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Abstract

®

CrossMark

Nanometer-scale superconducting quantum interference devices (nanoSQUIDs) were fabricated
within a distance of 1 ym from the corners of 2 x 2 x 0.05 mm Si cantilevers that are intended
for use in a scanning nanoSQUID microscope. The nanoSQUIDs contained Josephson junctions
(JJs) in the form of Nb-based nanobridges, which had widths down to 10 nm and were patterned
using hydrogen silsesquioxane negative resist. Numerical simulations of the superconducting
current and the spatial distribution of the order parameter in the nanobridge JJs and the
nanoSQUID, as well as the current—phase relationship in the nanobridge JJs, were performed
according to Ginzburg-Landau equations on one-dimensional and two-dimensional grids. Bulk
micromachining of the Si cantilever was performed using reactive ion etching with SFg gas
through masks of nLOF 2020 photoresist from the front side and a quartz shadow mask from
the back side of the substrate. An etch rate of 6 zm min~! for Si was achieved for a power of
300 W of the inductively coupled SF¢ plasma. The nanoSQUIDs exhibited non-hysteretic
current—voltage characteristics on the cantilever. The estimated spin sensitivity of

48 up (\/HZ)_1 is sufficient for use of such a nanoSQUID as a magnetic field sensor for
studying nanoscale objects, with a projected total distance to the object of below 100 nm.

Keywords: bulk nanomachining, nanobridge, Josephson junction, nanoSQUID, cantilever

(Some figures may appear in colour only in the online journal)

1. Introduction

Nanometer-scale superconducting quantum interference
devices (nanoSQUIDs) are used to perform a wide range
of physical measurements (see, e.g. [1] and [2] and references
therein). NanoSQUIDs offer the prospect of studying nano-
scale magnetic systems with single electron spin sensitivity,
memory devices, transition edge sensors for single photon and

1361-6668/21/035014+8$33.00

macromolecule detection, devices for quantum computing,
quantum metrology, etc [1]. In comparison to magnetometers
that are based on nitrogen vacancies in diamond, nanoSQUIDs
do not need to be illuminated by a laser, which can uninten-
tionally heat a delicate sample operating at low temperature.
Furthermore, in contrast to magnetic force microscopy, which
uses a magnetized tip that can change the magnetic state of the
object, nanoSQUIDs do not contain ferromagnetic parts and

© 2021 IOP Publishing Ltd  Printed in the UK
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can be used to perform contactless, almost non-destructive
measurements because stray magnetic fields from them are
much weaker.

NanoSQUIDs have attained an ultra-high electron spin
sensitivity of <1 up (\/Hz)_1 [3, 4], an ultra low flux noise of
~50 nd (\/Hz)_1 [3-5] and an energy resolution approach-
ing the quantum limit [6]. ‘SQUID-on-tip’ nanoSQUIDs have
been fabricated by the deposition of Pb or Nb thin films
from three directions onto the apices of hollow quartz tubes
that were pulled into sharp pipettes with diameters down to
~39 nm at their tips [4]. However, such an elegant nanofab-
rication method has the drawback of a relatively large spread
of parameters, restrictions on electrical circuit design and
unclear long-term stability of the nanoSQUIDs, limiting their
applicability for routine applications. It is more practical to
use available planar nanostructuring technologies, in order to
achieve greater flexibility in circuit design and passivation and
to use bulk nanomachining methods to realize nanoSQUID
cantilevers that are compatible with low temperature high-
resolution scanning systems.

Nanobridge Josephson junctions (JJs) allow the miniatur-
ization of superconducting devices to a scale that is limited
only by the resolution of nanostructuring technologies. Since
the Josephson effect was first demonstrated in 3.6 ym wide
‘Dayem’ bridges [7], the spatial resolution of nanostructuring
technologies has improved by a factor of ~1000, provid-
ing new opportunities for nanoscale patterning (see, e.g.
[8, 9]). Progress in nanofabrication has also resulted in a
renaissance in the application of nanobridge JJs in supercon-
ducting electronics, which was dominated for almost four
decades mainly by superconductor-insulator-superconductor
(SIS) tunnel JJs based on Nb-AlOx-Nb heterostruc-
tures [10, 11] or on overdamped JJs, which can be
realised in the form of superconductor-normal metal-
superconductor or superconductor-insulator-normal metal—
insulator-superconductor multilayer structures [12]. Further
miniaturization of SIS JJs faces limitations in critical current
density J. = 50 kA cm™? that result in a too low critical
current /. for 10 x 10 nm JJs: I. = 50 nA < It = 176 nA,
where It is the thermal fluctuation current that corresponds to
a Josephson energy of Ey ~ kgT at an operating temperature
of T = 4.2 K. The critical current density of nanobridge JJs
is much higher, approaching the depairing current density of
~30 MA cm~? for Nb thin films.

