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ABSTRACT

Superconducting quantum interference devices (SQUIDs) based on niobium nanobridges have been produced by means of focused ion beam
milling. Typical critical currents of 4 −25 µA and flux sensitivities of 40 −200 µV/Φ0 were measured for sensors based on 80 nm wide, 50 nm
thick, and 150 nm long bridges. A white flux noise level of 1.5 µΦ0/Hz1/2 was measured for a device with an area of 900 µm2 and a critical
current of 15 µA. The effective area of the smallest produced SQUID was 3.6 × 10-2 µm2. Possible applications for such miniature SQUIDs
are in scanning SQUID microscopy and the study of magnetic nanoparticles.

Recent interest in the development of small-sized supercon-
ducting quantum interference devices (SQUIDs) has been
motivated by the applicability of these sensors for investiga-
tions of small, local magnetic signals such as the magnetiza-
tion reversal of small magnetic clusters1-4 and the observa-
tion of local magnetic structures using a scanning SQUID
microscope (SSM).5-9 For both the aforementioned types of
experiments, further miniaturization of the sensors offers a
possibility to enhance the resolution of the experiment. Also,
the realization of miniaturized SQUIDs patterned in three
dimensions, e.g., on the tip of an AFM cantilever, could
significantly improve the resolution of SSM systems.

The size of SQUIDs based on conventional superconduc-
tor-insulator-superconductor (SIS) tunnel junctions is
limited by the lithography process. Even if the junctions can
be miniaturized, achieving a sufficiently high critical current
(I0) poses a limitation on the size of an eventual SQUID.
On the basis of a standard 4.5 kA/cm2 process,10 a 100×
100 nm2 junction would have anI0 of approximately 0.5µA.
For T ) 4.2K andI0 ) 0.5 µA, the noise parameterΓ )
2πkbT/I0Φ0, describing the ratio between the thermal and
Josephson coupling energies in a junction, would have a
value of approximately 0.35. From the literature, however,
it is known that quantum effects in SQUIDs are only
observable forΓ j 0.2.11

Superconducting nanobridges, exhibiting nontrivial cur-
rent-phase relationships and high current densities,12 can
be very suitable alternatives to tunnel junctions. These
structures can be created in a single nanopatterning step. By
patterning two of such constrictions in a miniature super-
conducting ring a DC SQUID with submicrometer effective

area (Aeff ) Φ0/H0, whereΦ0 ) h/2e(≈ 2 × 10-15 Tm2) and
H0 is the magnetic field required to complete one period in
the SQUID voltage-field (V-H) characteristic), can be
created.

SQUIDs based on nanobridges, patterned with electron
beam lithography (EBL), have been reported in litera-
ture.1-3,5-7,13-16 The smallestAeff of these sensors is 0.5-1
µm2. Recently, also, small SQUIDs with carbon nanotubes
as junctions have been reported,4 but these sensors were not
really miniaturized in terms ofAeff. In this letter, SQUIDs
based on niobium nanobridges, produced by focused ion
beam (FIB) milling, are described. Even though, in com-
parison to state of the art systems, the resolution of the used
FIB system is modest, the small sizes of the realized devices
prove the potential of the technique. Because FIB nanopat-
terning is not limited to flat surfaces (as demonstrated, e.g.,
in ref 17), similar SQUIDs with three-dimensional geometries
could, potentially, be created.

All structures described in this article are patterned in 50
nm thick, 5 µm wide Nb leads, prepared on oxidized Si
substrates by DC sputtering and standard photolithography
with lift-off. The FIB system used to pattern the devices is
based on a Ga ion source (FEI type 83-2LI EVA). All
experiments were conducted at a beam voltage of 25 kV
and a beam current of 41 pA. The corresponding ion beam
diameter was 150 nm with a full width at half-maximum of
the ion distribution profile of 50 nm. All the described
electronic characterizations were performed atT ) 4.2 K
with the sample immersed in liquid helium.

