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Abstract: We report the development of a planar 4-Josephson-junction nanoscale superconducting
quantum interference device (nanoSQUID) that is self-biased for optimal sensitivity without the
application of a magnetic flux of Φ0 /4. The nanoSQUID contains novel NbN-TiN-NbN nanobridge
Josephson junctions (nJJs) with NbN current leads and electrodes of the nanoSQUID body connected
by TiN nanobridges. The optimal superconducting transition temperature of ~4.8 K, superconducting
coherence length of ~100 nm, and corrosion resistance of the TiN films ensure the hysteresis-free,
reproducible, and long-term stability of nJJ and nanoSQUID operation at 4.2 K, while the corrosionresistant NbN has a relatively high superconducting transition temperature of ~15 K and a correspondingly large energy gap. FIB patterning of the TiN films and nanoscale sculpturing of the tip
area of the nanoSQUID’s cantilevers are performed using amorphous Al films as sacrificial layers
due to their high chemical reactivity to alkalis. A cantilever is realized with a distance between the
nanoSQUID and the substrate corner of ~300 nm. The nJJs and nanoSQUID are characterized using
Quantum Design measurement systems at 4.2 K. The technology is expected to be of interest for the
fabrication of durable nanoSQUID sensors for low temperature magnetic microscopy, as well as for
the realization of more complex circuits for superconducting nanobridge electronics.
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1. Introduction
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The miniaturization of superconducting circuits depends crucially on the implementation of novel Josephson junctions (JJs), including their design and material issues. Progress
in applications of superconducting quantum interference devices (SQUIDs), in particular
their nanoscale versions (nanoSQUIDs), is critically dependent on the implementation
of new JJs. The development of JJs has followed a dialectical Hegel spiral model: the
realization of JJs using the tunnel effect [1] has been followed by its observation in superconducting bridges [2], by an improvement in the quality of the tunnel barrier using
Nb-Al2 O3 -Nb JJs [3], and by the realization of sub-100 nm Pb nanoSQUIDs with ~10 nm
nanobridge JJs (nJJs) prepared on a capillary tip [4–6]. Planar nanoSQUIDs with nJJs have
been realized using electron beam lithography (see [7] and references therein). The current
scale of integration of superconducting circuits of 7.4 × 106 JJs/cm2 has been achieved
by using a 250-nm-linewidth photolithography process and self-shunted Nb-Al-AlOx -Nb
tunnel JJs with a relatively high Jc of ~60 kA/cm2 [8]. The critical current densities of nJJs
are much higher, with Jc ~ 1 MA cm−2 @ 4.2 K [7], approaching the de-pairing critical
current of superconducting films (e.g., ~30 MA/cm2 for Nb thin films) [9]. High values
of Jc ~ 1 MA/cm2 are required to provide Ic values in the nJJs that are much larger than
the thermal noise current Ith = 2πkB T/Φ0 and electromagnetic interference currents in the
measurement systems.
The miniaturization of superconducting circuits has to be balanced against the need
to squeeze a quantum of magnetic flux into nanoscale superconducting loops containing
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JJs: nanoSQUIDs, cells of RSFQ circuits, flux qubits. For 40 nm nanoSQUIDs, the magnetic
flux bias of Φ0 /4 that is required for maximal sensitivity corresponds to the application
of relatively high magnetic fields of ~0.4 T. These fields can influence the magnetic state
of an investigated object and suppress Tc of the superconducting film and the JJs of the
nanoSQUID itself. The use of control lines or direct injection currents is limited by the
critical current of the superconducting films and by small geometrical inductances resulting
from the sizes of the nanoSQUIDs [7]. In contrast to geometrical inductance, kinetic and
Josephson inductances cannot be used for magnetic flux generation in superconductors
because they do not store energy in magnetic fields, but in the form of motion and Josephson
energies, respectively. Josephson inductances that are represented by additional Josephson
junctions whose critical current Ic2 is slightly higher than the critical current Ic1 of the
Josephson junctions of the DC SQUID can substitute for flux biasing of nanoSQUIDs
without using high magnetic fields. Each Josephson inductance L(∆ϕ) = Φ0 /2πIc cos(∆ϕ),
where Ic is the critical current, consumes the phase drop ∆ϕ, reducing the phase drop on
the other Josephson junctions, and providing an effective substitution for the magnetic flux
bias Φ0 /4 of the nanoSQUID. For this constant shift of the flux voltage characteristics of
the nanoSQUID, there is no need for the injection of the additional flux biasing current that
was demonstrated for the electrical tuning of a nanoSQUID in [5,6].
