 (5) 

Note, the above equation can be interpreted as the ground 
state curvature [18], if the probing (and thus the resonator) 
frequency is small compared to the one of the qubit 

 
2 2 2

1 1
2 3

1

21 = .
2

q p

e q

d I

d

ν ∆
−

Φ ν
 (6) 

A fit of the transmission phase of one of the qubit dips 
with (5) as shown Fig. 7(b) reveals the parameters of the 
big qubit. They are listed together with the ones for the 
small qubit in Tabl. 1. The latter are found by an additional 

two tone spectroscopy as in [26]. 
With these values the response of the resonant qubit can 

be directly calculated from (3). The additional parameter 
for the decoherence rate 2πΓ  was set to 50 MHz for the 
calculated blue line in Fig. 7(c). Also in the resonant re-
gime a good correspondence between experiment and theo-
ry is achieved. 

The quite different parameters of the two qubits may 
at first be surprising. They have similar junctions geome-
tries and are fabricated quite close to each other. Still, the 
parameters strongly (exponentially) depend on the ratio 
α  of the small to the two big junctions in a loop. Note, 
that when for example starting in the lower Aluminium 
layer taking one turn over three Josephson junctions 
would end in the upper layer. Thus in the overlapping 
area between these two layers on one side of the qubit 
loop another large Josephson junction is needed to end in 
the starting layer. This additional large junction can be 
included by changing the ratio α  to an effective value. 
Because the overlapping areas on the left and right arms 
differ by a factor of two for the two qubits, different ef-

fective α  and therewith also a large deviation of the 
qubit gaps can be expected. 

To conclude, the reproducibility of the technology is 
best tested for equal layouts of the qubit structures. Ex-
perimental examples are found by the frequency division 
multiplexing readout of seven qubits [33] or a quantum-
metamaterial consisting of 20 qubits [34]. In the former 
experiment the mean gap and persistent current were re-
spectively found to be 5.6 GHz and 128 nA with a stand-
ard deviation of 0.8 GHz and 5 nA for five of the qubits. 
The other two fabricated at the side of the chip were 
about 30% off. In the second mentioned experiment three 
collective modes with two times four and one time eight 
qubits was demonstrated. Also here the spread in the per-
sistent current 74 2±  nA is small, while a large spread in 
the qubit gaps hindered the collective response of all 20 
qubits. 

4.2. Microwave detector 

A microwave signal applied to λ/4-superconducting 
resonator produces a standing wave with a current ampli-
tude at the point where the resonator is shunted to ground. 
Especially for a single photon this current is of the size of 
the zero-point current (2) and of the order of tens of 
nanoampere for a frequency of the order of GHz and a co-
planar waveguide resonator. A current biased under-
damped Josepshon junction (CBJJ) can be used for the 
destructive detection of this amplitude. Even a similar real-
ization as photon counter using resonant transfer of energy 
was proposed [35]. 

We used the cross-type technology to fabricate a proto-
type of such a detector and characterized its properties 

Table 1. Experimentally determined parameters of the qubits 

 Big qubit Small qubit  
∆, GHz  8.9 1.7 
Ip, nA  140 180 

g, MHz  3.1 2.4 
 

Fig. 8. SEM image of the detector sample close to the junctions 
position. At the bottom the end of the coplanar line is visible. It 
continues as thin bias line for the Josephson junction to the top of 
the figure. The second layer is visible as barbell structure shunting 
the resonator over one small and two large Josephson junctions. 
The dc-current line is closed via the mass plates of the resonator.  

982 Low Temperature Physics/Fizika Nizkikh Temperatur, 2017, v. 43, No. 7 



Application and fabrication aspects of sub-micrometer-sized Josephson junctions 

[36]. It consists of a Josephson junction incorporated into a 
λ/4 coplanar waveguide resonator at it's connection to the 
ground plane (see Fig. 8). An additional transmission line 
for the application of microwave and the characterization 
of the resonator is capacitively coupled at the other end of 
the cavity. Its length is chosen to give a resonant frequency 
of 2.5 GHz. 

