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NanoSQUIDs With Proximity Effect Nanobridge
Josephson Junctions for Future Applications in

Electron Microscopy
Michael I. Faley , Joseph Vimal Vas , Penghan Lu , and Rafal Dunin-Borkowski

Abstract—Nanoscale superconducting quantum interference de-
vices (nanoSQUIDs) with nanobridge Josephson junctions (nJJs)
were prepared on SiN membranes for experiments with transmis-
sion electron microscope (TEM) at temperatures below 10 K. As
thin-film materials for the nanobridges, metals Ti and Nb were
combined into 3-layer heterostructures for adjusting supercon-
ducting parameters of the nJJs through the proximity effect. This
allowed to reduce spread of parameters in ultrathin supercon-
ducting films and to adjust operating temperature of nJJs to the
optimum operating temperature of the commercial TEM sample
holders cooled using liquid helium. Electron beam lithography and
high selectivity reactive ion etching with pure SF6 gas were used
to pattern nJJs with down to 10 nm width that is comparable
to coherence length in thin films of Nb. Measurements revealed
non-hysteretic I(V) characteristics of the nJJs and nanoSQUIDs.
The paper is mainly devoted to the development of nanoSQUIDs
for possible applications in TEM. Towards realization of hybrid
superconductor-ferromagnetic nanostructures for further experi-
ments in TEM, Permalloy triangles with spatial resolution down to
∼100 nm were prepared on similar SiN membranes and studied
by Lorentz TEM method. These technologies are promising for
the fabrication of superconducting electronics based on nJJs for
operation inside a TEM.

Index Terms—Electron beam lithography, Josephson devices,
proximity effect, sputtering, SQUIDs, transmission electron
microscope.

I. INTRODUCTION

THE miniaturization of superconducting circuits follows,
with some delay, the trend toward miniaturization of semi-

conductor electronics. Reducing the size of superconducting
components such as Josephson junctions, inductors, current
leads, etc., nonlinearly changes their properties due to spatial
variation in the macroscopic wave function of phase-correlated
Cooper pairs propagating over relatively large distances of
the order of the coherence length and the London penetration
depth in superconductors. This significantly complicates the
theoretical description and requires empirical optimization of
individual components in dense superconducting circuits tak-
ing into account their correlation with spatial variation of the
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crystallographic and chemical properties due to granularity of
the films. In this case, transmission electron microscope (TEM)
is capable of analyzing physical properties at the nanometer
scale: not only microstructural studies at room temperature, such
as crystal structure, stoichiometry, thin film growth, defect and
grain formation, but also their functionality at low temperatures
[1], [2]. Using commercially available sample holders [3], [4],
routine cooling of samples down to ∼ 5 K in TEM is now
possible that allows direct observation of correlation between
microstructure and functionality of superconducting devices.

Imaging flux vortices in type II superconductors does not
require galvanic contacts to the sample and was demonstrated
with a commercial TEM: see [5] and references therein. For op-
erating superconducting circuits galvanic contacts are essential
and can be realized using TEM sample holders of condenZero
AG [3]. Also Gatan [4] provide liquid helium cooled TEM
holders with electrical feedthroughs that can be used to make
galvanic contacts to the sample.

The reduction in the size of Josephson junctions from the
first 0.025 × 0.065 cm2 [6] to the modern 10 nm × 10 nm
(see [7] and references therein) is a clear demonstration of
technological progress in the history of superconducting elec-
tronics. Nanobridge Josephson junctions (nJJs) can theoretically
observe an almost ideal Josephson behavior [8]. NanoSQUIDs
with nJJs and similar superconducting components seems to be
the most suitable devices for the first tests of their operation
in TEM because of their small size and thickness they must
fit within the field of view of a holographic TEM of a few
microns in size and be transparent to the electron beam. Strong
temperature dependence of critical current Ic of Dayem-type
nJJs and nanoSQUIDs with such nJJs limits their operation
temperature range to the (Tc-T)/Tc < 0.2 vicinity of supercon-
ducting transition temperature Tc. This demands fine tuning
of Tc for the superconducting films involved in the nJJs and
nanoSQUIDs. The optimization of Tc can be performed by
using proximity effect with normal conducting films of differ-
ent thicknesses [9]. The superconducting components can be
combined with single layer nanostructures of ferromagnetic and
other quantum materials for realization of effective spintronic
devices.

