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Abstract

®

CrossMark

Nano-superconducting quantum interference devices (nano-SQUIDs) with high energy
sensitivity and spatial resolution are essential in many applications such as single spin detection,
nano-electromechanical vibration detection and microscale magnetic imaging. This paper
studies a Dayem-type niobium nano-SQUID using focus ion beam milling technology. The
device has two 42 nm x 60 nm nano-bridges and an integrated on-chip Nb modulation flux line
located beside the SQUID loop with a 100 nm nanogap. The non-hysteretic temperature range
of the nano-SQUID is about 1.4 K from 4.6 K to 6.0 K, which could broaden the operation
temperature range of the device. The maximal transfer coefficient V¢ and peak-to-peak voltage

AV are 8.53 mV/®, and 430 uV at 4.8 K, respectively.
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1. Introduction

The superconducting quantum interference device (SQUID)
is one of the most sensitive flux—voltage sensors. Com-
pared to traditional microscale SQUIDs consisting of trilayer
Josephson junctions, Dayem bridge nano-SQUIDs are made
of weak-linked bridge junctions and have features such as
higher junction current density, lower parasitic capacitance
and compact size, which result in advantages of high energy
sensitivity and spatial resolution. Nano-SQUIDs are therefore
especially useful in applications such as single-spin detec-
tion, nano-electromechanical vibration detection, microscale
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magnetic imaging, the readout of inductive superconducting
transition edge sensors, and so on [1-10].

The junctions in Dayem bridge nano-SQUIDs are made
of nano-scale superconductor bridges. Two nanofabrication
methods are commonly used to fabricate nano-SQUIDs. One
is the electron beam lithography (EBL) technology method
[8, 10, 11] and the other is the focused ion beam (FIB) milling
technology method [12-14]. Compared to the EBL method,
the FIB method is more flexible, faster, photoresist-free and
sample size friendly. However, the problem with the FIB
method is that there is an ion implantation issue when the ions
hit the surface of the Nb superconducting film. The implanta-
tion damage leads to the quenching of the Nb bridge junction
in the scale of tens of nanometers and influences the junction
property. To prevent ion implantation damage, heavy metal
films such as tungsten are usually deposited over the FIB etch-
ing area before FIB etching to protect the Nb film, which will
be kept. Therefore, it is not easy to make high quality FIB
nano-SQUIDs.

© 2020 The Author(s). Published by IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) Nano-SQUID structure diagram. (b) SEM image of one nano-SQUID. The right image is the enlarged view of the

nano-SQUID.
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Figure 2. The R-T curve of the nano-SQUID. T is the transition
temperature of the large Nb tracks and 7' is that of the
nano-bridges.

In this paper, we report an FIB-nano-SQUID integrated
with an on-chip magnetic flux modulation line. The voltage—
flux transfer coefficient and the operational temperature range
show vast superiority. Compared to the conventional external
coil type of voltage—magnetic flux modulation, an on-chip
modulation with a nanogap modulation flux line is used to sim-
plify the system and improve the flux coupling. The mutual
inductance between the flux line and the SQUID is about
72 mA/®y. The Dayem bridge junctions and nanoscale loops
of nano-SQUIDs are directly milled by FIB without any pro-
tecting layer. The maximal transfer coefficient V4 and peak-
to-peak voltage AV of our nano-SQUID are 8.53 mV/®, and
430 pV at 4.8 K, respectively. The non-hysteretic temperature
range of the nano-SQUID is about 1.4 K, which could broaden
the operation temperature range of the device.

2. Nano-SQUID design and fabrication

Figure 1(a) shows the diagram of our nano-SQUID. The
internal side length of the device is 200 nm. The width and
length of the Dayem bridges are 42 nm and 60 nm, respect-
ively. We designed a niobium flux current line beside the
SQUID loop as the flux modulation coil to generate feedback

flux, as shown in figure 1(a), from +FB to —FB. In order to
increase the coupling effect, the distance between the flux cur-
rent line and the SQUID bias line was shrunk to 100 nm.

