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Comparison of nanobridge lithography techniques for
nanoscale SQUID devices

Jamie A. Potter, Gemma Chapman, Tom Godfrey, Laith Meti, Parth Bhandari, Olena Shaforost, John Gallop,
Gustavo Trindade, lan Gilmore, Christopher Chunnilall, Simon Hall, Xue Shen Wang, Qing Zhong, Jin Jin Li, David
Cox, Ed Romans, and Ling Hao

Abstract—NanoSQUIDS incorporating nanobridges as the
Josephson element are desirable since their small dimensions
mean they can be situated in close proximity to very small, highly
localised magnetic moments for high spin sensitivity. Key to
achieving the necessary dimensions are the lithographic
technologies used to fabricate the nanobridges. Here we present
characterisation of Nb nanoSQUIDs incor porating nanobridges
fabricated by three different techniques. neon focused ion beam
(FIB) lithography, gallium FIB lithography and ebeam
lithography (EBL). We discuss the critical currents and voltage-
current characteristics achieved by each technique at various
temperatures for a range of nanobridge widths, and discuss the
corresponding nanoSQUID voltage modulation and potential
applications.

Index Terms—Superconducting Quantum Interference Device
(SQUID), nanoSQUI D, nanobridge, weak links, focused ion beam
(FIB) lithography, electron beam lithography (EBL).

[. INTRODUCTION

ANOSQUIDS have been used in a variety of nanoscale
magnetic particle detection experiments due to their
unrivalled sensitivity to magnetic flux [1-8]. For a
fundamental magnetic dipole such as that associated with
electron spin, most of the magnetic flux is concentrated near to
the spin [9], and therefore strongly coupling such a flux to a
SQUID loop becomes a challenging task. To achieve a high
spin sensitivity VSs requires both optimal coupling and a low
equivalent flux noise VSy (which decreases with temperature).
This requires fabricating as small a SQUID as possible with a
low inductance — a nanoSQUID. In the regime of temperature
being much lower than the plasma frequency of the
nanoSQUID, the sensitivity is expected to approach the
standard quantum limit [10].
Commonly used oxide-layer Josephson junctions are
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generally unsuitable for achieving the smallest nanoSQUIDs,
as their low critical current density means junction areas must
be on the order of microns. Some groups have developed novel
tunnel junction technologies to help address this [2,3] or
investigated novel alternatives such as carbon nanotubes
coupled to superconducting electrodes [11] or devices
fabricated on quartz tips [12]. But perhaps the simplest
approach is to use nanobridge weak links fabricated from a
single layer of superconducting thin film, with dimensions of
order the Ginzburg-Landau coherence length &e (T) (~ 40 nm
for Nb a 4.2 K). A number of techniques have been
demonstrated to fabricate such nanobridges including electron-
beam lithography (EBL) [9,13-18] and focused ion beam (FIB)
milling with different ion species [16,19-21]. However, there
are several considerations when using nanobridges, and the
most appropriate technique to fabricate them can depend on the
intended application and the desired operating temperature
regime.

The first issue is that the coherence length itself decreases
with decreasing temperature, and to maintain a single-valued
current-phase relation requires the bridge length | < 3.5 & (T)
[22] which means shorter bridges are required for lower
temperature operation, placing more stringent requirements on
the fabrication process. The second issue, particularly for
devices with larger critical currents is that when nanobridges
are operated in the voltage state, Joule heating can lead to
undesirable hysteretic V(I)-characteristics due to hotspot
formation when the current to self-sustain the hotspot is lower
that the critical current I [23,24]. This means techniques such
as FIB that can produce smaller critical currents are often
desirable. Smaller critical currents are also desirable where the
nanobridge isinstead operated with dispersive readout asanon-
linear inductor, since the Josephson inductance Ly« It The
third issue is that continued progress in quantum technologies
requires the development of scalable nanoSQUID sensors, as
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for example in a recent proposal for a spin-based quantum
computer [25], which describes a large array of magnetic
sensorsin close proximity to aqubit layer. Such ascheme could
be realized with a nanoSQUID array, and therefore the
fabrication technique should be scalable with high throughput.
Currently, the only redlistic solution to achieve these
requirements is the fabrication of nanoSQUIDs by EBL.

With that in mind, in this paper we present the detailed
development of a single step EBL process, which was used to
fabricate nanoSQUIDs from a single layer of Nb, in a single
lithography step. Loop diameters down to 150 nm have been
achieved, together with nanobridge dimensions as small as
25 nm wide x 60 nm long. We present DC characterisation of a
typical Nb nanoSQUID fabricated by this approach, and
compare the critical currents achieved with similar devices
fabricated by Ga or Ne FIB. The nanoSQUID flux modulation
is also characterised, revealing a large voltage-to-flux
conversion, indicating suitability of these nanoSQUIDs for
achieving low flux noise operation.

