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ABSTRACT

Stencil mask lithography is an advanced technique for fully in situ fabricating Josephson junctions, which is increasingly being used for
multiterminal Josephson junctions. This study provides information on the optimal mask design and mask reliability. For this, 270 mask
designs were systematically fabricated and investigated under a scanning electron microscope. Reliable statements are made about mask
yield, minimal dimensions, and systematic dependencies on the number of superconducting terminals. We find that stencil mask lithogra-
phy can be used reliably for fabricating multiterminal Josephson junctions, enabling lateral mask dimensions down to 40 nm on average.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1116/6.0005295

I. INTRODUCTION

Stencil mask lithography has a rich history dating back to
1969.1,2 In contrast to resist patterning, possible functionalities of
stencil masks include to keep them at a distance from the substrate,
to move them during processing, and to use them multiple times,
since they are mechanically stable and self-supporting.2 Moreover,
the technique is scalable and applied across several fields.3 Recent
developments include the fabrication of complex three-dimensional
(3D) surfaces and self-aligned superlattices,4 a plasmonic metasur-
face of 3D inclined structures,5 next-generation biochemical
sensors,6 stretchable conductors,7 and transmon qubits.8

In 2019, Schüffelgen et al.9 introduced stencil mask lithogra-
phy for the fabrication of Josephson junctions with normal-
conducting weak link. The advantage of this in situ fabrication
technique is that all material layers can be deposited by molecular
beam epitaxy (MBE) or electron beam evaporation without

breaking the ultrahigh vacuum. Consequently, the material inter-
faces are exceptionally clean, free of residual interface atoms or oxi-
dation. In a superconductor-normal conductor-superconductor
(SNS) junction, the Josephson supercurrent flows between two
closely spaced superconducting electrodes bridged by the normal-
conducting weak-link material. The smaller the separation, the
larger the superconducting coupling. Using a stencil mask to
deposit the superconducting material, the distance between the
superconducting electrodes is defined by the width of the mask.
The stencil mask technique can be used to fabricate any kind of
SNS weak link Josephson junction, comprising different weak link
materials, such as metals, semiconductors, or topological materials.
Over the last few years, a broad range of research studies have been
published using this fabrication technique, including two-terminal
Josephson junctions,9–15 three-terminal Josephson junctions,16,17

and whole networks of Josephson junctions.18
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In general, more complex Josephson junctions, i.e., multiter-
minal junctions, have attracted increasing attention recently.19–25

They are defined as a Josephson junction with more than two
superconducting contacts that all share the same weak link.20,23,26

For multiterminal Josephson junctions, one can distinguish
between two model descriptions: In the first model, all supercon-
ducting weak link channels meet at a central scattering region in
the middle20,23,24,26–28 (central scattering transport model) and, in
the second model, each superconducting contact pairwise shares
transport channels with a neighboring one in a network.21,22,29,30

The latter can be described by a resistively and capacitively shunted
junction network using Kirchhoff’s circuit laws.22,30 The central
scattering model is of great interest because it allows direct cou-
pling of multiple electrodes, thereby enabling novel device func-
tionalities.28 Furthermore, it is predicted that artificial topological
states can be created, e.g., topological Weyl singularities.20,31

However, achieving the central scattering region model poses par-
ticular challenges for the junction geometry, i.e., all electrodes
should be as close as possible in the center part of the device.
Regarding multiterminal junctions, Reinhardt et al.32 state that the
spatial extent of the superconducting coupling in Josephson junc-
tions is determined by the spatial extent of the Andreev bound
states. For this spatial extent, the relevant length scales are the
coherence length ξ0 ¼ ℏvF=πΔ�, with vF being the Fermi velocity
and Δ� being the proximitized superconducting gap in the normal
conductor, as well as the mean free path le in the normal conduc-
tor. So the required spatial focus of the central weak link region, for
the central scattering transport model, depends on the chosen
materials for the multiterminal Josephson junction.

