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Abstract

®

CrossMark

Oxygen electromigration applied to a YBa,Cu3;O;_s nanowire can be used to tune its electrical
properties. Here, we apply electromigration to YBCO nanowire-based superconducting
quantum interference devices (SQUIDs) and study its effect on the voltage modulation depth of
the devices. Using a dc electromigration current we replenish the oxygen of the weak links,
improving the critical current symmetry of the SQUIDs. AC current electromigration is used to
reduce the doping level of the weak links, thus reducing their critical current and increasing
differential resistance. Both type of electromigration processes are found to improve the
SQUIDs performance, although the best results are obtained with ac biased electromigration,
which improved the voltage modulations of the SQUIDs by a factor as high as 8. This procedure
can be instrumental to fine tune ex-situ the properties of superconducting electronics where a

large number of weak links are required.
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1. Introduction

Superconducting quantum interference devices (SQUIDs)
are one of the main technological application of supercon-
ductors, being utilized, among others, in biomagnetic dia-
gnostics, scanning SQUID microscopy, and geophysical sur-
veys [1-4]. High critical temperature superconductor (HTS)
based SQUIDs can be operated at liquid nitrogen temper-
atures, simplifying the cryogenic requirements as compared
to low temperature superconductor (LTS) based SQUIDs,
which instead relies on scarce and expensive liquid He.
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The state-of-the-art HTS based SQUIDs operating at 77 K
implement grain boundary (GB) based Josephson junctions,
such as bicrystal or step-edge junctions [5—10]. While the per-
formances of GB-based SQUIDs have opened the doors to
HTS technological applications, their fabrication is challen-
ging, requiring several lithography steps in the case of step
edge GB junctions [7, 11, 12]. Moreover, in the case of bicrys-
tal junctions the number of junctions per chip and the design
flexibility is limited due to the location of the junctions along
the bicrystal GB line.

HTS YBa,Cu30;7_5 (YBCO) nanowires have been pro-
posed as an alternative to GB-based junctions [13, 14]. They
can be realized using a single lithography step, placed any-
where and freely oriented within the film plane. However,
the large critical current densities and fluctuations of critical
currents for nominally identical nanowires [15] limit the per-
formance of YBCO nanowire based SQUIDs. The asymmetry
of the critical currents of the two nanowires and the large

© 2021 The Author(s). Published by IOP Publishing Ltd  Printed in the UK
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screening parameter [ = IsqLsq/®o, with Isg the SQUID
critical current, Lgq the SQUID inductance, and ® the super-
conductive flux quantum, result in degradation of the SQUID
voltage modulation depth AV, thereby increasing the overall
flux noise of the SQUID SY/* oc 1/AV [14].

Tuning the hole doping of YBCO through electromigra-
tion (EM) of oxygen was first studied for thin films [16]
and GB junctions [17], and it has seen recent advancements
also for YBCO micro bridges [18, 19] and nanowires [20].
These developments open up the possibility to modify ex-situ
the electrical properties of YBCO nanowire based SQUIDs,
similarly to the work on EM of LTS-based SQUIDs [21].
Here, applying a dc current density (DC-EM) in the range
7-15 MA cm~? to a YBCO nanowire increases the hole dop-
ing [20]. Increasing the current density above 15 MA cm™2
causes a reduction of the doping, although with a rather
inhomogeneous doping distribution along the wire. A more
controlled way to reduce the hole doping can be achieved by
applying an ambipolar square wavefunction at 1 kHz (AC-EM)
with amplitude above 17 MA cm™?2 [20]. Since the zero tem-
perature critical current and critical temperature of a nanowire
depends on its doping level, EM can be used to tune the elec-
trical properties of the nanowires in a SQUID, and therefore
adjust for optimal operation at e.g. 77 K.

In this work we explore the effects of EM on the voltage
modulations of YBCO nanowire-based SQUIDs. Here, we
use the different effects of DC vs AC biasing to address two
of the main limitations of such SQUIDs: (1) asymmetry of
the critical currents of the individual weak links, which res-
ults in reduced critical current modulations. Here DC-EM is
used to replenish oxygen in the weak links, thereby reducing
the asymmetry of the critical currents. (2) High values of the
SQUID critical current, which results in increased screening
parameter. Here, AC-EM is used to reduce the critical current
of the SQUIDs. These findings could be easily applied to other
types of HTS weak links such as the grooved Dayem bridge
[22] for the ex-situ optimization of HTS based electronics.

