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Abstract
Nano-scale superconducting interference devices, known as nanoSQUIDs, are an emerging
research area that has been attracting a lot of attention in recent years. This is an introduction to
this special edition of Superconductor Science and Technology to place the following papers
into context by briefly outlining the various methods of fabrication and the wide range of
potential applications.

1. Introduction

The idea of ‘nano-sized’ Josephson junctions in a SQUID
was, to our knowledge, first described in SQUID’80 by Voss
et al [1] with the aim of achieving low noise performance
by reducing the width of the junction. The all-Nb weak-link
dc SQUIDs were fabricated with linewidths between 10 and
30 nm with a washer hole of about 1 × 1 μm2. Applications
were limited by the kinetic inductance and the mechanical and
electrical fragility of the devices. The University of Twente
group [2, 3] went on to fabricate nanobridges in dc SQUIDs
in YBCO using focused ion beams. They achieved a flux-
locked loop measurement with an effective input flux noise
of 6.5 μϕ0 Hz−1/2 at 62.7 K. Shrinking down the SQUID
washer dimensions, in addition to the junction dimensions,
was initially suggested by Ketchen et al [4] who determined
the specification of a SQUID that could measure single atomic
spins; a holy grail for physical measurement.

Gallop et al [5] reported progress towards a SQUID
capable of detecting single atomic spin-flips. Making use
of the scaling of the flux sensitivity with the SQUID loop
dimension, they showed that a miniature Nb dc SQUID with
loop size 3 × 3 μm2 was capable of detecting a few spins in a
1 Hz bandwidth. Wernsdorfer et al [6] fabricated ‘miniature’
SQUIDs of micrometre dimensions in 35 nm thick Nb and
demonstrated the ability to detect the dynamical behaviour of
about 106 spins in individual 20–50 nm cobalt clusters which
had a magnetic moment of about 2200 μB, where μB is the
Bohr magneton.

However, the first fully nano-sized SQUID was described
by Lam and Tilbrook [7], where an Nb nanoSQUID with
dimensions of 200 × 200 nm2 with 50 nm wide Dayem

Josephson junctions [8] was fabricated with a sensitivity
suitable to detect 250 μB.

Since then there has been a range of new approaches to
create nanoSQUIDs, including the use of carbon nanotubes as
proximity junctions, which were heralded on the cover of the
inaugural issue of Nature Nanotechnology [9] welcoming the
emergence of the nanoSQUID.

In June 2008, the First International NanoSQUID
Symposium was held in Sydney where researchers presented
a range of papers on this emerging field. This special issue of
Superconductor Science and Technology grew from the papers
submitted after this symposium along with other invited papers
brought together for this special issue.

To introduce this special issue, and without claiming
completeness, various methods of fabrication are briefly
reviewed and the potential applications are summarized to
present the reader with an overview of why this is such an
exciting new research area.

2. Methods of preparation

2.1. Dayem bridge by electron beam lithography

The first nano-sized SQUID washers were prepared by e-beam
lithography of 25 nm Au coated Nb film of 20 nm thickness
deposited on Si substrate. The device was patterned by e-beam
lithography with a beam energy of 25 keV. The patterns of the
e-beam resist were transferred to the 25 nm thick Au film which
was etched away and transferred to the Nb film by reactive ion
etching at 7.5 W for 1.5 min in a gas mixture of CF4 (10 Pa)
and O2 (0.75 Pa) [7].
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Figure 1. (a) E-beam defined nanoSQUID in Nb with Au coating [7]. (b) NanoSQUID with W protective coating formed by focused ion
beam fabrication [11]. Reprinted with permission from [11]. Copyright 2008 American Institute of Physics. (c) An atomic force microscope
(AFM) image of a niobium nanoSQUID formed with a carbon nanotube proximity junction [9]. Used with permission.

Figure 1(a) shows a scanning electron microscope (SEM)
image of a nanoSQUID fabricated by this method. This
technique does not degrade the superconducting material
during fabrication but the edges can have ‘rabbit ears’ remanent
from the resist and the structure is not perfectly symmetric.