Another important issue for nanoscale superconducting components is their long-term
stability, which is related to corrosion resistance of the constituent superconducting materials. An extreme example is the high-Tc superconductor YBa2 Cu3 O7-x , which degrades so
strongly in air [10,11] that the encapsulation of high-Tc SQUIDs in vacuum-tight fiber-glass
capsules is required [12]. Thermal cycling of Pb films between a storage temperature of
300 K and an operation temperature of 4.2 K result in hillock and cavity formation on the
films, thereby destroying the JJs [13]. Films of the refractory metal Nb are extraordinarily
resistant to heat and wear. However, Nb is unstable against corrosion as a result of a
reaction with O2 and H2 O in laboratory air. Oxygen penetrates along grain boundaries
from top to bottom in columnar-grown Nb films, producing Nb2 O5 crystallites that expand
and crack the Nb films [14,15]. Oxidation of Nb films can be suppressed significantly by
sealing their surface using a hard NbN protection layer, which is stable against H2 , CO,
CO2 , O2 , and air [16].
TiN also exhibits excellent corrosion resistance, which is beneficial to the long-term
stability of nJJs and nanoSQUIDs [7]. It is used in industry for surface hardening and corrosion protection, as well as for decorative Au-like coatings [17]. Multilayers of NbN/TiN
have enhanced mechanical, anticorrosion, and superconducting properties when compared
with single-layer NbN and TiN films [18–20]. MoRe is another corrosion-resistant superconducting material that has been used for the preparation of nanoSQUIDs [21,22]. Thin
films of NbN and MoRe have relatively large energy gaps 2∆ ~ 5 meV. However, their Tc
values of up to ~16 K and their very short coherence lengths ξ of ~5 nm lead to difficulties
in the realization of non-hysteretic nanoSQUIDs with nJJs at an operation temperature
of 4.2 K [22–24]. NJJs and nanoSQUIDs that are based on nJJs can have hysteretic I(V)
characteristics, as a result of (1) the effect of nJJ overheating hysteresis [7,25], or (2) an
ambiguity in the I(ϕ) characteristics of nJJs [25,26] in the case of large nJJs when their length
is >3.5 ξ [26].
TiN thin films have Tc ~ 5 K and ξ ~ 105 nm [7,27], which allows the operation of
TiN nJJs and nanoSQUIDs without hysteresis at 4.2 K. The absence of hysteresis in the I(V)
characteristics near Tc can be explained by an increase in the superconducting coherence
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2
length ξ ∝ 1 − TTc
near Tc , according to Ginzburg–Landau theory [28]. Based on the
above-mentioned features, it is straightforward to combine the properties of TiN and NbN
films in novel NbN-TiN-NbN nJJs that include a TiN nanobridge, NbN electrodes, and
current leads to realize non-hysteretic nJJs with a high characteristic voltage Vc = Ic Rn , while
operating at 4.2 K. The use of such S-S0 -S nJJs with NbN as a superconductor with higher
Tc (S) and TiN as a superconductor with lower Tc (S0 ) in nanoSQUIDs would improve their
voltage response and sensitivity. Pure TiN nJJs and nanoSQUIDs often have Tc < 4.2 K,
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relatively low values of ∆Vpp ~ 14 µV, and a value for the derivative dV/dB of ~44 µV/Φ0
at 4.2 K [7].