Planar techniques based on electron beam lithography can
be used to pattern Nb films with 10 nm spatial resolution
[13], which is on the order of the coherence length for Nb
thin films [14]. Long-term stability of planar nanoSQUIDs can
then be realized by depositing a passivation layer and pre-
venting mechanical damage to the nanoSQUID by avoiding
direct contact with the object under study. The fabrication
of SQUID loops that are thicker than the nanobridges leads
to an increased flux modulation depth and much better spin
sensitivity [15].

Here, we use electron beam lithography and highly select-
ive reactive ion etching (RIE) to manufacture nanoSQUIDs
that have submicrometer lateral dimensions on a Si cantilever
chip. Our approach involves the fabrication of nanoSQUIDs
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Figure 1. Schematic diagrams showing the fabrication process for
the nanoSQUID cantilevers: (a) thinning of substrate; (b) deposition
of Nb film; (c) structuring of nanoSQUIDs; (d) preparation of
suspended cantilevers.

with nanobridge JJs and bulk nanomachinig of Si cantilevers,
in order to make robust sensors with a customizable layout.
The goal is to place a planar nanoSQUID within 1 pm of
the corner of a self-made Si cantilever, in order to be able
to approach it to an object at a pitch angle of <5° and at a
distance of less than 100 nm from it. The corner of the can-
tilever will then be closer to the object than the nanoSQUID,
even at smaller pitch angles, preventing the nanoSQUID from
suffering mechanical damage.

2. Experimental details and results

2.1. Deep etching of Si substrates for the preparation of
nanoSQUID cantilevers

NanoSQUID cantilevers were prepared on 10 x 10 x 0.39 mm
Si (001) substrates covered by 10 nm thick layers of SiO,. The
fabrication steps for the nanoSQUID cantilevers are shown
schematically in figure 1. The edges of the substrates were ori-
ented along (100) and (010) crystal planes of Si. The substrates
were cleaned in an ultrasonic bath successively in acetone,
propanol and double-distillated deionized (DI) water and dried
by blowing with N, before installation in the chamber of a RIE
machine (Plasmalab System 100 Oxford Instruments) in the
clean room of the Helmholtz Nano Facility (HNF) Forschung-
szentrum Jiilich [16].

By using a 300 W inductively coupled plasma (ICP) in pure
SFg gas and quartz shadow masks, the 6 X 6 mm area in the
middle of the back side of each Si substrate was etched for
1 h until a residual thickness of the Si substrate of ~60 um
was attained in this area (figures 1(a) and 2). The edges of the
substrates were covered by a bulk quartz shadow mask, so that
the edges and front sides of the substrates were protected from
etching and remained pristine.

Part of a cross-section of a Si substrate after RIE is shown
in the form of a scanning electron microscope (SEM) image
in figure 2. Taking into account the much slower etch rate of
Si0;, the achieved etch rate of pure Si under these conditions
is ~6 pm min~'.

As an alternative to the quartz shadow masks, we tested
masks that had been patterned lithographically from up to
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Figure 2. SEM image of a cross-section of a Si substrate after 1 h
of RIE in SF¢ gas at a power of 300 W of the ICP.

300 pum-thick negative SU-8 resist. We coated substrates with
SU-8 2010 resist without using a spin coater and achieved a flat
coverage with a typical thickness of 200 pm in the middle of
the substrates, without any edge beads. Structuring of the SU-8
resist was performed with a 1 min exposure using a Mega-UK
UV-exposure unit. RIE with 300 W ICP was used for deep
etching of the Si substrates and resulted in the same etch rate,
but in degradation of the edges of the substrates. Therefore,
for most of the samples thinning of the middle parts of the
substrates was performed using the quartz shadow masks.