From previous studies, it is known that the superconduct-
ing properties of Nb are suppressed by the implantation of
Kr18 and N19 into interstitial lattice sites. The described* Corresponding author. E-mail: A.G.P.Troeman@TNW.Utwente.nl.
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suppression of the critical temperature (Tc) is attributed to
disorder effects resulting from slight induced changes in the
lattice parameter (a) of the Nb structures (typically∆a/a ≈
1%). To evaluate the extent to which Ga implantation affects
the properties of patterned devices, calculations were per-
formed using SRIM.20 Simulation of the impact of 104 Ga
ions, with 25 keV energies, at normal incidence to a 50 nm
Nb layer, revealed that the average implantation depth is 10-
15 nm inward from the surface of the film; 2.5% of the ions
reach depths of 25 nm and 0.4% is implanted as far as 30
nm inward from the surface of the structure.

To experimentally determine the effect of the Ga implan-
tation on a patterned Nb device, trenches of 1µm widths
and different depths were milled in 5µm wide prestructured
Nb striplines of 50 nm thickness. This allows for a systematic
variation of the remaining Nb height (h). Estimated values
for h are based on the calibrated linear etch rate for the
specific patterning process (Nb, 25 keV Ga+ FIB). From the
dependence of the resistance versush (Figure 1), it can be
concluded that, atT ) 4.2 K, superconductivity is suppressed
as far as 30 nm or more inward from the surface. This
corresponds to the calculated implantation depth mentioned
above. Combined with the prediction that only 0.4% of the
ions reach this far into the structure, the known FIB beam
current and corresponding Nb etching rate (41 pA and 6.7
× 10-3 µm3/s), this means that an implantation of roughly
1.1 × 107 Ga ions into the bottom 5 nm of a patterned 1×
5 µm2 wide trench (which equals 1.6× 109 Nb atoms) is
enough to suppress the superconducting properties of the
structure atT ) 4.2 K. This corresponds to an implantation
ratio of approximately 0.7%, which is of the same order of
magnitude as the reported values for Kr (0.2-2%) and N
(0.5-5%).

Superconducting nanobridges behave much like Josephson
elements. The nature of the current-phase relationship (CPR)
in these structures is determined by their dimensions.12 The
CPR in bridges with small lengths (l) and widths (w) is
expected to be single-valued and sinusoidal. In longer, narrow
bridges (l J 3 ê, w j 4 ê, whereê is the superconducting
coherence length) the CPR is multivalued and the result of
localized phase-slippage of the order parameter in the center
of the bridge. In long structures with widths of several

coherence lengths (l J 3 ê, w J 4 ê), the coherent motion
of vortices across the bridge is expected to determine the
CPR. Measurements of the CPR in our Nb nanobridges are
described elsewhere.21 The exact nature of these relationships
is, however, of lesser importance for the realization of the
SQUIDs, as their operation is merely based on the incorpora-
tion of elements with a nontrivial CPR in a superconducting
ring.

The Nb nanobridges are patterned by letting two ion beam
profiles overlap.22 This allows for the creation of structures
with smaller dimensions than the diameter of the FIB.
Because the sidewalls of the nanobridges are also patterned
from above, a suppression of the superconducting properties
of the nanobridges as far as 30 nm inward from the surface
is taken into account, see Figure 2. The length of the bridges
corresponds to the ion beam diameter of 150 nm.

In Figure 3, a scanning electron micrograph of the smallest
obtained SQUID is shown. It is based on two nanobridges
with 80 nm designed widths, separated by a hole with a
diameter corresponding to the beam size (150 nm). In Figure
4A, its I-V characteristics for different applied fields and
the voltage-applied field (V-Η) modulations are shown.
Because of the small size of the SQUID, the maximum

Figure 1. Resistance atT ) 4.2 K of 1 µm wide trenches in 50
nm thick niobium striplines (inset) as a function of the thicknessh
of the remaining Nb.

Figure 2. Schematic of the nanobridge patterning principle and
definition of designed bridge width.

Figure 3. Scanning electron micrograph of a SQUID based on
niobium nanobridges with designed widths of 80 nm. The effective
area of this device is 3.6× 10-2 µm2.
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applicable magnetic field in our setup (approximately 75 mT)
corresponds to an applied flux of about 1.5Φ0 through the
SQUID loop.