Two methods are usually used to pattern nanostructures of TiN, NbN, and Nb: electron
beam lithography (EBL) in combination with reactive ion etching (RIE) [7,24,25] and focused
ion beam (FIB) milling [25,29]. The high selectivity and isotropy of RIE allow the realization
of variable thickness nJJs down to 10 nm resolution [7], but these are sensitive to sample
temperature and surface contamination, to the configuration of nearby current leads, and to
the granular structure of the etched film, as well as previous processes in the RIE machine:
the etch rate of a second sample can then be lower than the etch rate of a first sample. FIB can
effectively substitute EBL when there are only few structures such as nanoSQUIDs on a chip
and can improve reproducibility, although leading to contamination of the structures by
implanted Ga atoms and weakening the heat sink of the nJJs, which can lead to overheating
and hysteresis in I(V) characteristics. An auxiliary layer above the superconducting film
can provide protection from Ga+ ions and a better heat sink for each nJJ [28].
Novel NbN-TiN-NbN nJJs and nanoSQUIDs based on such nJJs were prepared using
RIE and FIB and are reported in the current paper. For the first time, a low temperature Al
sacrificial layer was employed for protection of the superconducting structures against Ga+
ion implantation during FIB nanofabrication of the nJJs and cantilevers. We realized planar
4-Josephson-junction nanoSQUIDs, which are self-biased to provide optimal sensitivity
without the application of high magnetic fields corresponding to the usually required
Φ0 /4 magnetic flux bias. The fabrication of cantilevers with a nanoSQUID placed within
300 nm from the substrate corner is also outlined.
2. Materials and Methods
Briefly, 100 nm TiN films covered by 6 nm NbN films were deposited at a rate of
~1 nm/min from 50 mm 99.95% pure targets using pulsed reactive DC magnetron sputtering
onto Si (001) substrates that were heated to ~800 ◦ C. The substrates were cleaned one after
the other in an ultrasonic bath in acetone, propanol, and deionized water and etched with
an Ar+ ion beam just 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. Deposition was
performed in an Ar(80%)-N2 (20%) gas mixture at a total pressure of 10−2 mbar. A N2 flow
of 5 mln/min was regulated using a Brooks© mass flow controller 5850 TR. The Ar and N2
gases had a purity of 99.9999% and contained less than 0.01 ppm O2 , which corresponds
to an O2 partial pressure of less than 10−10 mbar. Before deposition, the chamber was
outgassed at the deposition conditions during pre-sputtering onto the closed shutter for
more than 1 h.
The nanoSQUID design included 4 nJJs with 2 critical currents Ic1 < Ic2 and 3 current
leads, as shown schematically in Figure 1.
TiN-NbN heterostructures were patterned using EBL in combination with RIE using
masks of diluted AZ nLOF 2020 electron beam resist and/or by FIB. The resist was exposed
using an electron beam with an accelerating voltage of 100 kV, a current of 10 nA, and a
dose of 120 µC/cm2 . RIE of the TiN-NbN heterostructures was performed using a pure
SF6 atmosphere, which resulted in isotropic etching of both the NbN and the TiN films
at a rate of ~1 nm/s with a selectivity of ~3 for etching of TiN-NbN heterostructures
relative to the diluted nLOF 2020 resist. After RIE, resist residuals were removed from
the samples by soaking in warm acetone at 70 ◦ C and in distilled water. Figure 2 shows
(a) a schematic representation and (b) a scanning electron microscopy (SEM) image of the
resulting NbN-TiN-NbN nJJs. Thanks to the undercut due to isotropic etching, the top
layer of the NbN is locally removed in the nanobridge area. The electrodes contain the
TiN-NbN heterostructures, where the energy gap of TiN is enhanced by a proximity effect
from the NbN layer. Pieces of In of size ~(0.5 mm)3 were used to form galvanic contacts to
the structures through the Si passivation layer.
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Figure 1. Schematic diagram of a 4 nJJ nanoSQUID with 3 current leads. Josephson junctions with
larger critical currents Ic2 and smaller phase drops φ2 < π/2 are shown by larger crosses.