2.2. Dayem bridge formed by a focused ion beam (FIB)

The advent of focused ion beam (FIB) fabrication methods
has provided a technique capable of preparing devices that are
more symmetric and with fewer structural fabrication defects.
This method was used by Tettamanzi et al [10], Hao et al
[11], Troeman et al [12] and Koshnick et al [13]. The
contamination of Nb by the Ga ions used in the ion beam
has led to some degradation of the device performance, but
recent improvement of using a W protective film during the
ion beam milling process has proven to fabricate the lowest
noise devices to date [11] with a magnetic flux sensitivity
of around 0.2 μϕ0 Hz−1/2. These nanoSQUIDs show non-
hysteretic current–voltage characteristics and regular periodic
Ic–B curves in applied magnetic fields to 19 mT (Ic is the
critical current and B is the applied magnetic field). Figure 1(b)
shows a focused ion beam milled nanoSQUID. There is some
concern that these nanoSQUIDs are not stable over time, as the
Ga can slowly diffuse into the Nb.

NanoSQUIDs with a hole size of 250 nm × 250 nm based
on a 100 nm bridge have also been formed from YBa2Cu3O7−x

thin films by FIB and ion implantation by Wu et al [14]. At
78 K, Josephson-like behaviour was observed with strong flux-
flow behaviour at temperatures under 76 K. The voltage–flux
characteristic curves, V –Imod, of the nanoSQUID at different
bias currents at 78 K were observed. The measurements
suggested that the weak-link structure was a superconducting
metal with a critical temperature smaller than that of washer
YBa2Cu3O7−x , as also conjectured in [2, 3].

2.3. Carbon nanotubes

Cleuziou et al [9] developed a completely novel approach to
nanoSQUID fabrication using carbon nanotubes which were

dispersed in water by sonification using a surfactant. These
nanotubes are combed onto an n-doped silicon substrate with
a 250 nm thermally grown SiO2 layer on top, coated with
Pd to attain high transparency electrodes and with Al as the
superconducting material for the SQUID device and then, by
using e-beam lithography, forming the SQUID. Figure 1(c)
shows an SEM image of a nanoSQUID with carbon nanotube
proximity effect junctions.

A range of new approaches to fabricate novel nanoSQUIDs
based on the use of nanotubes is being considered. Mensah
et al [15] have used ZnO nanotubes to form nanoSQUIDs
which can be directly grown on planar oxidized Si substrates
without using catalysts and templates. The formation of these
nanoSQUIDs occurs by nucleation and vapour–solid crystal
growth. The concept is to use the branching nanowires of
these ZnO nanoSQUIDs for potential application in multiplex-
ing future nanoelectronic devices. The sharp band edge emis-
sion at approximately 380 nm suggests their potential use for
optoelectronic devices. However, such realizations are still
to be achieved. Furthermore, Van Dam et al [16] used InAs
nanowires as their Josephson junction barriers and could tune
the Josephson current, even to negative values, by applying a
gate voltage to a quantum dot embedded in the nanowire.

2.4. Atomic force microscope nanolithography

Bouchiat et al [17] first prepared nano-thick junctions and
devices by local anodization of niobium strip lines which were
3–6.5 nm thick under the voltage-biased tip of an atomic force
microscope (AFM). The Dayem bridge junctions and SQUIDs
are obtained by partial or total oxidation of the niobium layer.
Flux modulation was observed and had sufficient high-critical
magnetic field in the in-plane direction to allow magnetic flux
detection. Faucher et al [18] describe, in this special issue,
the optimization of this method for nanoSQUID fabrication,
which provides variable thickness bridges of 10 nm resolution
by milling the weak links engineered from local oxidized Nb
formed by using an AFM.

2



Supercond. Sci. Technol. 22 (2009) 064001 C P Foley and H Hilgenkamp

3. Potential applications of nanoSQUIDs

NanoSQUIDs do provide a range of potential applications
which enable functionality not possible in other devices.
Below is a short summary of some of the applications in which
nanoSQUIDs could be used.