This study systematically investigates the optimal geometric
fabrication parameters for stencil masks of two-, three-, and four-
terminal Josephson junctions. Figure 1(a) illustrates the layout of a
stencil mask for a three-terminal Josephson junction. The sus-
pended Si3N4 mask rests on three SiO2 pillars. The weak-link mate-
rial of the junction, e.g., a metal, semiconductor, or topological
material, is present under the bridge. One way to define the weak-
link geometry in situ is to employ selective-area growth, as
described by Schüffelgen et al.9 When the superconductor layer is
deposited at a fixed angle from above, it casts a shadow corre-
sponding to the mask layout [cf. Fig. 1(b)]. This defines the separa-
tion of the superconducting electrodes. After the material
deposition for the Josephson junctions, the stencil mask is removed
by pulling it away from the sample with a commercially available
polymer.33 This enables further processing on the Josephson junc-
tions, e.g., the deposition of gate dielectric and metal. Therefore, a
stencil mask of this study must be newly fabricated for every new
Josephson junction and is not reused for several devices. The
device fabrication is finished by an etching of the superconductor
layer to define separated electrodes, which are later contacted [cf.
Fig. 1(c)]. As shown in the inset of Fig. 1(b), the closest distance is
achieved in the central region of the mask, where the arms of the
mask have the smallest width. A Josephson supercurrent is
expected to flow here. Mask optimization occurs within a trade-off
context: the wider a stencil mask is, the more stable it is. However,
the resulting coupling via the weak link of the Josephson junction
is becoming smaller. To achieve good superconducting coupling,
we therefore focus on fabricating the masks as narrow as possible

but stable at the same time. We will also discuss how to ensure that
the fabrication process leaves the mask intact. The masks are
designed in a way that each contact is closest to every other contact
in the center of the weak link, making the central scattering region
transport model more likely.

For a systematic study on the design limits of stencil masks,
we created 270 different mask designs, each one fabricated a total
of four times on two different samples. We then investigated by
scanning electron microscopy (SEM) which of the masks were

FIG. 1. (a) Visualization of a suspended stencil mask for a three-terminal junc-
tion with normal conducting material (N) deposited underneath. The mask itself
is made of three pillars (SiO2) holding up the top Si3N4. (b) Deposited Nb on
top of the mask. The mask casts a shadow onto the underlying Si substrate.
Therefore, the geometry of the mask is directly connected to the resulting
device geometry on the substrate. (c) Finished three-terminal junction after
mask removal and subsequent etching step to separate the superconducting
electrodes, revealing the Si substrate.
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broken or intact. For the narrowest intact masks, we looked at how
their geometrical dimensions were realized compared to their
designed dimensions.

II. MASK FABRICATION

For fabricating the mask, a single 4 in. wafer of Si(111) was
covered with a 300 nm-thick SiO2 layer and a 100 nm-thick Si3N4

layer by plasma-enhanced chemical vapor deposition (PECVD) at
350 �C using a mixed-frequency (high-frequency/low-frequency)
process.34,35 This allowed for precise tuning of the intrinsic stress to
a low-tensile state of approximately 70MPa in 100 nm-thick films

and 50MPa in 25 nm-thick films.36,37 This specific low-tensile
range is the key to mask stability. It provides enough tension to
prevent the membranes from buckling (which occurs under com-
pressive stress) while remaining well below the fracture threshold
that leads to film cracking. Subsequently, the wafer was heated to
1000 �C (5 min) and then diced into 7� 7 mm2 pieces. Two of the
pieces were picked randomly close to the wafer center as samples.
For patterning the mask, the samples were cleaned with acetone
(5 min) and isopropanol (5 min), and then pre-baked at 130 �C
(5 min). Then, Medusa photoresist (Medusa 82:AR 600-07, ratio
1:2) was spin coated on the samples (4000 rpm, 30 s) and soft
baked at 150 �C (10 min).

FIG. 2. Fabricated masks and determination of mask dimensions. (a) Scanning electron microscopy image of a fabricated design cell containing three rows for two-,
three-, and four-terminal masks, respectively. The arm width was set for each design cell (here aw ¼ 300 nm) and the center width was increased from left (10 nm) to
right (100 nm) in 10 nm steps. Broken (left) and intact (right) stencil masks were easily identifiable under SEM. The red-marked (on the left) masks were broken and the
green-marked (on the right) masks were intact for this particular design cell. (b)–(d) In total, masks for two-, three-, and four- terminal Josephson junctions were investi-
gated. The images correspond to the masks in (a) and their respective frame color equals that of the data, which are presented throughout the study, for the corresponding
number of arms. All images show the masks from above. The black region represents the Si(111) substrate and the light gray regions are the Si3N4 layer of the mask. The
SiO2 pillars are below the circular ends of the Si3N4 layer. (e) Geometry of a three-terminal junction and design parameters used in this study: center width (cw), center
length (cl), and arm width (aw). Together, they define the angle of sharpness (α). (f ) An exemplary center width measurement of the mask in (c) under SEM using a line
scan. The position of the line scan is indicated in the SEM image on the right as a white line. In this particular example, the center width was determined to be
cw ¼ 66 nm. Information on determining the threshold value (red solid line) is given in the supplementary material.
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Afterward, the pattern was written by electron beam lithogra-
phy (EBL). The Gaussian beam EBL tool Raith EBPG 5200 with an
acceleration voltage of 100 kV was used. The design was split into
fine and coarse parts, which were written with beam currents of
500 pA and 150 nA and beam step sizes of 1 and 50 nm, respec-
tively. A multipass scanning mode with four passes was applied for
the fine structures while the coarse structures were written in a
single pass. The total base dose in both cases amounted to
7096 μC/cm2 with an additional proximity effect correction with
dose factors ranging from 1.0 up to 1.63.