For a first characterization the voltage-current charac-
teristic of the junction is measured at different microwave 
input powers at the resonant frequency. The results are 
shown in Fig. 9. As expected a typical hysteretic curve is 
observed, where the supercurrent can be enlarged to a 
maximal value of cI  before the junction switches to a fi-
nite voltage state. This gap voltage has a value about 
2.6 mV for the Nb-technology, and thus is detectable with-
out additional amplifiers. The switching current sI  is 
shifted to lower values with increasing microwave power. 
That can be explained with the ac-current amplitude in the 
resonator added to the dc bias current. 

The critical current cI  is given by the junction size 
and thickness of the isolating barrier. But because the 
switching can be explained by an excitation out of a po-
tential well [9,11] he measured switching current sI  is a 
statistical value and usually below cI . External noise and 
the temperature can influence not only to its mean value 
but also to its distribution width. Quantum tunneling out 
of the potential well additionally limits the achievable 
switching current value and sets the lower limit for the 
amount of switching-current distribution when decreasing 
the temperature. Still standard deviations of the switching 
current well below 10 nA are possible for optimized junc-
tion designs [39]. Note, that this would be sufficient for 
detection of single photons inside of the resonator. 

For the presented detector it is therefore necessary to 
compare the width of the switching currents with the shift of 

its mean value by the applied microwave signal. Corre-
sponding measurement results at a frequency of about 
2.48 GHz are shown in Fig. 10 

There the histograms are shifted away from the undis-
turbed switching current 0sI  to lower values with in-
creasing applied microwave power. The reason is the 
increase of the current amplitude inside of the cavity. 
Thus a lower dc-bias current is needed to in sum reach 
the switching value. Also we note that the width of the 
distribution is lowered with increasing applied power. 

For better visibility the shift of the switching current 
0s sI I−  and its standard deviation σ  are shown in the 

lower plot of Fig. 10. A sensitivity of such detector may be 
defined as the shift of the switching current divided to the 
standard deviation. To achieve a normalization to one it 
can be extended to 

 0

0
= s s

s s

I I
S

I I
−

− + σ
. (7) 

A value of 0.5 is achieved were the curves in the lower 
plot of Fig. 10 cross. That is found at approximately two 
mean photons inside the cavity. For higher microwave 
powers (7) it reaches values close to one. Thus, after an 
calibration the applied microwave power can be inferred 

Fig. 9. Measured voltage-current characteristics of the Josephson 
junction in dependency of the applied microwave power. The 
legend shows its values in dBm at the cryostat head.  

Fig. 10. The upper plot shows histograms of the switching current 
for different applied microwave powers. The distribution on the 
current is larger for smaller powers and the mean of the switching 
current approaches the undisturbed value. The extracted standard 
deviation and mean of the switching current is extracted and plot-
ted over the recalculated photon number on the lower picture. 
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from the measurement of the mean switching current. 
Note, the increase of the bias current also will enlarge the 
Josephson inductance of the junction. Therewith the reso-
nator frequency will shift to lower values making the sensi-
tivity frequency dependent. For even higher detunings al-
ready a value of 0.5 of sensitivity at a single photon level is 
achieved for the discussed device [36]. 

With optimizations in the input coupling, the quality 
factor of the resonator, and especially of the junction pa-
rameters the discussed detector theoretically promises an 
increase in sensitivity to values close to one [40] and has 
prospects to be used as a single-photon detector. 

5. Conclusion 

As discussed above, the fabrication of small-scale Jo-
sephson junctions is a key technology. Applications that 
benefit from smaller junctions involve for example SQUID-
magnetometry or superconducting digital electronics. Most 
important modern fields as quantum computing or quantum 
optics on such macroscopic superconducting systems require 
fundamentally sub-micron-sized junctions. Two well estab-
lished processes are available, namely the shadow-
evaporation technique and the cross-type technology. While 
the first mentioned is used for a flexible fabrication of junc-
tion structures on pre-processed chips the second allows a 
wafer scale fabrication. Also possible applications may ben-
efit from the higher gap voltage achieved for the Nb process. 
As demonstrated on the experimental results both technolo-
gies have advantages in there respective applications — 
namely reproducible production of quantum-bits and new 
designed architectures were control and readout are fabricat-
ed together with the Josephson junction. 
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