For the fabrication process, 144 nm Nb film was firstly
deposited on a Si0O,/Si substrate by a sputtering process. The
background pressure of the sputtering chamber is better than
4 x 107 Pa. The sputtering pressure was controlled at 0.67 Pa.
Common photolithography and dry etching techniques were
used to form the structure with scales above 2 um and pads
for bonding. SF¢ was used to etch Nb with positive photores-
ist structure protection. The power and reactive pressure of the
reactive ion etching were 50 W and 2 Pa respectively. FIB was
then used to mill the Nb film to form the nanoscale structure of
the devices, including the Dayem bridge junctions, nanoscale
loops and the nanogap between the loop and the flux line, as
shown in figure 1(b). In our FIB system, a gallium ion species
was used and its beam energy was kept at 30 keV. The ions
from the FIB beam were inevitably implanted in the junctions
and consequently formed a shunt resistor. Therefore, ion dose
was adjusted for different thicknesses of Nb films in order to
avoid damage to the bridge junction.

3. Measurement results and discussions

The chip was adhered to a ceramic device holder using GE
7031 varnish. The holder was attached to a copper sink of
which the temperature could be measured and controlled by
a Lakeshore temperature controller. The electrode pads on the
chip were wire-bonded to the holder by 25 pm diameter alu-
minum wires. The device was mounted inside a stainless steel
can with the lead shield and characterized using a home-made
system composed of a probestick, Keysight B2901A/B2961A
current sources, a Keithley 2000 multimeter and data acquisi-
tion software.

3.1 R-T curve

Figure 2 shows the resistance vs temperature (R—7") curve of
the nano-SQUID device made in 144 nm Nb film. The inset
is the enlarged part from 6 K to 9.5 K. Clearly there are two
superconducting transition temperatures 7. The first trans-
ition at about 9.10 K (7 in figure 2) is the transition temper-
ature of the Nb film. At this temperature, two bridge junctions
are still at normal state with a few ohms resistance because
of the Ga™ implantation damage. The FIB process causes the
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Figure 3. -V curves of the the nano-SQUID (a) and corresponding critical current (b) at different temperatures. (c) -V curves at 4.8 K for

0450, @0/4 and @0/2.

ion implantation on the surface of the Nb at the bridge region
with an implantation depth of about 13 nm. Consequently, the
transition temperature of Nb at the bridge region decreases.
This induces the second transition temperature at about 7.05 K
(T, in figure 2). This two-transition R—T curve is typical for
the Dayem-type nano-SQUID.

3.2. |-V curve

Figure 3(a) shows the /-V curves of the nano-SQUID at differ-
ent temperatures. The critical current /. of the device decreases
from 180 pA to 64 A when the temperature increases from
4.6 K to 6.0 K. The device shows a non-hysteretic character-
istic above 4.6 K. Therefore, the operating temperature range
of the SQUID is about 1.4 K.

The I-V curve changes periodically with the external mag-
netic field. In this paper, an on-chip modulation flux line is
applied to produce the external magnetic field. The currents of
0 mA, 19 mA and 38 mA flowing through the flux line pro-
duce fluxes of 09y, Py/4 and Py/2, respectively. Figure 3(c)
shows the I-V curve at 4.8 K for 09, /4 and $y/2, and the
corresponding critical currents /.. in these cases are 170 pA,
152 pA and 115 pA. I, decreases nonlinearly with increasing
flux from O to &y/2. The flux modulating depth Al/I is 32.4%
at 4.8 K [15]. The black line in figure 3(b) shows the change
of the flux modulating depth Al/I, with the temperature. The
maximum value is 41.5% at 5.8 K.

3.3. V-9 curve

The voltage across the nano-SQUID was measured with
external magnetic flux at different biased current 7, and tem-
peratures. Figure 4(a) illustrates the V—® curves with different
Iy, from 110 to 170 pA at 4.8 K. AV is defined as the peak-to-
peak modulation voltage. The SQUID transfer coefficient Vg
is the maximum absolute value of OV/0®. Vg and Vg_ rep-
resent the Vg at the rising and falling edge of the V—® curve.
The Vg value reflects the sensitivity of the SQUID to mag-
netic flux changes. The higher the value, more sensitive the
SQUID device is. Figure 4(b) illustrates AV, Vg and Vg_ as
function of I,. It shows that AV increases with I, from 110
to 160 pA and then decreases. Vg and Vg have the same
trend, as expected. From the data we can derive that the 160 pA
bias current corresponds to the best working point at this tem-
perature. The optimal bias current is chosen to be the point
where Vg is the best. At this working condition, Vg and
AV of this device are 8.53 mV/®( and 430 WV, respectively.
This result is much better than the 2D Dayem bridge devices
reported in the literature, with the transfer coefficient in the
range of 0.1-2.5 mV/®, [8, 11-13].