In the present work, we describe preparation of a nanoSQUID
with nJJs patterned from a 3-layer heterostructure film with
engineered Tc using proximity effect, placed on a SiN mem-
brane and studied using TEM with spatial resolution down to
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Fig. 1. High resolution TEM image of a HSQ resist-covered heterostructure
consisting of two 4 nm thick Ti films with an 8 nm thick Nb film in between,
fabricated on a SiN buffer layer on a Si substrate.

atomic level. The paper is mainly devoted to the development of
nanoSQUIDs for possible applications in TEM. Towards real-
ization of hybrid superconductor-ferromagnetic nanostructures
for further experiments in TEM like presented in [10], Permalloy
(Py) triangles were placed on similar SiN membranes and their
in-plane magnetization was studied with spatial resolution down
to few nanometers using Lorenz TEM (LTEM).

II. EXPERIMENTAL

The SiN-buffered Si substrates were cleaned in acetone,
propanol, and deionized water before placing them in a home-
built sputtering machine, which was evacuated to a base pressure
of < 4 × 10−8 mbar using oil-free pumps. Before deposition,
the chamber was outgassed under deposition conditions during
presputtering onto the closed shutter for more than 10 min.

During deposition, the substrates were placed freely on a
heater at 100°C in argon with a purity of 99.9999% at 1 Pa
pressure. Ti and Nb films were deposited at a rate of∼15 nm/min
from 50 mm diameter 99.95% pure Ti and Nb targets using
pulsed reactive DC magnetron sputtering. Thin-film Ti(4 nm)-
Nb(8 nm)-Ti(4 nm) heterostructures were prepared on SiN-
buffered Si substrates and spin-coated by 35 nm thick HSQ resist
XR-1541-002. The corresponding high resolution TEM image
was obtained using FEI Titan 80–300 microscope and shown in
Fig. 1. A columnar growth of the grains was observed and they
spread throughout the entire thickness of the heterostructure.
The Ti- and Nb-layers are polycrystalline with average in-plane
size of grains ∼5 nm and [110]-axis oriented normal to the
substrate surface with the interplanar spacing of ∼0.24 nm [11].
The in-plane a- and b-axis lattice constants of Ti and Nb are
about ∼0.3 nm [12], [13].

The lowest 4 nm thick Ti layer served as a buffer layer
for the subsequent Nb film and improved its Tc and critical
current. The uppermost 4 nm thick Ti layer in the Ti-Nb-Ti
heterostructure served for the fine setting of Tc using proximity
effect, for a better adhesion of HSQ resist and for the protection
of the 8 nm thick Nb layer from corrosion and oxidation during

Fig. 2. Cross-sectional SEM image of a HSQ resist-covered heterostructure
consisting of two 4 nm thick Ti films with an 8 nm thick Nb film in between,
fabricated on a SiN buffer layer on a Si substrate.

patterning by EBL. These particular thicknesses are also result
of optimization of Tc for the trilayer film that should be about
5.5 K for optimal operation of nJJs at 5 K stabilized temperature
in TEM holder. Increasing the thickness of Ti layers decreases
Tc, while increasing the thickness of Nb layer increases Tc.
Too thin Nb layer widens the superconducting transition and
increases device noise.

HSQ resist was patterned with spatial resolution down to
∼10 nm using exposure by e-beam at acceleration voltage
100 kV and dose 3 mC/cm2 and highly selective reactive ion
etching (RIE) in pure SF6 gas. The RIE process provides
∼3 times faster etch rates for Ti and Nb in comparison to SiN
and the HSQ resist. The 16 nm thick Ti-Nb-Ti heterostructures
have an undercut of < 5 nm, which is ∼10 times smaller
than the undercut observed in the preparation of pure 100 nm
thick TiN nJJs [14]. The smaller undercut resulted in improved
reproducibility of the nJJs and a spatial resolution of the super-
conducting nanostructures that approached the spatial resolution
of the HSQ resist mask.