TiN-NbN heterostructures were patterned using EBL in combination with RIE using
masks of diluted AZ nLOF 2020 electron beam resist and/or by FIB. The resist was exposed
using an electron beam with an accelerating voltage of 100 kV, a current of 10 nA, and a
dose of 120 µC/cm2. RIE of the TiN-NbN heterostructures was performed using a pure SF6
atmosphere, which resulted in isotropic etching of both the NbN and the TiN films at a
rate of ~1 nm/s with a selectivity of ~3 for etching of TiN-NbN heterostructures relative to
the diluted nLOF 2020 resist. After RIE, resist residuals were removed from the samples
by soaking in warm acetone at 70 °C and in distilled water. Figure 2 shows (a) a schematic
representation and (b) a scanning electron microscopy (SEM) image of the resulting NbNTiN-NbN nJJs. Thanks to the undercut due to isotropic etching, the top layer of the NbN
is locally removed in the nanobridge area. The electrodes contain the TiN-NbN heterostructures, where the energy gap of TiN is enhanced by a proximity effect from the NbN
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TiN-NbN heterostructures were patterned using EBL in combination with RIE using
masks of diluted AZ nLOF 2020 electron beam resist and/or by FIB. The resist was exposed
using an electron beam with an accelerating voltage of 100 kV, a current of 10 nA, and a
dose of 120 µC/cm2. RIE of the TiN-NbN heterostructures was performed using a pure SF6
atmosphere, which resulted in isotropic etching of both the NbN and the TiN films at a
rate of ~1 nm/s with a selectivity of ~3 for etching of TiN-NbN heterostructures relative to
the diluted nLOF 2020 resist. After RIE, resist residuals were removed from the samples
by soaking in warm acetone at 70 °C and in distilled water. Figure 2 shows (a) a schematic
representation and (b) a scanning electron microscopy (SEM) image of the resulting NbNTiN-NbN nJJs. Thanks to the undercut due to isotropic etching, the top layer of the NbN
is locally removed in the nanobridge area. The electrodes contain the TiN-NbN heterostructures, where the energy gap of TiN is enhanced by a proximity effect from the NbN
layer. Pieces of In of size ∼(0.5 mm)3 were used to form galvanic contacts to the structures
through the Si passivation layer.
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When performing FIB etching of the nJJs, the structures were covered by a >100-nmthick protection layer of amorphous Al that was deposited at 77 K to reduce the size
of the grains in the Al film to a negligible value of ~1 nm. A dual-beam FEI Helios
NanoLab 400S FIB system was used with Ga+ ions at an accelerating voltage of 30 kV and
a current of 1.5 pA to etch a 300 nm × 300 nm hole and form 4 nJJs. An additional 100-nmthick amorphous Si layer was deposited at room temperature above the nanoSQUID to
provide a better thermal shunt of the nJJs. For bulk nanomachining of cantilevers with
nanoSQUIDs, the Al protection layer was up to ~1.5 µm thick, which allowed for the use
of the maximal available Ga+ focused ion beam of ~21 nA. After FIB, the Al layer and
the fences of redeposited material were removed by chemical etching of Al using an AZ
726 MIF developer in an ultrasonic bath.
The microstructures of the films, nJJs, and nanoSQUIDs
(a)
(b)were investigated using highresolution scanning electron microscopy (HRSEM) in a Zeiss 1550 VP. R(T) dependences
Figure 2. (a) Schematic view of a NbN-TiN-NbN nJJ. (b) SEM image of a NbN-TiN-NbN nJJ preofpared
the TiN
and NbN films and TiN-NbN heterostructures were recorded using Quantum
using RIE. The image was recorded at an accelerating voltage of 15 kV and a sample tilt angle
Design
(QD)
Physical Property Measurement Systems (PPMS). R(T) and I(V) characteristics
of 45°.
of the nJJs and nanoSQUIDs were measured using a QD DynaCool system. Voltage
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modulations of the nanoSQUIDs with magnetic field V(B) at different current biases and
temperatures were measured using the PPMS.