I1. FABRICATION DETAILS

Our nanoSQUIDs are fabricated from a single 150 nm-thick
layer of niobium, deposited by dc magnetron sputtering onto a
525 um-thick, 4” wafer of thermally oxidized silicon. Prior to
lithography, the wafer is diced into 10 mm x 10 mm chips,
which are then cleaned by sonicating in acetone, de-ionised
water, and finally isopropanol (IPA). The resulting chips are
measured to have a T. of 9 K that is consistent to within ~ 0.1
K for samplestaken from different parts of the wafer, excluding
the region of ~ 10 mm around the edge. For devices with EBL
nanobridges the entire chip design is written in a single EBL
processing step. For devices with Ne or Ga FIB nanobridges we
first define the larger features and nanoSQUID loop by EBL
followed by separate FIB milling of the nanobridges.

In our EBL process, a 300 nm-thick layer of poly-methyl
methacrylate (PMMA) resist is first spin-coated on to the chip
at 2.5 krpm, and given a pre-exposure bake at 180°C for 90 s.
Immediately following coating, a 100 keV electron-beam is
then used to pattern the SQUID circuit, using the PMMA as a
positive-tone resist. The leads and contacts are exposed with a
beam current of 40 nA and adose of 1 mC/cm?. A beam current
of 1 nA is used to expose the nanoSQUIDs, giving a nominal
beam spot size at the top surface of the resist of 2.5 nm. A base
dose 0of 900 nC/cm?is modified by a proximity-effect correction
calculation [26], in order to ensure small features such as the
nanoSQUID loop are fully exposed. Following exposure, the
resist is developed for 60 sin a 1:3 solution of methyl isobutyl
ketone (MIBK) and IPA, at room temperature.

The EBL pattern is transferred into the Nb film by reactive-
ion etching (RIE) using a 2:5 volume ratio of CHF3 and SFs, at
agas pressure of 100 mbar and a power of 100 W. The PMMA
resist has relatively poor etch resistance, etching approximately
twice as quickly asthe underlying Nb film and necessitating the
use of arelatively thick resist layer. Finally, theremaining resist
isremoved by sonicating in an acetone bath at 65°C, and plasma
ashing in oxygen for 2 minutes.

To fabricate devices with Ne FIB nanobridges we use a Ne
beam accelerated by an energy of 20 keV, focused to a spot at
the surface of the chip which isindirectly measured to be 15 nm
in diameter. A dose of 2.5 nC/um? is sufficient to clear the Nb
film. Using this method, nanobridges down to 50 nm wide x
30 nm long can be fabricated, somewhat shorter than with the
EBL method. To fabricate devices by Ga FIB we use a dual-
beam FIB system where a layer of amorphous tungsten is
deposited over the film where the nanobridges are to be placed,
using e-beam decomposition of W(CO)s. This provides both
protection of the Nb film against Ga ion implantation damage
and anormal metal shunt resistor for each bridge.

An example of a nanoSQUID fabricated solely by EBL is
shown in the top panel of Fig.1. This nanoSQUID has a loop
diameter of 150 nm, and has nanobridges of approximately
40 nm wide x 60 nm long. The narrowest nanobridge width we
have successfully fabricated by this positive-tone PMMA EBL
method is 25 nm which is limited by the long-chain molecular
structure of PMMA, and the minimum achieved length is
60 nm, limited by broadening of the electron beam due to
scattering in the resist.
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Fig. 1. Top: SEM image of a Nb nanoSQUID with loop
diameter 150 nm, fabricated by a single-step positive-tone
PMMA EBL process. Bottom: examples of Nb nanoSQUIDs
with the nanobridges instead fabricated by Ga FIB (left) or Ne
FIB (right). (Note the images are not to the same scale.)

I11. RESULTS AND DISCUSSION

A. V(I) Characterisation

A nanobridge weak link can support a supercurrent up to a
critical current I, above which it enters the voltage state where
atime-dependent, non-zero voltage develops across the bridge.
Aswith atunnel junction, a nanobridge may exhibit hysteresis
in its current versus time-averaged voltage characteristic. In a
tunnel junction, thisis due to the intrinsic capacitance and high
normal state resistance of the junction, but in a nanobridge the
capacitanceis negligible and the normal state resistanceismuch
lower. Instead, the usual explanation, as previously mentioned,
is that the hysteresis arises as a result of hotspot formation —
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Joule heating causes aregion of elevated temperature extending
into the banks, which remains even after the bias current has
been reduced below I.. A further possible explanation at low
temperatures, or for bridges where the requirement | <
3.5 & (T) isnot satisfied, is that the nanobridge is exhibiting a
multi-valued current-phase relation (CPR), depending on the
bridge geometry where Josephson-like behaviour isreplaced by
a one-dimensional depairing effect involving phase slippage
and vortex motion [22,27,28].