The effective area of this SQUID, determined from the
periodicity of theV-H characteristics, is approximately 3.6
× 10-2 µm2. This is more than twice as large as the hole
size (1.6× 10-2 µm2). However, if an increase of the hole
diameter due to the implantation of Ga ions into the edge (2
× 30 nm) is taken into account, the calculated area is 3.5×
10-2 µm2, which is comparable to the determined effective
area. The characteristics shown in part B correspond to a
reference device with an effective area of 5µm2 based on
nanobridges with the same designed widths.

Typically, the approximation of the maximum SQUID
sensitivity is based on the value of the screening parameter
âL ) 2IcL/Φ0. On the basis of literature,14 it can be expected
that the total inductance of miniature nanobridge based
SQUIDs is dominated by the contributions of the kinetic
inductances of the bridges, which is given byLk ≈ 1/π (Φ0l/
(πIcê(T)))12 (with l the bridge length andê(T) the coherence
length). On the basis of this formula, for the device discussed
above (l ≈ 150 nm andê(T) ≈ 37 nm), a total kinetic
inductance of 150 pH can be estimated, yielding a calculated
value ofâL ≈ 0.75. For such values ofâL, dV/dΦmax can be
estimated by 2âL/(1 + âL) R/L,23 which results in dV/dΦmax

≈ 115µV/Φ0. This value is of the same order of magnitude
as the measured value.

Considerable variations in the properties of both afore-
mentioned devices can be noted (Ic,A ≈ 5 µA, Ic,B ≈ 10 µA;
dV/dΦmax,A ≈ 50µV/Φ0, dV/dΦmax,B≈ 160µV/Φ0). Critical
currents ranging from 4 to 30µA, maximum magnetic
sensitivities ranging from 40 to 200µV/Φ0, and modulation
depths of up to 50µV have been measured for SQUIDs based
on 80 nm wide bridges. These numbers are based on the
characterization of approximately 20 devices (withAeff ≈
900 µm2, ≈ 1 µm2, and≈ 3.6 × 10-2 µm2). The described
spread in the properties of devices based on bridges with
the same designed widths is caused by the limitations posed
by the FIB patterning process. Because the eventual nano-
bridges are smaller than the beam diameter, any irregularities
in the beam properties during patterning can lead to
significant differences in the sizes and shapes of the eventual
bridges.

The electronic characteristics of six SQUIDs (Aeff ≈ 900
µm2 (3×) and≈ 1 µm2 (3×)) were monitored over the course
of time. No significant degradation of the measured sensor
properties was noted, which seems to exclude degradation
due to a gradual oxidation of the Nb or inward diffusion of
implanted Ga ions. However, after several months and
cooldowns, most SQUIDs became defective from one
cooldown to the other. The reasons for this are unclear, but
we expect them to be of accidental rather than intrinsic
nature. For devices withIc g 25 µA, hysteretic I-V
characteristics were measured, which do not allow for
conventional current-biasedV-Φ measurements. The hys-
teresis is believed to be caused by thermal heating associated
with phase-slippage of the superconducting order parameter
in the structure.24

Noise measurements were performed on a nanobridge-
based SQUID with a critical current of 10µA, a sensitivity
of approximately 160µV/Φ0, and an area of 900µm2, using
a conventional DC SQUID with an integrated flux trans-
former25 as a low-temperature pre-amplifier. The nanobridge-
based SQUID was inductively coupled to this flux trans-
former (mutual inductanceM ≈ 8.7 nH). In Figure 5, the
measured flux noise spectrum exhibiting a white noise level
of 1.5 µΦ0/Hz1/2 is displayed. This value is significantly
larger than the determined noise limit of the setup (≈ 0.2

Figure 4. (A) I-V curve for different values of the applied
magnetic field and the correspondingV-H characteristics of the
device shown in Figure 3. (B)V-H characteristics of a reference
SQUID, also based on 80 nm wide bridges but with an effective
area of 5µm2.

Figure 5. Flux noise spectral density measured atT ) 4.2 K for
a nanobridge-based SQUID with a critical current of 15µA and
an area of 900µm2.
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µΦ0/Hz1/2). A 1/f corner frequency of about 80 Hz can be
determined from the spectrum. Because 1/f critical current
noise due to the trapping of electrons is expected to be
negligible in a barrier-free configuration, the dominant
contribution to the total level of 1/f noise is expected to be
associated with the trapping and subsequent hopping of
electrons in defect states in the superconducting material.26

A high 1/f corner frequency could then be related to damage
induced to the device during the patterning process.