3. Results
The deposition of a NbN film above a TiN film significantly improved the superconducting properties of the NbN films: the Tc value of 60-nm-thick NbN films increased from
10.6 to 14.5 K and the residual resistance ratio (RRR) R300K /R10K increased from 0.9 to 2.4
when compared to NbN films deposited under the same conditions on pristine Si (100)
substrates. Resistivity values of ~6 µΩ·cm at room temperature and ~7 µΩ·cm at 10 K
were measured for the NbN films. The latter value is close to values of ~5 µΩ·cm at 10 K
obtained for TiN films deposited on oxide-free Si at 800 ◦ C [7,30], which is advantageous
for the proximity effect between NbN and TiN films: the small difference between the
specific resistances and the large coherence length in TiN result in a value of γ ~ 0.01 in
Refs. [31,32], which corresponds to negligibly small suppression of the superconducting
order parameter in the layers due to the proximity effect and a small jump in the order
parameter at the interlayer boundary due to the interface resistance. The superconducting
transition temperature Tc of the NbN-TiN heterostructures depends on the thickness of
the NbN layer and is ~6 K for a 6 nm NbN layer above a 100-nm-thick TiN film. A lower
base pressure of ≤4 × 10−8 mbar and a higher substrate temperature of ≥800 ◦ C lead to a
higher value of Tc . The observed RRR value of >2 reflects a relatively long mean free path
of the charge carriers in NbN-TiN heterostructures due to a relatively low concentration
of defects.
A similar improvement in the electron transport properties of NbN films deposited
on Si substrates buffered by TiN was observed in [30] and attributed to the improved
crystallinity of NbN films grown epitaxially on TiN films: the size of grains in NbN films
grown directly on Si would be smaller than the size of grains in TiN films also grown
directly on Si because of the lower mobility of Nb atoms. Figure 3 shows an SEM image
of a cross-section of a NbN-TiN heterostructure grown on a pristine Si (001) substrate and
contains a much thicker NbN layer than it was used for nJJs and nanoSQUIDs. The image
was recorded at an accelerating voltage of 30 kV with the sample broken parallel to a
Si (110) plane that was perpendicular to the film surface. This image demonstrates the
continuity of grains across the interface boundary, in accordance with the epitaxial growth
Electronics 2022, 11, x FOR PEER REVIEW
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FIB was tested for the preparation of a nanoSQUID cantilever tip as an alternative
method to the mechanical and RIE techniques described in ref. [33]. A protection Al layer
deposited at 77 K~1.5 µm thick allows to position, focus, and perform the etching using
maximal available current ~21 nA of the focused Ga+ ion beam. The material volume per
dose rate is ~0.3 µm3 /nC at an accelerating voltage of 30 kV for Si and Al, which allows a
5 µm × 100 µm × 50 µm slit to be cut in ~1 h. Pre-thinning of the nanoSQUID cantilever
chip down to a thickness of ~50 µm can be performed using ICP RIE [33] or chemical
etching in 20% KOH solution [7]. By using FIB, we succeeded to position a nanoSQUID
within 100 nm from the substrate corner. Based on safety and resolution considerations
for the lateral outer dimension of the nanoSQUID of ~900 nm and the total thickness of
the superconducting film of the nanoSQUID of up to ~200 nm, it is optimal to place the
nanoSQUID at a distance of ~300 nm from the edges of the substrate (see Figure 5). The
corner can then be used as the tip of a cantilever when it is placed at a small angle of ~10◦
relative to the surface of an investigated magnetic object.
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variable thickness nanobridge NbN-TiN-NbN JJs. RIE was performed at 25 W with 5 Pa
times of the nJJs, when compared with nJJs that were prepared from similar N
of pure SF6 gas, providing an etch rate of ~1 nm/s normal to the surface of the NbN-TiN
heterostructures
using
FIB. The
NbN
layerrate
was
the middle
heterostructure
and an
undercut
in-plane
etching
of removed
~0.3 nm/s,in
which
providesof
a the nJJ
relationship
between
the
optimal
width
of
the
bridges
in
the
e-beam
resist
and
the
thickness
dercutting during the isotropic RIE process (see Figure 2), resulting in the form
of the NbN-TiN heterostructure. However, there is a significant dependence of the RIE
rate in SF6 gas on sample surface cleanliness and on the prehistory of operation of the
RIE machine. Contamination of the sample surface and the chamber hinders reactive
etching. In order to ensure reproducibility of the nJJs, the RIE machine was cleaned and
preconditioned prior to the installation of the substrates. The substrates lay freely on a
quartz plate whose temperature was maintained at 20 ◦ C. Moderate heating of the substrate
during RIE increases the etch rate and should be taken into account. After RIE, residuals of
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In order to ensure reproducibility of the nJJs, the RIE machine was cleaned and preconditioned prior to the installation of the substrates. The substrates lay freely on a quartz plate
whose temperature was maintained at 20 °C. Moderate heating of the substrate
during
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RIE increases the etch rate and should be taken into account. After RIE, residuals of the
nLOF resist were removed in warm acetone and did not disturb the establishment of galvanic
contacts
successive
Au, and
bulkand
In layers
the contact
pads.