Fig. 2 shows a cross-sectional SEM image of a HSQ resist-
covered heterostructure consisting of two 4 nm thick Ti films
with an 8 nm thick Nb film in between, fabricated on a SiN
buffer layer. After RIE no re-sputtered material (fences) was
observed. Instead, a few nanometer-wide undercut of < 5 nm
made the structures effectively narrower than in HSQ mask.

We used 200 µm thick Si substrates that were buffered on both
sides by 100 nm thick low-stress SiN films using low-pressure
chemical vapor deposition (LPCVD). The superconducting and
ferromagnetic films were deposited and nanostructured under
standard conditions on bulk substrates, followed by wet chemi-
cal etching of the Si substrate in 20% KOH from the back side
of the substrate to the back side of the SiN buffer layer using
homemade holders. Simultaneously with a 50 µm × 50 µm
window with the membrane, the outside of the TEM grid with
standard diameter 3 mm was etched. The etch rate of Si in the
KOH solution at 60 °C was approximately 9 nm/h.

III. RESULTS

The thin-film Ti(4 nm)-Nb(8 nm)-Ti(4 nm) heterostructures
fabricated on a Si substrate covered with a low-stress LPCVD
SiN buffer layer have Tc � 5.5 K (see Fig. 3) that was empiri-
cally optimized for optimal non-hysteretic operation of nJJs and
nanoSQUIDs based on these multilayer films.

Authorized licensed use limited to: FORSCHUNGSZENTRUM JUELICH. Downloaded on December 17,2024 at 12:26:15 UTC from IEEE Xplore.  Restrictions apply. 



FALEY et al.: NanoSQUIDs WITH PROXIMITY EFFECT NANOBRIDGE JOSEPHSON JUNCTIONS FOR FUTURE APPLICATIONS 1600105

Fig. 3. R(T)-dependence in the vicinity of superconducting transition at 5.5 K
of a heterostructure consisting of two 4 nm thick Ti films with an 8 nm thick
Nb film in between, fabricated on a Si substrate covered with a low-stress SiN
buffer layer.

Fig. 4. Plan-view TEM images of a nanoSQUID fabricated on a SiN mem-
brane: (a) low-magnification TEM image showing position of nanoSQUID
relative to the edge of membrane; (b) a higher magnification TEM image showing
microcrystalline structure of the membrane and a polycrystalline structure of
the Ti-Nb-Ti heterostructure film; (c) a higher magnification TEM image of
one of the nJJs demonstrating width of the nJJ and HSQ resist; and (d) high
resolution TEM image of Ti-Nb-Ti heterostructure in nJJ in nanoSQUID show-
ing the ∼0.3 nm interatomic distance corresponding to the lattice constant of
Ti and Nb.

NanoSQUIDs were fabricated on a 100 nm thick, low-strain
SiN membrane near one of the membrane edges (Fig. 4(a)). A
microcrystalline structure of the membrane and a polycrystalline
structure of the Ti-Nb-Ti heterostructure film are observed in the
plan-view TEM image (Fig. 4(b)). A higher magnification TEM
image of one of the nJJs demonstrated width of the nJJ under

Fig. 5. I(V) characteristics of a nanoSQUID recorded in 0 G (blue) and 30 G
(red) magnetic fields at 4.2 K. The voltage swings for the modulation in magnetic
field are >40 µV at a bias current of 16 µA.

Fig. 6. LTEM images of a Py triangle in different magnetic fields. A success-
fully performed repolarization of the magnetization states in this nanostructure
is demonstrated.

mask of HSQ resist (Fig. 4(c)). A high resolution TEM image
of Ti-Nb-Ti heterostructure in nJJ in nanoSQUID (Fig. 4(d))
showed the ∼0.3 nm interatomic spacing that corresponds ap-
proximately to the lattice constant in ab-planes of Ti and Nb
[12], [13].

I(V) characteristics of nanoSQUIDs observed critical current
∼16 µA and a strong periodic dependence on magnetic field
with a period of ∼60 G (Fig. 5). At bias current > ∼30 µA
characteristics becomes unstable observed thermal hysteresis
(not shown in Fig. 5) due to overheating and reduced heat
removal of nJJs on membrane: the heat is originated from the
Joule heating and partially heating from Josephson radiation.
The corresponding critical current and the amplitude of the
thermal hysteresis depend exclusively on the heat dissipation
and are independent of the magnetic field [15].