2. SQUIDs fabrication and design

All the data reported here have been obtained from SQUIDs
fabricated on a SrTiO3 substrate. A 50 nm thick thin film of
YBCO is deposited on the substrate by pulsed laser depos-
ition (PLD) and after covered by a 100 nm thick layer of
amorphous carbon, also deposited by PLD. The carbon mask
is defined by electron beam lithography, followed by lift-off
and reactive ion etching in oxygen plasma. A subsequent Ar™
ion milling process transfers the pattern into the YBCO film.
Details about the fabrication process, resulting in high-quality
YBCO nanowires with pristine bulk-like properties down to
cross-section of 50 nmx50 nm are reported in references
[15,23].

In figure 1(a) we show a scanning electron microscope
(SEM) image of a nanowire-based SQUID. The top and bot-
tom electrodes are connected to a signal generator, which
provides the SQUID bias current isg, and to a low noise amp-
lifier, which measures the voltage drop V over the SQUID.

Figure 1. False color scanning electron microscope (SEM) image of
a SQUID connected to the measurement setup and its equivalent
circuit in the normal state (above critical temperature). The bottom
SEM images show a comparison of the different geometries (A, B
and (C) used for the weak links.

The SQUID loop is additionally connected to a second current
source, which is used for current injection #j,; to modu-
late the phase difference between the two nanowires Ap =
Ligopiinj2/ ®g [24].

The configuration shown in figure 1 is also used for the EM
of the weak links, where the EM current is isg. An equivalent
circuit of the SQUID in its normal state, i.e. above the crit-
ical temperature 7 > T, is also shown in figure 1. Given the
macroscopic size (several ym) of the arms of the SQUID loop,
one can assume that the values of the electrical resistance of
the two SQUID arms are the same and equal to Rjoop. On the
other hand, the resistance of the two nanowires, R; and R»,
could differ since we are approaching the limits of the fabric-
ation process. The current igq is divided in the two arms of the
SQUID according to Kirchhoff’s circuit laws. If R; = R;, then
iy = ip = isq/2, where i 1,2 is the current in the two arms of the
SQUID. On the other hand, if R; > R», then i; < i», and vice
versa. This results in the parallel EM of the two weak links.
This process has been studied in details with two or more weak
links for the fabrication of nanogaps [25-27] and has been
recently used for LTS constriction-based SQUIDs [28, 29].

Since the EM is strongly influenced by the value of local
current density, regions of the device with constrictions and
current crowding effects are affected more strongly by the EM
process. The geometry of the nanowire can be designed to
take advantage of this effects. We fabricated SQUIDs based on
weak links with three different geometrical profiles, labeled A,
B and C; in figure 1 are compared the SEM images of the three
types of weak link. Type A are rectangular shaped nanowires
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Table 1. Summary of the values of critical current and voltage modulation depth measured at 80 K on SQUID SQA, SQB, and SQC, before

and after the different EM steps.

Before EM DC ACl1 AC2
I AV I AV I AV I AV
LA Y% LA Y% LA uvV LA nY%
SQA 580 — 550 0.2 190 1 110 1.7
SQB 700 — 700 0.7 610 1.5 330 1.8
SQC 500 0.7 510 0.7 150 100 4.7

with a 2:1 aspect ratio, while type B and C are designed with
constrictions to limit the effect of the EM to small region (nar-
rowest section) of the weak link. The latter two geometries
have also the advantage of reducing the overall parasitic kin-
etic inductance of the weak links.

3. Results and discussion

In the following we focus on the results obtained for three
SQUIDs: SQA, SQB, and SQC. Those SQUIDs have each a
different type of weak link (A, B and C respectively) and have
been selected to compare the effects of EM on the different
weak link geometries.

To study the effect of the EM on the performance of the
SQUIDs, we monitor the voltage modulation depth AV while
repeating the same EM steps on all the SQUIDs and character-
izing them at 80 K before and after each step. All the EM steps
reported in this work, both DC and AC, were performed in a He
atmosphere with a pressure of ~200 mbar. First, the SQUIDs
critical current and voltage modulation depth are measured
directly after fabrication (before EM in table 1). Thereafter,
DC-EM is performed at room temperature; for this step a DC
current bias is applied to the SQUID and manually increased.

The effect of DC-EM is to replenish the nanowires with
oxygen, and the aim of this step is to heal regions with sup-
pressed superconductivity due to possible oxygen loss dur-
ing the nano fabrication process. At the same time, this will
improve the critical current symmetry of the weak links. The
DC bias current is increased to isg ~ 3 mA, which is the
maximum value above which the doping starts to decrease
again. This maximum current corresponds to a current dens-
ity of ~15 MA cm™2, which is consistent with previous values
reported for DC-EM in YBCO nanowires [20]. The SQUIDs
are then characterized after the DC-EM (DC in table 1).