The inductance of the SQUID washer is estimated to be
63 pH,27 yielding a calculated energy resolution of 7.6×
10-32 Js (≈ 115 h). The measured white level of the flux
noise spectral density is approximately a factor of 3 higher
than what would be expected for RSJ tunnel junction based
SQUIDs, in which the noise contribution is dominated by
the Johnson noise in the resistors (SΦ

1/2(ω) ≈ (16kBTR)1/2/
(dV/dΦ).22 For this estimate, a value ofR/2 ≈ 10 Ω, which
is the normal state resistance (RN) of the described device,
was used. Such a comparison is only relevant ifRN is
predominantly determined by the nonsuperconducting Ga-
implanted Nb shunting the actual nanobridge. On the basis
of the measured values for the resistance of the different
patterned trenches displayed in Figure 1, this could well be
the case. The resistance of a trench withh ≈ 30 nm is
approximately 1Ω. Given its length (l ≈ 150 nm) and width
(w ≈ 5 µm), this yields a resistivityF ) R σ/l ≈ 103 Ω nm.
Hereσ is the cross-sectional area. For a Nb bridge withl ≈
150 nm,w ≈ 80 nm, covered by 30 nm nonsuperconducting
Ga-implanted material, the estimated resistance then isR )
F l/σ ≈ 16 Ω. This yields a device normal state resistance
of R/2 ≈ 8 Ω, which is comparable to the measured value
for R/2. However, the origin ofRN in the described SQUIDs
has not been verified directly, which makes the presented
discussion nonconclusive.

As described before, a possible application for miniaturized
SQUIDs is for the detection of small clusters of magnetic
particles. For such experiments, the spin sensitivity of the
sensor, which is given bySn

1/2(ω) ) 2aSΦ/µBµ0,28 with “a”
the width of the SQUID loop, is an important figure of merit.
For miniature EBL-based nanobridge SQUIDs low values
for SΦ

1/2(ω), and thus also forSn
1/2(ω), have been reported

in literature (SΦ
1/2(ω) ≈ 0.4 µΦ0/Hz1/2, Sn

1/2(ω) ≈ 70 µB/
Hz1/2,29 and SΦ

1/2(ω) ≈ 5 µΦ0/Hz1/2, Sn
1/2(ω) ≈ 200 µB/

Hz1/2).30 The described values forSΦ
1/2(ω) are of the same

order of magnitude as the measured white noise level of our
device. Combined with the fact that all realized devices are
based on the same type of Josephson element, the flux noise
spectral density reported above for the 900µm2 SQUID can
be used to estimate the possible spin sensitivity of smaller
sensors. A device with an area of 3.6× 10-2 µm2 would
have a spin sensitivity of about 50µB/Hz1/2, which would
be even lower than the values reported above. If, in addition,
SΦ

1/2(ω) scales with the device inductance in a similar fashion
as is the case for tunnel junction based SQUIDs (SΦ

1/2(ω) ∼
L2, for âL ≈ 1),22 even smaller values forSn

1/2(ω) could be
achieved. It should be noted that the discussed definition of
Sn

1/2(ω) is based on calculations for geometries where a single
magnetic dipole is located in the center of the SQUID loop.

Optimal flux coupling, and thus higher values forSn
1/2(ω),

can be obtained for a configuration where the dipole is
located directly on top of the nanobridge.4 In practice, thus,
the spin sensitivity of the experiment is determined by the
location of the magnetic particles with respect to the SQUID
geometry.

In conclusion, SQUIDs based on Nb nanobridges, pat-
terned by means of FIB milling, have been created. The Ga
ion implantation depth, associated with the FIB patterning
process, was predicted and measured to be as large as 30
nm. Furthermore, it was measured that a relative Ga
implantation of 0.7% in a Nb device is enough to suppress
its superconducting properties atT ) 4.2 K. SQUIDs with
effective areas as small as 3.6× 10-2 µm2 have been created,
exhibiting typical critical currents of up to 30µA and
maximum magnetic sensitivities of 40-200µV/Φ0. A white
noise level of 1.5µΦ0/Hz1/2 was measured for a SQUID with
a critical current of 15µA and an area of 900µm2.
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