Subsequently, the samples were post exposure baked at 170 �C
(10 min) and the resist was developed with AR-300-44 (80 s). The
written pattern was then etched into the Si3N4 layer by inductively
coupled plasma reactive-ion etching (RF power: 25W, ICP power:
100W, CHF3: 55 SCCM, O2: 5 SCCM, time: 2 min 55 s). Then, the
Si3N4 layer was under etched by buffered hydrofluoric acid (BOE)
(5 min) and 1%-concentrated hydrofluoric acid (3 min). The acid
also removed the Medusa photoresist, so the wet-etch step served
as a cleaning step as well.

For this study, we created 270 different mask designs using
the PHIDL software.38 All design parameter are given in Fig. 2(e).
The designs iteratively change the center width (cw) and the
arm width (aw), whereas the center length (cl) stays constant at
1 μm. This results in a change of the angle of sharpness,
α ¼ arctan aw� cwð Þ=2cl½ �. A general rule for Josephson junctions
is that the smaller the separation of electrodes is, the stronger is the
superconducting coupling. Based on that principle, it can be stated
that the superconducting coupling is more focused in the center,
the larger α is. On a sample, the designs are ordered in the
so-called design cells, each having designs with constant arm width
[see Fig. 2(a)]. The arm widths range from 100 to 500 nm in 50 nm
steps. Within the design cell, there are three rows with designs for
two-, three-, and four-terminal masks, respectively. In each row,
the center width is increased from 10 to 100 nm in 10 nm steps
(from left to right).

III. EXPERIMENTAL RESULTS

In order to evaluate systematically the mask properties, all fab-
ricated masks were inspected by scanning electron microscopy.
From every mask, an image was taken on which it is visible
whether the mask is broken or intact [see Fig. 2(a)]. Typical failure
mechanisms are fractured arms in the mask center, a collapse of
the mask center onto the substrate, and collapsing arms due to
failure to form the center of the mask (see the supplementary
material).

Starting with the first intact mask in each row (from left to
right), the geometric parameters cw and aw were measured using
line scans [see Fig. 2(f ) and the supplementary material]. These
values are used for the discussion in this study.

As mentioned above, the weakest point regarding the mask
stability is its narrow middle part. Therefore, it is expedient to look
at the probability of mask integrity depending on the center width
design parameter cw. In general, the center width should be as
small as possible to ensure strong Josephson coupling. In Fig. 3, the
number of intact masks N as a function of the designed center
width is given for arm widths aw ranging from 100 to 500 nm, i.e.,

for each design cell. A strong dependence between the number of
intact masks and center width is evident. One finds that above a
certain designed center width, it is possible to fabricate the masks
reliably with close to 100 % probability. The more terminals a mask
has, the smaller its cw can be designed. This is summarized in
Fig. 4(a) where, for each arm width aw, the optimal (i.e., first intact
mask from left to right) cw design is indicated. For masks whose
cw is designed larger than the solid lines, close to 100% yield are
expected. Taking the given fixed fabrication parameters for all

FIG. 3. Number of intact masks N depending on the designed center width cw
and designed arm width aw with an accuracy of 25%. The more arms a mask
has, the smaller its center width can be designed. Above a certain designed
cw, the number of intact masks is close to 100%.
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types of masks into account, the two-terminal masks can be
designed down to a cw of 50 nm, three-terminal masks down to
40 nm, and four-terminal masks down to 30 nm. However, as dis-
cussed below, the actually realized cw are larger than the designed
cw for three- and four-terminal masks.