3.1. Measurement of small magnetic systems

The nanoSQUID concept was initially conceived to measure
magnetic flux induced by atomic spins. A holy grail,
this fundamental measurement was a dream at the time
of the pioneering work of Néel [19] in 1949. Since
that time, various approaches have been attempted such
as using a quartz fibre torsion balance, optical methods,
electron holography, vibrating reed magnetometry, Lorentz
microscopy and magnetic force microscopy. Very recently,
Raufast et al [20] have used microSQUIDs to detect the
magnetic reversal of 3 nm cobalt particles (approximately
1000 spins) embedded in a germanium matrix. The first
challenge is the placement of a single nanoparticle close to
the nanoSQUID while achieving sufficient magnetic coupling
between the particle and the device. A range of methods for
magnetic particle placement has been devised including self-
assembly monolayers (SAM) [21], AFM particle manipulation
methods such as a ‘Soccer ball’ kick [22] and sweeping and
nanoshaving [23]. The magnetic coupling of these particles
to the nanoSQUID to achieve the measurement sensitivity
required is discussed in this issue by Vohralik and Lam [24],
Tilbrook [25] and Pegrum [26]. Being able to position a
small magnetic system on a nanoSQUID creates a range of
potential applications based on the magnetization studies of
nanoparticles. One is nuclear magnetic resonance (NMR)
of nanoparticles and macromolecules to answer questions
about the chemistry of nanoparticle versus bulk particle, and
nanoparticle identification and characterization.

NanoSQUIDs can use their submicron weak-link junc-
tions to enhance flux coupling for effective magnetic mea-
surements of molecules. Vijay et al [27] developed a novel
method for nanoSQUID readout, which involves embedding
the SQUID in a superconducting transmission line cavity op-
erating at microwave frequency. The magnetic flux depen-
dence of the total SQUID inductance modulates the cavity res-
onant frequency with the frequency changes determined by
microwave reflectometry. This dispersive microwave mea-
surement allows detection of changes in magnetic flux at
sub-microsecond timescales without creating dissipation in
the vicinity of a molecule attached to the weak link. This
group was able to exploit the Josephson nonlinearity of the
nanoSQUID for bifurcation amplification to enhance the de-
vice sensitivity [27].

3.2. Transition edge detector for single photon and
macromolecule detection

By placing an absorbing material in the centre of the
nanoSQUID, it is possible to convert the nanoSQUID into a
transition edge detector. Because the absorber is isolated, it has
low thermal mass and is strongly coupled to the nanoSQUID.

An incident particle or photon hitting the absorber film causes
changes to the inductance of the SQUID due to the change
with temperature of the London penetration depth. The
effectiveness of the response of the SQUID to the absorber
temperature change is dependent on the differential Tc between
the SQUID and the absorber materials. Potential sensitivities
of 10–25 J Hz−1 have been predicted [28]. To observe a
superconducting–normal transition of the thin film absorber,
a laser pulse transmitted via an optical fibre causes a shift in
the SQUID output signal, which is continuously modulated
by a small ac magnetic field [28, 29]. The superconducting–
normal transition temperatures of the nanoSQUID film (20 nm
thickness) and the Nb absorber film (14 nm thickness) have a
transition temperature difference of about 1.6 K. The voltage
output of the nanoSQUID shows a response to chopped
laser light incident on the superconducting thin film absorber
with a 200:1 signal-to-noise ratio achieved in these initial
experiments. Such a detector would be of great interest
for synchrotrons which are seeking increased sensitivity and
spatial resolution which nanoSQUIDs may offer. The biggest
issue to achieve a viable detector for a synchrotron is creating
an array of nanoSQUIDs that manages the usual systems issues
of multiplexing the operating electronics while maintaining
correct bias and SQUID lock and controlling any device drift.

NanoSQUIDs could also be used for the detection of
macromolecules with masses >200 amu. Normal mass
spectrometers have electron emission which is directly related
to the velocity of the particle. This falls off inversely with
particle mass and so is inefficient for big molecules. In
bolometric detection the signal is related to the kinetic energy,
enabling mass spectra for previously difficult molecules [29].
Such detectors could be used, for example, to perform
Pu isotopic assays with significant improvement in energy
resolution [30].

3.3. Nanoelectronics including memory

There has been some development of various three-terminal
devices based on nanoSQUIDs in both all Nb [31] and hybrid
Nb–carbon nanotubes [9]. The hybrid carbon nanotube three-
terminal device uses gate-tunable carbon nanotubes (CNTs)
for the Josephson junctions. The device combines features of
single-electron transistors with typical properties of a SQUID
interferometer. The gate tunability of the CNT junctions
enhances the sensitivity of the device which can in principle
detect the spin of a single molecule. In this issue, Lam [32]
also discusses the use of a nanoSQUID as a memory device.