Figure 5(a) illustrates the V-® curves of the optimal trans-
fer characteristic at different temperatures from 4.4 K to 6.0 K.
The corresponding optimal bias current at each temperature
is shown on the upper-right corner of figure 5(a). When the
temperature increases, the optimum of the bias current I,
decreases. Figure 5(b) illustrates the change of the transfer
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Figure 4. (a) V-® curves and (b) transfer coefficient Vo4, Vo_
and the peak-to-peak voltage AV as a function of biased current at
4.8 K.

coefficient Vg, and the peak-to-peak voltage AV at optimum
bias current as a function of temperature. V¢ decreases with
temperature nonlinearly, while AV decreases linearly with the
temperature.

The effective area of the nano-SQUID needs to be estim-
ated since it is usually not the nominated one. The effective
area A can be estimated by equation @9 = B X Aeg. We
use the PPMS (Physical Property Measurement System) to
generate certain magnetic field B. The SQUID output voltage
changes periodically. Each period corresponds to 1 @¢. 5.5 mT
is needed for 1 @. So, the estimated A is 0.36 um?, which is
almost 10 times the nominated loop size. There are two reas-
ons. The first reason is due to the change of the effective length
of the SQUID hole. One change comes from the penetration
depth effect. For the 144 nm thickness Nb film and normal-
ized working temperature (7/7c) of 0.53, the penetration depth
at each side of the loop is about 96 nm [16]. Therefore, the
effective side length of the SQUID loop now expands to about
392 nm. The second reason is the flux focusing effect. The
SQUID’s wide Nb loop and bank will expel magnetic flux into
the hole and consequently cause the real magnetic field to be

higher than the nominal one. Considering these two factors,
the effective area of the SQUID can be calculated using [17]:

At =Y - d - (d+2w)ya =1—0.68/(d/w+2.07)"",

the effective side length d ~ 392 nm and washer width
w = 300 nm. A is calculated to be 0.357 um?, which is very
close to the estimated A of 0.36 um?.

This small effective area induces a very high spatial res-
olution, but also reduces the capture ability of the magnetic
flux. A large magnetic field intensity is needed for the device
to collect a quantum flux &,. The magnetic field intensity
generated by a long straight wire is proportional to the cur-
rent and inversely proportional to the distance. A large cur-
rent will cause the quenching effect of the modulation line,
which will affect the operation of the nano-SQUID. When
the distance is reduced by one order of magnitude from 1
micron to 100 nanometers, the current inducing the same mag-
netic field intensity is reduced by one order of magnitude,
and the coupling between the SQUID and the modulation
flux line will be increased. This will significantly increase
the coupling between the SQUID and the modulation flux
line, and may make the SQUID operate in a flux-locked loop
mode.

The theoretic intrinsic flux noise is estimated according to
the following equation [1, 18]:

4
s12 ~ <

where kg is the Boltzmann constant, T is the working temper-
ature and the normal resistance of the SQUID’s R, is about
4.9 Q from the I-V curve. L is the total inductance of the
SQUID, which is the sum of the bridge inductance and the loop
inductance. The evaluation is performed at 4.8 K with max-
imum critical current of 170 pA. For our design, the bridge
inductance is 7.4 pH and the loop inductance 0.3 pH. The
calculated So /% is 0.037 u®y/Hz"? when 8, — 1. The actual
measurement results will be one to two orders of magnitude
larger than the theoretical calculation.

(14 L) ®oksTL 2
LR, ’

4. Conclusion

A Dayem-type niobium nano-SQUID with 42 nm x 60 nm
nano-bridges and a loop of which the side length was 200 nm
was fabricated using FIB milling and characterized. At 4.8 K,
the device’s flux modulating depth is 32.4%. The maximal
transfer coefficients Vg and AV are as large as 8.53 mV/®
and 430 nV with 160 @A bias current, respectively.
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