2.2. Deposition and characterization of Nb thin fims

A base vacuum pressure in the one head sputtering machine
of 5 x 1078 mbar was achieved by using Agilent oil-free
turbo and scroll-vacuum pumps. Deposition of Nb films
onto the thinned substrates (figure 1(b)) was performed at
room temperature using pulsed DC magnetron sputtering in
a laminar flow of pure (99.9999%) Ar at ~8 x 1073 mbar.
Superconducting transition temperatures 7. of between 4.4
and 9.2 K were measured for different thicknesses of Nb
films using a Quantum Design Physical Property Measure-
ment System (PPMS) [17]. Fifteen nanometers thick Nb films
were measured to have T, = 6.4 K (see figure 3), which is
lower than for Nb films deposited on ion-beam-cleaned sub-
strates by electron beam evaporation [18]. The central area in
the four-point measurement configuration has a width/length
ratio of 2. Reducing the thickness of the Nb film resul-
ted in a broader superconducting transition and a reduction
in T.. Without passivation, the ultrathin Nb films degraded
when they were stored under ambient conditions in the
laboratory [18].

A 1 nm thick layer of Ti was deposited onto the Nb film to
promote the adhesion of hydrogen silsesquioxane (HSQ) elec-
tron beam resist due to the formation of Ti—O bonds between
the reactive Ti and the available O atoms in the HSQ resist
[19]. The possibility that Ti—Si bonds also form at the interface
between Ti and HSQ as a result of electron beam exposure is
also advantageous for resist adhesion.
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Figure 3. Temperature dependence of the resistance R(7") obtained
for a 15 nm thick Nb film. The resistivity of the film is ~9 Ohm cm
at 10 K.

2.3. Preparation of Nb nanoSQUIDs

The samples were spin coated with ~20 nm of 2% HSQ
electron beam resist immediately after deposition of the
adhesion-promoting Ti layer and baked for 2 min at 80 °C.
The HSQ resist was exposed to a focused electron beam using
an accelerating voltage of 100 kV, a current of 10 nA and a
dose of 2.5 mC cm~2. A post-exposure bake was performed
for 2 min at 120 °C. The resist was developed in 25% TMAH
for 1 min in an ultrasonic bath, before rinsing the sample in DI
water in an ultrasonic bath for 1.5 min, following by rinsing
in flowing DI water for 1 min. Contact pads were made from
20 nm thick Pt films that were deposited using DC magnet-
ron sputtering through a Ti shadow mask over the HSQ lines,
leading to the nanoSQUID structure.

The Nb films, including the adhesion-promoting Ti film,
were patterned (figure 1(c)) using RIE in the clean room of
the HNF [16] using pure SFe gas with 25 W of RF plasma
without ICP, providing a high selectivity of approximately 10
for etching the Nb and Ti films compared to the HSQ resist.
Such a high selectivity of RIE allowed the use of a very thin
(~20 nm thick) HSQ resist to achieve a resolution for the Nb
nanobridges down to ~10 nm (see figure 4 and [13]). As the
etch rate of Pt under such RIE conditions is negligible, the
Pt contact pads protected the underlying Nb film from RIE.
During RIE, the samples were placed freely on a quartz plate
cooled from the back side with helium.

Contact pads consisting of a 20 nm thick layer of Pt and a
100 nm thick layer of Au were deposited through a Ti shadow
mask. The nanoSQUIDs were covered by a 250 nm thick Si
film, which (a) prevented oxidation of the Nb nanobridges;
(b) improved heat removal from the nanobridges during oper-
ation of the nanoSQUIDs; (c) protected the nanobridges from
burnout due to occasional electrostatic discharges at room tem-
perature [20]. Pieces of In placed on the contact pads before
deposition of Si could be easily mechanically bonded using
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Figure 4. SEM image of the loop of the nanoSQUID, with ~10 nm
wide Nb nanobridge JJs.

Al or Ag wires through the passivating layer of Si, in order to
provide galvanic contacts from the nanoSQUIDs to a Quantum
Design measurement system or the DC SQUID control
electronics.

2.4. Preparation of nanoSQUID cantilever chips

A planar nanoSQUID should be placed onto a cantilever chip
that allows for a sufficiently small distance to an investigated
object in a scanning system. Micrometer-size SQUIDs (see,
e.g. [2, 21, 22]) can be mechanically cut out and formed using
a diamond saw and 4000 grit sandpaper with a precision down
to about ~10 pm, which is limited by the grain size in the
sandpaper of ~6 pm and by the brittleness of the Si: see [21]
and figure 5. The SiO, layer on the surface of the Si substrate
increases the roughness of the mechanically-ground corner of
the cantilever considerably. The use of finer sandpaper did not
help to reduce the roughness of the corner of the cantilever
further.