3.4. Scanning SQUID microscopy

Scanning SQUID microscopes (SSMs) use a SQUID tip to
image the observation of local magnetic structures. By nano-
patterning the pick-up loops of conventional SSM sensors by
means of FIB milling, the effective area of the SQUID is
significantly reduced, hence improving the resolution. This
was used, for example, to image the current flow in looped
CNTs [33]. Two SSM approaches have been developed. The
first system is based on the translation of the scanning motion,
which is generated outside a cryostat by linear actuators
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Figure 2. A schematic example of the coupled controlled qubit
realization. The magnetic qubits (clusters/particles, yellow) are
arranged in a one-dimensional lattice and coupled to the
superconducting loops of microSQUID (red) circuits as shown. The
coupling circuits (blue) contain Josephson switches (green) [37] used
with permission.

into the cryogenic environment [12]. The second system
uses a low-temperature piezo-scanning stage that provides
highly accurate scanning motion by the piezo-modules [34].
NanoSQUIDs have been positioned on the end of cantilever
AFM tips used in SSM to improve the system resolution [35].

3.5. Devices for quantum computing

One of the more exciting applications proposed for the
nanoSQUID is as a qubit based on nanometre-scale magnetic
particles of large spin and high anisotropic molecular
clusters [36]. Here, the quantum behaviour of magnetic
systems and non-interacting ensembles could be used as
qubits and gates for a quantum computer. Tejada et al [37]
have described a conceptual approach with a nanoparticle
or molecular cluster deposited on a solid matrix inside
micro-sized SQUID loops. The quantum state of each
qubit is manipulated and measured by sending and receiving
electromagnetic signals to and from the SQUID. This
technique was modelled to determine that the magnetic
detection system requires a spin sensitivity of about 10–
100 μB. This is close to the current sensitivity of nanoSQUIDs
with the SQUID particle coupling achieved by judicious
particle location. Figure 2 shows a schematic concept of a
coupled controlled qubit.

3.6. NanoSQUIDs for quantum metrology

Quantum metrology to the nano-scale requires measurements
that are limited only by counting statistics or the Heisenberg
uncertainty principle limit [38]. In general, SQUIDs are
capable of quantum-limited measurement of a vast range of
physical parameters such as magnetic field, voltage, magnetic
moment, displacement and temperature, and have long played
important roles in the development of quantum metrology

Figure 3. NPL NEMS resonator with nanoSQUID readout. Used
with permission.

for national measurement institutes worldwide. When a
SQUID is reduced to the nanometre-scale, the thermal noise
limitations on SQUID sensitivity are reduced by lowering the
inductance and capacitance of the SQUID device achieved
by minimizing both the size of the superconducting washer
and the capacitance of the Josephson junctions by using
Dayem bridge technology rather than tunnel effect junctions.
NanoSQUIDs could be used for the metrology of various
physical parameters to the quantum limit. These have been
outlined in [39] by Gallop.

A novel metrological application that uses both a
nanoSQUID and a nano-‘machine’ is being developed by Hao
et al [40] at the National Physical Laboratory (NPL) in the
UK. They have developed a resonator based on a nano-scale
electromechanical system (NEMS) which could be used as a
robust and convenient quantum-NEMS-based device for the
generation and counting of individual phonons, which is the
mechanical analogue of ‘quantum optics’ creating a new area
of device engineering.

One option for the readout of the NEMS is with
a nanoSQUID. This is achieved by the changes in the self-
inductance of the nanoSQUID due to the vibration of an
electrically conducting resonator ‘paddle’ located above the
SQUID sensing loop which is about 80 nm in diameter. The
SQUID readout carries the sideband information which can
be detected in the conventional way. However, by making
the NEMS devices smaller, the oscillation amplitude scales
down in proportion to size requiring ultrasensitive transducer
techniques and low-dissipation excitation schemes [39].
Figure 3 shows the first fabricated NEMS/nanoSQUID system
fabricated by NPL.

4. Conclusion

We have only touched on the potential of miniaturizing
SQUIDs to the nano-scale. This special issue of original
research will contribute to the realization of applications, new
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functionalities and the exploration of the science of small spin
systems made possible as the ‘nanoworld’ evolves.
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