The successive steps of AC-EM (labeled AC1 and AC2),
aimed at reducing the critical current of the weak links,
are performed at liquid nitrogen temperature using a square
wavefunction centered around zero with frequency of 1 kHz.
An estimation of the diffusion relaxation time gives 7=
2/(272D) ~ 400 s, using the following expression for the
diffusion constant D = 1.4 x 10~ 8exp (—0.97 eV /kgT) [17],
with kg the Boltzmann constant and wire length /=400 nm.
Here we considered an elevated temperature of 7=550 K
due to Joule heating during the EM process (estimated from
the measured wire resistance under applied DC bias, which
increases approximately linearly with temperature in the

optimal doping regime). Therefore, due to the large relaxa-
tion time constant, which is much larger than the period of the
applied alternating current, oxygen is barely being displaced
by the applied potential difference on the length scale of the
nanowire. Instead, the dominant process responsible for mov-
ing oxygen away from the wire is given by thermomigration
[30]. Here the large temperature gradient between the wire
and the electrodes dominates the oxygen migration process in
YBCO nanowires.

During AC-EM, the bias current is applied in bursts of
100 ms duration. Between each burst the AC current is turned
off and the zero bias resistance (applied currents much smal-
ler than the ones used for the oxygen migration process) of the
wire is measured.

In figures 2(a)—(c) are shown the current—voltage charac-
teristics (IVC) of the three SQUIDs before and after the EM
steps, while in figures 2(d)—(f) are shown the corresponding
voltage modulations versus normalized applied magnetic flux.
The voltage modulations of SQA and SQB before EM are not
reported since their amplitude was below the noise limit of our
experimental set-up. Similar results have been obtained for all
SQUIDs based on nanowires type A and B. Only SQUID SQC,
based on type C weak links, shows small voltage modulations
already before any EM processing.

After DC-EM, the voltage modulation depths AV of SQA
and SQB are increased above the noise level of the meas-
urement system. We attribute this increase mainly to an
improved critical current symmetry of the weak links after
DC-EM. However, for SQA we cannot rule out the effect of
increased differential resistance close to the critical current
(see figure 2(a)). For SQC, the DC-EM step has no measur-
able effect on AV, suggesting that the critical current values
of the weak links were already comparable after fabrication.

On the other hand, one can see a drastic change in both
the IVCs and voltage modulations of the SQUIDs after each
AC-EM step. The main effects of AC-EM are the reduction of
the critical current while the differential resistance is increased
(see figure 2). These result in a further increase of voltage
modulations, up to a factor 8§ for SQA and a factor 7 for
SQC. The voltage modulations of SQB improves only by a
factor 2, this is mainly limited by how low the critical cur-
rent could be reduced. Indeed, for type B weak links /. could
only be reduced by a factor ~2, before the weak links would
degrade very fast and lose all superconducting properties. AC-
EM in weak links of type B is confined to the central constric-
tion, especially to the inner corners where current crowding
is enhanced. This results in critically high electric field and
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Figure 2. Current—voltage characteristics measured at 80 K before and after different EM steps on SQA (a), SQB (b), and SQC (c). SQUID
voltage modulations versus normalized magnetic flux, measured at 80 K before and after different EM steps on SQA (d), SQB (e), and SQC
(f). Note, the observed shift of the voltage modulations in panels (d)—(f), i.e. the voltage modulations not being centered around zero flux,
after AC-EM is most probably caused by flux trapping. The EM process locally heats the weak links well above the critical temperature
promoting flux trapping in regions of the SQUIDs, which reach temperatures close to T¢ of the film during the EM process.

limits the control over the AC-EM process. Any further step of
AC-EM on SQB would result in thermal runaway and irrevers-
ible damaging of the weak links. Weak links C have a similar
constriction profile, however the central part is designed to be
longer to avoid the limitations, such as current crowding, of
weak links of type B.

In the following we analyze the evolution of the voltage
modulation depth AV after each AC-EM step using the fol-
lowing expression derived for SQUIDs implementing equal
resistively shunted Josephson junctions (RSJ) [31]

ksTL

exp 3572280
CI)Z
0

4 I.R,
AV=—
w1 +ﬂL

ey

where R, is the normal resistance of the SQUID, kg is the
Boltzman constant, Lgg the SQUID inductance. While our
weak links are not in the limit of the RSJ-model, equation (1)
can be used as a first approximation to study the evolution of
AV after AC-EM.