the nLOF
resist to
were
removed Pt,
in warm
acetone
did noton
disturb
the establishment
of
Figure
6
shows
the
I(V)
dependences
of
a
4JJ-nanoSQUID
that
contains
two ∼30-nmgalvanic contacts to successive Pt, Au, and bulk In layers on the contact pads.
wideFigure
and two
∼50-nm-wide
NbN-TiN-NbN
nJJs patternedthat
using
RIE and
at
6 shows
the I(V) dependences
of a 4JJ-nanoSQUID
contains
twocharacterized
~30-nmwide
~50-nm-wide
NbN-TiN-NbN
nJJs depends
patterned on
using
and characterized
4.2
K.and
Thetwo
critical
current of
the nanoSQUID
theRIE
magnetic
field from a miniat 4.2value
K. The
current
depends
on theofmagnetic
from
mal
ofcritical
∼25 µA
at 10 of
G the
to ananoSQUID
maximal critical
current
∼39 µAfield
at −30
G. aThe I(V)
minimal
value
of
~25
µA
at
10
G
to
a
maximal
critical
current
of
~39
µA
at
−
30
G.
The
characteristics are non-hysteretic, despite the relatively large critical currents and characI(V) characteristics
despite the relatively large critical currents and
teristic
voltage Vc =are
IcRnon-hysteretic,
n ≅ 200 µV.
∼
characteristic voltage Vc = Ic Rn = 200 µV.

Figure 6.6. I(V)
measured
for for
a planar
nanoSQUID
with NbN-TiN-NbN
junctionsjunctions
in
Figure
I(V)dependences
dependences
measured
a planar
nanoSQUID
with NbN-TiN-NbN
in
magnetic fields
30 GG(blue)
and
10 10
G (red)
at 4.2
magnetic
fieldsofof−-30
(blue)
and
G (red)
at K.
4.2 K.

At bias currents between ~25 and ~45 µA, the voltage on the nanoSQUID depends
At bias currents between ∼25 and ∼45 µA, the voltage on the nanoSQUID depends
periodically on the external field normal to the nanoSQUID’s plane with a period of ~60 G.
periodically
on the external
field normal
the nanoSQUID’s
with
The V(B) dependence
of the nanoSQUID
at 4.2 to
K measured
using a biasplane
current
Ic = a
39period
µA is of ∼60
G.
TheinV(B)
dependence
of thelarge
nanoSQUID
measured
using∆V
a bias
current Ic = 39
shown
Figure
7. The observed
amplitudeat
of 4.2
the K
voltage
modulation
p-p ~ 50 µV
µA
is shown in
7. The
observed
of the voltage
modulation
(peak-to-peak)
is Figure
due to the
presence
of thelarge
NbN amplitude
film in the electrodes
and the
relatively ΔVp-p ∼
lowµV
kinetic
inductance ofisthe
nanoSQUID,
which of
is based
on Josephson
junctions
in the and the
50
(peak-to-peak)
due
to the presence
the NbN
film in the
electrodes
form
of
nanobridges
of
variable
thickness:
the
washer
of
the
nanoSQUID
is
much
thicker
relatively low kinetic inductance of the nanoSQUID, which is based on Josephson juncthan in
bridges.
The 60 G period
of the modulation
corresponds
to an
tions
inDayem
the form
of nanobridges
of variable
thickness: the
washer of
theeffective
nanoSQUID is
area of 0.36 µm2 of the nanoSQUID. Thanks to the 4JJ design, the nanoSQUID does not
much thicker than in Dayem bridges. The 60 G period of the modulation corresponds to
requires flux biasing: At 0 G, the derivative dV/dB has already reached its maximal value
of ~525 µV/Φ0 .