The V(1) curve, as a function of sample temperature, for an
EBL nanoSQUID with EBL nanobridge dimension of 25 nm x
60 nm is shown at the top of Fig. 2. We see a critical current
which increases with decreasing temperature, going from
approximately 50 pA at 8 K, to 500 pA at 3.5 K (the base
temperature of the measurement system). A resistively-shunted
junction (RSJ)-like behaviour emerges below around 6.5 K, but
with a noticeable region of high differential resistance dv/dl
just above l.. At 4 K and below, the nanoSQUID V(1) is
beginning to exhibit some hysteresis. Thisis most likely due to
hotspot formation, given the fairly large I and the fact that the
dissipated power above I¢is5timeslarger at 3.5K thanitisat
6 K. A cross-over to a multi-valued CPR for Nb nanobridges
was reported in [28] for a similar temperature regime, but the
nanobridges in that work had much lower critical currents and
higher normal state resistances than for our nanobridges. A
further investigation to distinguish between the two potential
causes of hysteresis would still be beneficial, either by direct
measurement of the CPR asin [28], or by the addition of athin
gold capping layer as in [9] which would shift the onset of
hysteresisto alower temperature if it is caused by a hotspot.
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Fig. 2. V(1) characteristics of nanoSQUIDs incorporating
different types of nanobridge weak links. Top: EBL devicewith
nanobridges of dimensions 25 nm wide x 60 nm long, measured
at temperatures varying from 3.5 K up to 8 K. Bottom left: Ga
FIB device with nanobridge dimensions of 50 nm wide x 30 nm
long, measured at temperatures varying from 7.3 K up to 7.8 K.
Bottom right: Ne FIB device with nanobridge dimensions of
25 nmwide x 60 nm long, measured at atemperature of 16 mK.

A detailed comparison of the temperature dependence of the
critical currents achieved for similar sized nanoSQUIDs
incorporating either EBL, Ga FIB, or Ne FIB nanobridges is
shown in Fig. 3. As can be seen Ga FIB and especially Ne FIB
produce much smaller critical currentsthan EBL for nominally
the same nanobridge width as seen under an SEM. Such
differences can be partly explained by the expected lateral
implantation of ions into the nanobridge structure in the FIB
process that can suppress T.[6,16,19], but also, as can be seen
in Fig. 1, because the FIB nanobridges tend to be thinner than
the surrounding superconducting bank and the thin film.

As can be seenin Fig. 3 both the EBL and FIB devices have
some spread in the critical currents even for the widest EBL
nanobridges. We see similar spreads for each technique both for
devices on the same chip and also between chips. This is
perhaps not surprising for FIB devices because FIBs are more
manual tools with each nanobridge etched individually. For the
more automated EBL process we find the typical on-chip
variation in critical currents of nanobridges is reasonably small
~17% and probably accounted for by dight variations in
nanobridge dimensions as-fabricated.
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Fig. 3. Comparison of the temperature-dependence of the
nanoSQUID critical current for nanoSQUIDs incorporating
either EBL (red), Ga FIB (blue), and Ne FIB (black)
nanobridges. All of the measurements were performed in a
cryocooler with a base temperature of 3-4 K apart from the
single Ne FIB measurement on the left-hand side of the figure
which was performed in adilution fridge at 16 mK. Across all
devices the loop size and the nanobridge length was kept the
same, but the nanobridge width was varied as indicated by the
legend. Solid symbols show non-hysteretic measurements and
crosses show measurements of the critical current where the
V(1) curve started to display hysteresis as the temperature was
lowered. Further measurements were generally not taken at
lower temperaturesthan this. In some of the EBL measurements
the base temperature of the system was not sufficient to reach
the hysteretic regime.
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Although not easily visible in the figure, for Ne FIB the
critical currents at 4.25 K are spread from about 50 to 300 pA
with four of the measured devices being clustered well below
180 pA, and thefifth device being an outlier at 300 uA. The Ne
FIB device with 25 nm wide nanobridges was also measured at
amuch lower temperature of 16 mK and the V(1) curveis shown
in Fig. 2 showing an absence of hysteresis, in contrast to the
typical behaviour seeninthe EBL devices.