The SQUID inductance Lsqg can be written as Lgg = Lioop +
2Ly1, where Lioop and Ly, are the inductance of the SQUID
hairpin loop and of a weak link respectively. The former can
be calculated as Ligop = ®o/Imod, Where Imoq is the value of
injection current needed to obtain a full modulation of the
SQUID voltage. For our SQUID we measured I;,oq = 48 pA,
which results in Liop =42 pH. Since AC-EM affects only
the nanowires, Liop remains constant. On the other hand,
the nanowire inductance is dominated by kinetic inductance

and can be calculated as Ly = /,LOAZI /wt, thus Ly, is strongly
affected by a change in 7.

The main effect of AC-EM is to reduce the nanowire dop-
ing, which influences the critical temperature 7., London pen-
etration depth and coherence length of the weak link. How-
ever, the most relevant effect in our case is the reduction of the
critical temperature T, since the properties of YBCO change
drastically at temperatures close to 7. In our case, we are
maintaining the temperature of the SQUIDs at 80 K, while
instead lowering the 7, of the weak links through EM.

One can calculate the values of the London penetration
depth and of the critical current as a function of 7, as

1(T) =1° (1 B (TTC>2>3/2
- (1-(2))

where equation (2) is the Bardeen expression for the depair-
ing critical current of nanowires [15, 32], n ~ 2 is a typical
exponent for YBCO , while I? and \° are the values of crit-
ical current and London penetration depth in the limit 7= 0.
In the following we assume 2 and A\’ to be constant since their
values do not change significantly in the range of doping we
explore with EM.

One can use equation (1) to calculate the expected voltage
modulations depth of SQA, SQB and SQC for different values

2

3)
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Figure 3. Comparison of the measured voltage modulation depths
of SQA, SQB and SQC, and the corresponding values obtained
using equation (1).

of the weak links critical temperature, i.e. for different doping
levels. Here the critical temperatures of the weak links were
determined by comparing the SQUIDSs’ critical currents to the
Bardeen expression (see equation (2)). The normal resistances
of our weak links cannot be extracted from the measured IVC,
instead we set R, = Rq/k, with Ry the value of the dynamical
resistance at the working point, and k a fitting parameter. For
a SQUID at 77 K in the limit of the RSJ-model, the fitting
parameter is approximately 2.8 [33]. In figure 3 we show the
measured voltage modulation depths (open symbols) for the
three SQUIDs after each EM step together with the expected
voltage modulation depth using equation (1). We find the best
fitting of the measured AV by using k =5 for SQA and SQB,
and k = 3.5 for SQC.

For all three SQUIDs we find that AV first increases with
decreasing critical temperature of the weak links. This can
be understood from the reduction of the screening parameter
and increase of the differential resistance with decreasing
critical temperature (see equation (1)). However, for T, <
85 K the voltage modulations of the SQUIDs start decreas-
ing again, even though [ continues to decrease. However,
when the T, of the weak link reaches the bath temperature of
80 K the SQUID critical current drops to zero, causing the
voltage modulation depth to go to zero as well (see equation
(1)). Moreover, the largest modulation depth after EM can
be achieved with nanowires with a gradual narrowing of the
central part (see weak link of type C in figure 1, bottom).
Here AC-EM most probably affects only the central part of the
nanowire, while keeping the rest of the wire unaffected. This
mitigates the increase of the kinetic inductance of the weak
links of type C caused by the reduction of 7, as compared to
wires of type A, where EM affects the whole length of the wire.

4. Conclusions

In this work we present a protocol to use EM to signific-
antly improve the performances, in terms of voltage modu-
lation depth, of nanowire-based SQUIDs operating at 80 K.
Since the effects of the EM are strongly influenced by cur-
rent crowding effects, we designed SQUIDs with three types
of weak links. First, we used DC-EM to increase the doping of
the weak links while also improving their critical current sym-
metry. This improved the AV of SQA and SQB, which could
not be detected before DC-EM due to the measurements setup
noise level. Subsequent AC-EM treatment steps are applied
to reduce the doping level of the weak links, which results
in lower critical currents and higher differential resistances.
Here, an increase of the voltage modulation depth by a factor
up to 8 could be achieved.

The highest values of AV are achieved for nanowires with
a gradual narrowing of the central part (type C), where the
increase of the kinetic inductance of the weak link is minim-
ized during EM

Our findings can be extended to most HTS-based devices,
where the EM of oxygen atoms determines their doping level.
The results on the different weak link types suggest that this
technique would be particularly well suited for constriction
type weak links and grooved Dayem bridges [22], for which
EM is expected to occur locally.
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