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nJJs
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4. Discussion
Discussion
4.
Theproposed
proposeddesign
designofof
a 4-nJJ
nanoSQUID
(Figure
1) provides
a solution
the
The
a 4-nJJ
nanoSQUID
(Figure
1) provides
a solution
to the to
probproblem
ofmagnetic
Φ0 /4 magnetic
flux
bias of nanoSQUID
to the maximum
responsivity
point
lem
of Φ0/4
flux bias
of nanoSQUID
to the maximum
responsivity
point at which
at which
the derivative
of the
SQUID
voltage
with field
magnetic
has value.
a maximal
the
derivative
of the SQUID
voltage
with
magnetic
dV/dBfield
has dV/dB
a maximal
The
value.
The
operation
principle
of
such
a
4-nJJ
nanoSQUID
is
as
follows.
The
magnetic
flux
operation principle of such a 4-nJJ nanoSQUID is as follows. The magnetic flux Φ through
Φ
through
the
loop
of
the
nanoSQUID
connected
with
the
phase
drops
ϕ
and
ϕ
across
the loop of
nanoSQUID connected with the phase drops φ1 and φ1 across
the 1nJJs ac1
the nJJs to
according
cording
equationto equation

+ 2φ
2 +2πΦ/Φ
2πΦ/Φ00 = 2πn,
2ϕ2φ
1 +1 2ϕ
2+

(1)
(1)

where n is an integer. The bias current of the nanoSQUID is Ib = 2Ic1sinφ1 ≅ 2Ic1. The juncwhere n is an integer. The bias current of the nanoSQUID is Ib = 2Ic1 sinϕ1 ∼
= 2Ic1 . The
tions with the largest phase drop φ1 have the smallest critical current Ic1, which is reached
junctions with the largest phase drop ϕ1 have the smallest critical current Ic1 , which is
at φ1 = π/2. Each of the other two junctions has a phase drop φ2 determined by their
reached at ϕ1 = π/2. Each of the other two junctions has a phase drop ϕ2 determined
maximal
current,current,
which iswhich
limited
by the critical
of the smallest
junctions
Ic1 and
by their maximal
is limited
by the current
critical current
of the smallest
junctions
its
critical
current
I
c2: φ2 = arcsin (Ic1/Ic2). This maximal current is reached when the magIc1 and its critical current Ic2 : ϕ2 = arcsin (Ic1 /Ic2 ). This maximal current is reached when
netic
flux through
the nanoSQUID
is Φ = (πn
– φ2−
)⋅Φπ/2
0/π. The maximum responsivity
the
magnetic
flux through
the nanoSQUID
is−Φπ/2
= (πn
− ϕ2 )·Φ0 /π. The maximum
point
in
zero
external
magnetic
field
is
when
this
magnetic
flux
Φ = Φ0/4:
2π/2
+ 2φ
+
responsivity point in zero external magnetic field is when this
magnetic
flux
Φ=
Φ02/4:
2π/4
=
2πn,
or:
2π/2 + 2ϕ2 + 2π/4 = 2πn, or:
ϕ2φ=2 πn
− −π/2
(2)
= πn
π/2−− π/4
π/4
(2)
Equation (2)
(2) determines,
determines, to
Equation
to aa√first
first approximation,
approximation,the
therelationship
relationshipbetween
betweenthe
thecritical
criticurrents:
I
=
I
/sin(π/4)
=
I
2
at
n
=
1.
The
true
optimal
critical
current
I
c2
c1
c1
c2
cal currents: Ic2 = Ic1/sin(π/4) = Ic1√2 at n = 1. The true optimal critical current Ic2 differsdiffers
from
from
the calculated
because
the geometrical
inductances
theare
nJJsnot
arezero
not zero
the
calculated
value value
because
the geometrical
inductances
of theofnJJs
and
and
spread
of
dimensions
of
the
nJJs
should
also
be
taken
into
account.
An
asymmetric
spread of dimensions of the nJJs should also be taken into account. An asymmetric DC
DC SQUID
contains
different
critical
currents
be used
self-fluxSQUID
that that
contains
two two
nJJs nJJs
withwith
different
critical
currents
can can
be used
for for
self-flux-bibiasing
[34].