The temperature dependence of the critical current I¢(T) just
below T, varies between devices. For narrow bridges we see a
generaly linear dependence close to T, tending to a shallower
gradient di/dT as T — 0 which agrees with the theoretical
prediction of the Kulik-Omelyanchuk (KO-1) model for short,
one-dimensional dirty metallic weak links [22]. In contrast
wider FIB nanobridges deviate from this with a more convex
shape close to T, more suggestive of a superconductor-normal
metal -superconductor (S-N-S) structure[22]. Similar behaviour
has been reported for instance in [16] for Ga FIB junctions.
Since our nanobridges are unlikely to be in the long junction
limit (where the nanobridge length, | >> &g (T)) the most likely
explanation is that the behaviour we observe is related to ion
implantation during FIB milling leading to a small normal
region in the nanobridge structure.

B. Flux modulation

The flux modulation V(®) curves of the nanoSQUIDs
fabricated by the different techniques were measured by placing
the chip within the bore of a superconducting solenoid magnet
and applying a global magnetic field perpendicular to the
surface of the chip. Fig. 4 shows the change in nanoSQUID
output voltage as a function of applied flux ®eq for different
values of the nanoSQUID hias current just above the respective
critical current. The EBL and Ga FIB devices are operated just
below T in the regime where they have non-hysteretic
behaviour. The Ne FIB device is shown at 16 mK since it still
displayed non-hysteretic behaviour at such low temperature.
We observe the expected periodic modulation of the output
voltage for each type of device.

For the EBL device, shown at the top of Fig. 4, the magnetic
field period AB is 250 uT, giving an effective area of the
nanoSQUID of A= ®y/AB= 8.4 um?. Thisissignificantly larger
than the geometric area of the nanoSQUID, which we attribute
to flux-focussing by large areas of Nb surrounding the
nanoSQUIDs following patterning. Similar flux-focussing
behaviour was seen for other devices although the field periods
were not identical due to differences in loop sizes. The
steepness of the V(®), relates directly to the sensitivity of the
nanoSQUID. In this case for the EBL deviceat 5.5 K wefind a
maximum voltage-to-flux transfer coefficient of Vo =
2.6 mV/®y, at a bias current of 225 uA and an applied flux of
0.2 ®o. The Ga FIB device has a much lower modulation depth
and transfer function, Vo = 0.5 mV/®o, because the device had
to be operated closer to T, for non-hysteretic V(1) behaviour.

It is interesting to compare the EBL device to the V(@) curve
at 16 mK for the nanoSQUID with Ne FIB. Thishas alarger Vo
= 10 mV/®, than the EBL nanobridge device measured at the
much higher temperature. For ideal nanoSQUIDs with similar
loop inductances and nanobridge critical currents, the transfer
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Fig. 4. Flux modulation V(&) of nanoSQUIDs incorporating
different types of nanobridge weak links for various bias
currents |, above their respective critical currents. Top: EBL
device with loop diameter 150 nm, and nanobridge dimensions
25 nm wide x 60 nm long, measured at a temperature of 5.5 K.
Bottom left: Ga FIB device with loop diameter 300 nm, and
nanobridge dimensions of 50 nm wide x 30 nm long, measured
at a temperature of 7.8 K. Bottom right: Ne FIB device with
loop diameter of 150 nm, and nanobridge dimensions of 25 nm
wide x 60 nm long, measured at a temperature of 16 mK.

function might be expected to depend on the IR, product and
thus the normal resistance R, of the nanobridges. For the EBL
nanobridges we estimate R, = 8.8 Q and for the Ne FIB
nanobridges we estimate R, = 12.5 Q from the RSJ-model fitted
to the data. The approximately four times larger transfer
function of the Ne FIB device compared to the EBL device is
only partly explained by these estimates. One possible
explanation is that, as previousy mentioned, the Ne FIB
nanobridges tend to have a region of high dv/dI just above I
leading to very steep V(@) curves when biased in this region as
can be seen in the shape of the curvesin Fig. 4. The high dv/dI
may be due to the details of the poisoning profile close to the
junction [29] or other non-ideal weak-link behaviour [22].
Further investigation of this and how it differs between EBL
and Ne FIB nanobridges is ideally required to understand the
sensitivity differences between the devices.

V. SUMMARY

In summary we have demonstrated the successful fabrication
of nanoSQUIDs incorporating nanobridges fabricated by EBL
or Ga/NeFIB. Both EBL and Ne FIB devices show high voltage
modulation making them useful for highly sensitive flux
measurements. EBL nanobridges generally have much larger
critical currents and are only hysteresis free at higher
temperatures which makes them only suitable for conventional
voltage state readout at these higher temperatures. However, the
versatility and fast processing speed of EBL favours EBL
nanobridges for the development of wafer-scale devices. Ne
FIB devicesin contrast have lower critical currents and may be
favoured for more bespoke individual devices designed for
ultimate sensitivity at mK temperatures.
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