A standard method for bulk micromachining of Si sub-
strates is the deep RIE Bosch process [23]. The Bosch process
is relatively slow and results in roughness of >10 ym at an etch
rate of ~55 um h~! [22, 24]. RIE in pure SFg gas without the
application of ICP has a comparable etch rate.

The nanoSQUIDs were covered by a ~2 pm thick negative
resist nLOF2020, which was exposed using an electron beam
with a dose of 35 C cm~2 over the 2.06 x 2.06 mm area of
the nanoSQUID and its electrodes, including the contact pads
on the cantilever. The distance between the nanoSQUID and
the edges of the overlapping photoresist mask was 30 ym on
each side, in order to compensate for the undercut in the Si
substrate during RIE. RIE was performed using pure SFg gas
with 25 W of radio frequency (RF) plasma without ICP, which
provides a high selectivity of more than 13 for deep etching of
Si relative to the etch rate of the nLOF2020 resist.

The etch rate for Si in the SFs RF plasma was ~26 ym h~!
in a direction normal to the substrate surface and ~16 yum h~!

NONE LEI 15.0kV X3,000 WD 246mm Tum

Figure 5. SEM image of a nanoSQUID placed within a few
micrometers from the corner of a Si cantilever chip using grinding
with 4000 grit sandpaper.

10um

LEI 15.0kv

X1,000 WD 24.0mm

Figure 6. SEM image of the corner of the step on the Si substrate
covered by 10 nm of SiO; after 1 h of RIE in pure SF¢ gas. The
resist is removed by an oxygen plasma.

in the undercut direction. Figure 6 shows an SEM image of the
corner of the etched area of a Si chip covered by a 10 nm SiO,
layer after 1 h of RIE in pure SFg gas at 25 W RF power. The
mask of the nLOF2020 resist was removed by using an oxygen
plasma. This process results in a 10 nm thick SiO, ‘canopy’
hanging over the undercut area of the etched Si substrate. The
corner of the step in the Si substrate has a radius of curvature
at the tip of <100 nm and an exactly 90° angle, which would
not be possible by etching Si in KOH.
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Figure 7. SEM image of the corner of a Si chip after ~1 h of RIE in
pure SFs gas at an RF power of 25 W.

The observed Si etch depends on the etching duration and
is reduced significantly if the etching time is less than 15 min.
This behavior may be associated with heating of the sample
during RIE, with a higher sample temperature leading to a
higher etching rate.

RIE was performed in several steps to check the distance
between the nanoSQUIDs and the undercut edges by using a
Leica INM 100 optical microscope at its highest magnifica-
tion of 3000 . After getting the undercut edges close enough
to the nanoSQUID, the samples was cleaned in acetone using
ultrasonic agitation to partially remove residuals from the res-
ist and the SiO, ‘canopy’, and rinsed in isopropanol and DI
water. The rest of the nLOF2020 resist was removed by using
an oxygen plasma. The result was a ~26 pm high step on
the Si substrate, with the corner placed within ~1 pm of the
nanoSQUID, as shown in figure 7. The corner of the chip
adjacent to the nanoSQUID serving as the cantilever tip has
a radius of curvature of <100 nm. The sides are at exactly 90°
to each other and parallel to the two extreme electrodes of the
nanoSQUID.

The front side of the sample was covered by a ~10 pm thick
photoresist layer and the sample was etched from the back
side using RIE at 25 W without ICP until the Si substrate had
been etched though in the middle, with the nanoSQUID chip
remaining weakly adhered to the Si frame around the substrate
perimeter (figure 1(d)). The resist was removed using an oxy-
gen plasma and the individual nanoSQUID chips were cleaved
from the frame using fine tweezers or a scalpel blade, as shown
in figure 8.

The nanoSQUID chip was glued and bonded to a flexible
printed circuit board (PCB) made on 25 pm thick Kapton
foil for further measurements and integration into a scan-
ning system, as shown in figure 9. /(V) characteristics of the
nanoSQUIDs on the cantilever were modulated by using a dir-
ectly injected or externally applied magnetic field flux.