If the
of the
SQUID
loop
is µm,
>1 µm,
geometrical
inductance
of
asing
[34].
If the
sizesize
of the
SQUID
loop
is >1
thenthen
the the
geometrical
inductance
of the
the SQUID loop can also be used for the creation of self-biasing, e.g., in a 3-JJ SQUID
configuration [35]. However, these alternative methods are less effective when the size
of the SQUIDs is on the nm scale and the geometrical inductances of the nJJs and of the
SQUID loop become negligible.
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In addition, one should take into account the fact that Ginzburg–Landau theory
describes the Josephson effect in nanobridges only in close proximity to Tc , where the coherence length is comparable with the dimensions of the nJJs [26,28,36,37]. For real nJJs, the
largest voltage modulation is observed in proximity to hysteretic I(V) characteristics, where
theoretical models partially deviate from experimentally observed properties (e.g., the
current-phase relationship of nJJs deviates from a sinusoidal form).
The comparison of two patterning techniques performed in the present study has
illustrated their respective advantages and disadvantages for the preparation of NbNTiN-NbN nanobridges and self-flux-biased nanoSQUIDs. FIB milling offers adequate
spatial resolution for the reproducible structuring of NbN-TiN-NbN nJJs but contaminates
films with Ga, thereby deteriorating their superconducting properties. A sufficiently
thick protection layer of Al deposited at 77 K reduces this contamination and allows the
nanoSQUID to be placed within ~100 nm of the substrate edge, which is essential for
the preparation of a cantilever. Although optimization of the protection layer for the
preparation of nanoSQUIDs by FIB seems to be promising, the best results are currently
obtained using RIE.
The noise level of the nanoSQUID-based measurement system is determined mainly
√
√
by the white noise input level Sv ~ 1 nV/ Hz of the preamplifier at room temperature [7].
√
√
The magnetic flux resolution of the present measurement system SΦ ∼
Sv /(∂V/∂Φ) ~
=
√
1.9 µΦ0 / Hz, where the derivative ∂V/∂Φ ∼
µV/Φ0 . For comparison with other pla= 525
√
√
nar nanoSQUIDs, flux noise values of 1.7 µΦ0 / Hz [22] and 0.3 µΦ0 / Hz [23] have been
achieved for nanoSQUIDs with hysteretic I(V) characteristics measured at temperatures
of Tc . By increasing the thickness of the NbN layer, nanoSQUIDs with NbN-TiN-NbN
nJJs also become hysteretic in their I(V) characteristics. The study of measurement systems
with hysteretic nanoSQUIDs is beyond the scope of the present work.
5. Conclusions
We have tested NbN-TiN-NbN nJJs and planar 4-JJ nanoSQUIDs that were prepared
using FIB and RIE. The planar 4-JJ nanoSQUIDs are self-biased for optimal sensitivity
without the application of magnetic flux of Φ0 /4. The nanoSQUIDs contain novel NbNTiN-NbN nanobridge Josephson junctions (nJJs), with NbN electrodes connected by TiN
nanobridges. TiN has an optimal superconducting transition temperature of ~4.8 K, a
superconducting coherence length of ~100 nm, and corrosion resistance, offering hysteresisfree, reproducible, and long-term stability for nJJ and nanoSQUID operation at 4.2 K, while
corrosion-resistant NbN has a relatively high superconducting transition temperatures
up to ~16 K and a correspondingly large energy gap. FIB patterning of TiN films and
nanoscale sculpturing of the tip area of the nanoSQUID’s cantilevers were performed by
using amorphous Al films as sacrificial layers due to their relatively high chemical reactivity
to alkalis. A cantilever with a distance between the nanoSQUID and the substrate corner of
~300 nm was realized. The I(V) characteristics of the nJJs and nanoSQUIDs, as well as the
voltage modulation of the nanoSQUIDs, was measured at 4.2 K. The developed technology
can be used for the fabrication of durable nanoSQUID sensors for low temperature magnetic
microscopy, as well as for the realization of more complex circuits for superconducting
nanobridge electronics.
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