Triangles from 50 nm thick Py (∼80% Ni and ∼20% Fe)
films were also prepared on SiN membranes (Fig. 6) for future
combination with the superconducting circuits. Like Ti and Nb,
Py is also compatible with CMOS applications [16], making it a
preferred choice for ferromagnetic materials in electronics. We
deposited thin films of Py at room temperature using dc mag-
netron sputtering from a single target in a pure Ar atmosphere at
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Fig. 7. Variation of the pair potential Δ(x) across a NSN triple layer.

a pressure of∼1 Pa. A lift-off techniques was used for patterning
of Py films on membranes and provided spatial resolution better
than 100 nm [2].

The Py triangles were studied by LTEM [17] using FEI Titan
G2 60-300 HOLO microscope. Fig. 6 shows LTEM images
of a Py triangle in different magnetic fields. The white and
dark points and lines indicate on the directions of in-plane
magnetization inside the Py triangle and demonstrate the suc-
cessfully performed repolarization of the magnetization state in
this nanostructure.

IV. DISCUSSION

The Ti-Nb-Ti heterostructure was chosen for the present work
due to its relatively large coherence length at 5 K operating
temperature of ξ(5 K) ∼27 nm, which is comparable to the
routinely achieved dimensions ∼10 nm of the nJJs (Fig. 2). This
ensures an almost ideal Josephson behavior of the nJJs [8].

We have successfully used proximity effect to adjust Tc of the
Ti-Nb-Ti heterostructure. Schematically the suppression of the
pair potential and, correspondingly, Tc in the heterostructure is
demonstrated in Fig. 7. The related equations can be found in
the reference [9] where the estimates where done for a bilayer
that can be interpreted as a half of the investigated 3-layer
heterostructure. The suppression of Tc in the superconducting
layer is much stronger and more uniform in the 3-layer het-
erostructure than in the two-layer one. Similar considerations
can be taken into account for adjusting Tc of TiN-NbN-TiN
heterostructures [2].

Operation of nanoSQUID on membrane is complicated by
reduced heat removal that is leading to increased thermal hys-
teresis. Placing the nanoSQUID outside the SiN window or in
close proximity to the corner of the cantilever [15] largely solves
this problem.

We have fabricated nanoSQUIDs and Py triangles on SiN
membranes and studied them separately. The period of voltage
modulation of nanoSQUID ∼60 G and magnetic field required
for switching of Py triangle ∼300 G were measured. These
comparable values are convenient for the experiments including
both structures. High currents flowing without energy dissipa-
tion in superconducting circuits or high frequency Josephson
oscillations in nJJs can be used for exiting spin-resonances
in ferromagnetic nanostructures. The corresponding in-plane
magnetic fields could be observed by TEM while out-of-plane
stray fields could be observed by a nanoSQUID. To place Py

nanostructures near nanoSQUIDs in future experiments, one
could use the nanomanipulator of a focused ion beam machine
in the case of a cantilever-based nanoSQUID, or fabricate both
structures on a single bulk substrate before performing KOH
etching in the case of a membrane-based nanoSQUID.

V. CONCLUSION

For the first time, we have fabricated nanoSQUIDs with
nJJs on SiN membranes that are intended for low temperature
experiments in TEM. The operating temperature of Nb nJJs was
adjusted to the optimal operating temperature of 5 K in the liquid
helium-cooled commercial TEM sample holder by exploiting
the proximity effect in 3-layer heterostructure Ti-Nb-Ti. Elec-
tron beam lithography and high selectivity reactive ion etching
with pure SF6 gas were used to pattern nJJs with down to∼10 nm
width that is comparable to coherence length in thin films of Nb.
The paper focuses on the development of nanoSQUIDs for pos-
sible future applications in TEM. Towards realization of hybrid
superconductor-ferromagnetic nanostructures for experiments
in TEM, Py triangles with spatial resolution down to ∼100 nm
were prepared on SiN membranes and studied by LTEM method.
These technologies are promising for the fabrication and study
of superconducting circuits based on nJJs for operation inside a
TEM.
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