Figure 10 shows the dependence V(B) of the voltage
V measured on the nanoSQUID on the externally applied

WD 24 1mm Tmm

Figure 8. SEM image of a2 x 2 mm Si cantilever chip with contact
pads on three corners and a nanoSQUID at the fourth (lower left)
corner.

Figure 9. SEM image of a nanoSQUID placed on a Kapton PCB.

magnetic field B recorded using a PPMS. The measurements
were performed at the optimal operating temperature for this
nanoSQUID of 6 K, at which the current-voltage charac-
teristics are non-hysteretic and the voltage modulation of
the nanoSQUID achieves its maximal peak-to-peak value of
approximately 80 1V at a bias current of /g = 31 pA. This
temperature can also be maintained in the proposed scanning
system, in which the nanoSQUID will be placed in a chamber
that is thermally separated from a liquid helium reservoir.

The technology described above can potentially be used for
the preparation of electronic circuits, such as superconducting
nanostructures on electron-transparent membranes for trans-
mission electron microscopy. By using an offset in position
of the photoresist mask, the undercut area can be extended
under the electronic circuits, which remain hanging on the
‘canopy’ over the undercut area of the etched Si substrate.
An example of a nanoSQUID-on-membrane combination is
shown in figure 11.
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Figure 10. V(B)-dependence of the nanoSQUID made on a

2mm X 2 mm X 26 pum cantilever chip measured at 6 K using a
PPMS from Quantum Design.

LEI 250kV  X18,000 WD 19.7mm

1um

Figure 11. SEM image of a nanoSQUID placed within a distance of
500 nm from the corner of a Si cantilever chip on a 10 nm thick
SiO, membrane.

The fabricaton of JJs in the form of nanobridges allows the
production of sufficiently thin active superconducting circuits
that do not deteriorate or deform on only 10 nm thick SiO,
or SiN membranes that are transparent to electrons. The low
energy dissipation in the superconducting circuits provides an
additional advantage for their operation on a thin membrane in
the ultra high vacuum conditions of an electron microscope.

3. Discussion
Bulk nanomachining of a Si chip with Nb nanoSQUIDs placed

within 1 gm from its corner has been realized without using
the SiN hard masks that are typical for bulk micromachining of

Siin Micro-Electro-Mechanical Systems (MEMS) technology
[25]. Only a 10 nm-thick native SiO, layer was used as a stop
layer for RIE of the Nb film and as a supporting membrane for
the nanoSQUID. Neither mechanical polishing nor the Bosch
process allowed for the fabrication of nanoSQUID chips with
submicrometer precision.

After pre-thinning using high power RIE, the Si sub-
strates still have undamaged frontside surfaces, which are
suitable for the deposition of ultra-thin Nb films. A further
useful consequence of the high power RIE process is the
very gentle slope of the etched area relative to the frontside
plane. The middle part of the pre-thinned substrate is then a
few micrometers thinner than under the opposite corners of
the nanoSQUID chips. This situation allows the nanoSQUID
chips to be stored while they are fixed inside the frame
of the unetched borders of the 10 x 10 mm substrate and
released using a scalpel blade, before installation in a scan-
ning nanoSQUID measurement system.

The nanobridge JJs exhibit a critical current density
Jo =2 15 pA/(10 nm)? 2 15 MA cm? that is optimal for
Nb nanoSQUIDs. The depairing critical current and associ-
ated thermal hysteresis loop are observed at ~2 times higher
bias current. This optimal value of J,. is much higher than the
typical values of critical current density that are measured in
high quality SIS tunnel JJs of J. ~ 200 A cm~? [26] and
1.7 kA cm™2 [27] in the high quality low-7. SQUIDs.

3.1 Operating principle of nanobridge JJs

The much higher critical current density in the nanobridge JJs
is associated with the different physical nature of the transport
of Cooper pairs, as compared to the dominant contribution of
tunneling current-transport mechanism in the supercurrent in
SIS tunnel JJs (see [28, 29], etc). The Ginzburg—Landau (GL)
equation, which is appropriate for nanobridge JJs, can be writ-
ten in a one-dimensional approximation in the form [29-31]

d2
el =0.0)

where £ is the coherence length and f= \I’/ . is the nor-
malized order parameter. In the case of a short length of nan-
obridge L < &, the first term dominates and the equation is
reduced to Laplace’s equation d?f/d x> = 0, for which the solu-
tion is the linear function f = a + bx, with x ranging from