Since we are interested in the smallest possible dimensions, we
will analyze and compare for each type of mask the smallest intact
masks we find in the particular rows of the design cells. In the fol-
lowing, the actual geometries of these masks are discussed in detail.
In Fig. 4(b), the smallest achieved center widths for the three types
of masks are plotted as a function of the designed center widths.
We find that contrary to the design limits outlined above, a two-
terminal mask can be realized with the smallest center width,
whereas the smallest realized cw increases the more terminals a
mask has. For two-terminal masks, cw values as small as 40 nm are
obtained. Furthermore, in contrast to the two-terminal masks, the
smallest achieved cw of the three- and four-terminal masks exceeds
the designed values. As indicated by the blue and orange lines in
Fig. 4(b), two- and three-terminal masks show quasi-linear behav-
ior between realized and designed cw. In contrast, the values of the
four-terminal masks scatter around a constant value of 90 nm on
average. The reason for both dependencies (contrast between cw
design limit and realization limit and linear/constant design

dependence) is likely the angle between the mask arms, i.e., 180�

for two-terminals, 120� for three-terminals, and 90� for four-
terminals. Electron beam lithography and wet-etching are both
known to have angle dependent fabrication effects: the electron
beam lithography is subject to pattern specific linewidth variations
by the proximity effect39,40 and the chemical wet etch rate can be
limited by the transport of reactant species to the etched surface as
well as the transport of end products away from the surface.41

These transports are more limited in 90� angles than at straight
lines. Although BOE etches the SiO2 at a significantly higher rate,
Si3N4 is etched by it as well.

Beside the center width value cw, which determines the closest
distance between the superconducting electrodes and by that the
strength of the superconducting coupling, the angle of sharpness α
is of equal importance for multiterminal junctions. It expresses
how much the superconducting coupling is restricted to the center
part. The larger α is, the more the superconducting electrodes are
separated when leaving the junction center. Figure 4(d) shows the
relationship between the angle of sharpness, denoted by α, and the
minimal width of the center, denoted by cw. The minimum center
width increases a little bit with increasing α, which can be
explained by the proximity effect during electron beam lithography.
We routinely realized an angle of sharpness of more than 10�,

FIG. 4. Geometrical results from the SEM line scans. Each data point is indicated by a marker corresponding to the number of terminals of its mask. The solid lines serve
as a guide to the eye [In (a)–(c), the solid lines connect the means of the y-values scattering at a certain x-value. In (d), the solid lines are determined via locally weighted
scatterplot smoothing. See the supplementary material for more details.] and data points are transparent. (a) The optimally designed cw depending on the designed aw.
On average, four-terminal masks can be designed down to 30 nm, three-terminal masks down to 40 nm, and two-terminal masks down to 50 nm. (b) The smallest realized
center width cw vs designed center width. Two- and three-terminal masks show a linear dependence on cw design whereas the realized cw of the four-terminal masks
scatter around a constant value. (c) The difference between realized and designed arm width. The dashed red (ideal) line indicates the case of matching of the designed
and achieved values of aw. All values scatter equally around �10 nm. (d) Relation between the realized angle of sharpness α and the realized center width cw, assuming
an as-designed center length of cl ¼ 1 μm.
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which is advantageous for obtaining multiterminal junctions oper-
ated in the central scattering region transport model.

IV. CONCLUSION

We demonstrated that stencil masks for in situ Josephson
junction fabrication can be fabricated very reliably with close to
100% probability. Hereby, the masks can be fabricated as small in
width as 40 nm. This study should serve as a basis for complex
future projects. It gives insights into how to design stencil masks
more optimally. A Si(111) substrate was used because it suited our
specific needs for growing the topological insulator (Bi0:3Sb0:7)2Te3
on it. Since we use dry etching to release the mask, the stencil mask
is independent of the crystal orientation of the substrate. Therefore,
we expect similar mechanical stability on Si(100), provided the
same PECVD stress tuning is applied. However, this study is
limited to the fabrication of the stencil masks themselves; material
deposition was neglected. Once a material is deposited on the
masks, the additional strain might break the most unstable ones.
Therefore, it is advisable to leave some room for failure in future
mask designs. The deposition-induced stress depends on the choice
of material to be deposited and its thickness. From our experience,
working with 15 nm-thick (Bi0:3Sb0:7)2Te3 and 50 nm-thick Nb,
adding 30 nm to the design center width of two- and four-terminal
masks, and adding 20 nm to three-terminal masks, as a precaution,
work reliably. Additionally, there is the option to use an entrenched
mask instead of a suspended one (e.g., cf. Ref. 15). Other mask
geometries will likely follow the principles outlined in this work.

In future, one could use the PHIDL software38 in connection
with the results of this study to create a library of reliable masks to
choose from for projects. This work will enable other researchers to
fabricate Josephson junctions with extremely small weak link
lengths using the stencil mask lithography technique. In general,
stencil masks work reliably for short weak links as well as for mul-
titerminal Josephson junctions.

SUPPLEMENTARY MATERIAL

See the supplementary material for an explanation of the tech-
nique used to determine geometrical values from the scanning elec-
tron micrographs, a comment on the methods used to show data in
Fig. 4, a discussion about mask failure mechanisms as well as
out-of-plane bending, and a comparison of the two samples of this
study.
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