Oto L:
-3 (e

where Ay is the phase difference between the wave func-
tions in the electrodes. Insertion of the latter equation for f
into the GL equation for the superconducting current / results
in the Josephson current-phase dependence I = I .sin(Agp).
The influence of quantum fluctuations on the operation of
nanoSQUIDs can be neglected due to the high operating tem-
perature of Dayem-type Nb nanobridge JJs, which is usually
within ~10% below T of the used Nb film.
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Figure 12. Result of a numerical calculation of the 2D distribution
of (a) the normalized supercurrent density Js and (b) the phase
distribution in our nanoSQUID design. The ‘temperature’ color
scale is normalized to the difference between the maximal value of
Js in the middle of the JJs (yellow) and its minimal value in the
body of the nanoSQUID (blue). The phase varies according to a
color scale from 0° (blue) to 90° (yellow).

For our Dayem-type nanobridges, there is an extra phase
gradient in the electrodes that creates a two-dimensional dis-
tribution of superconducting current, making the derivation
of analytical solutions more complicated. In [32], the
two-dimensional GL equation was solved for the case of a
hyperbolic bridge with a variable angle.

3.2. Numerical simulations of nanobridge JJs

A reduction in temperature of more than ~10% below T,
leads to hysteretic current—voltage characteristics that res-
ult in a non-sinusoidal multivalued current-phase dependence
I(v) [33]. We performed numerical simulations of current
and phase two-dimensional distributions in our nanoSQUID
design (figures 12(a) and (b)). The conditions for the multi-
valued current-phase dependence /() were calculated.

The numerical simulation has shown that in the case of
rectangular nanobridge the /(y)-dependence becomes multi-
valued at ‘critical’ length L. = 3.49¢ corresponding to the
one-dimentional critical length [28]. Making a constriction
of width w the middle of nanobridge in the form of bow-
tie configuration increases its critical length so that the I()-
dependence can remain single-valued also for ratios L/£ > 3.49
diverging as w — 0.

3.3. Analytical approximation and estimate of noise

The V(B) dependence (see figure 10) of the nanoSQUID at the
optimal temperature and bias current can be described to a first
approximation by the equation [31]

=5 (e (-2)) )

with effective area A.f = ®/B = 0.36 ,um2 [13].
The energy sensitivity of the nanoSQUID is limited to
a first approximation by Johnson noise, according to the

expression [34]

16kg TR
S Sv _ 6kgTRN ~ 578,

2L - (8V/8)22Lk (8V/8>22Lk

where the value OV/OP = 220 pV/®, was obtained
from figure 10. We obtained an estimated flux sensitiv-
ity ¢/ 2= 0.3 pu®, (VHz)~!, a magnetic field resolution
By, = (0BO®) S¢'* =22 nT (VHz)~! and a spin sensitivity
Sol2 =86 2r/re =2 48 g (VHz) ™!, where re =2.82 x 1075 m
is the classical electron radius [35].

The operation of the nanoSQUID cantilevers in the scan-
ning nanoSQUID measurement system will be described
elsewhere.

4. Summary

NanoSQUIDs were fabricated within a distance of 1 pm from
the corner of a 2 x 2 x 0.05 mm Si cantilever, which is
intended for use in a scanning nanoSQUID microscope. The
nanoSQUIDs were made with JJs in the form of Nb-based
nanobridges, which had widths down to 10 nm and were pat-
terned using HSQ negative resist. Numerical simulations of the
superconducting current, the spatial distribution of the order
parameter in the nanobridge JJs and the nanoSQUID, as well
as the current—phase relationship in the nanobridge JJs, were
performed using GL equations on both one-dimensional and
two-dimensional grids. Bulk micromachining of the Si canti-
lever was performed using RIE with SFg gas through masks
of nLOF 2020 photoresist from the front side of the Si sub-
strate and a quartz shadow mask from the back side of the
substrate. An etch rate of 6 zm min—' for Si was achieved at
a 300 W power of the inductively coupled SF¢ plasma. Non-
hysteretic current—voltage characteristics were measured for
the nanoSQUIDs on a cantilever at 6 K. The estimated spin
sensitivity of 48 up (VHz)~! is sufficient for the use of such a
nanoSQUID as a magnetic field sensor for the investigation of
nanoscale objects, with a projected total distance between the
nanoSQUID and an object of <100 nm.
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