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Abstract

We report on serial dc superconducting quantum interference devices (dc SQUIDs) arrays of two-stacked intrinsic
Josephson junctions (I1JJs) on a Bi,Sr,CaCu,Og, s (Bi-2212) whisker with a submicron hole fabricated by a 3-D focused
ion beam (FIB) etching method. The junction area, the number of elementary junctions, and the loop area of the
SQUIDs are 3, 20, and 0.42 um?, respectively. The SQUIDs show typical /-V characteristics of 1JJs with a critical
current /c of 12 A at 4.2 K. The modulation parameter f, (= 2IcL/®,) is 6.4, and the inductance L of the SQUID is
1120 pH. That includes the inductances of the elementary junction around a SQUID loop. In a strong magnetic field,
the Fraunhofer pattern is obtained and well fitted to the calculated value from the junction size; AB = ®,/tW; ¢ is the
interlayer distance; and W is the junction width. In a low magnetic field, modulation depth of approximately 10% of the
Ic corresponding to the value of f3; is observed. The modulation period of 80 G approximately agrees with the value
calculated from the SQUID.
© 2004 Elsevier B.V. All rights reserved.
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superconducting electronics. Most HTS Josephson
devices reported to date are based upon grain-
boundary weak links like step edge, bicrystal or
biepitaxial junctions [1-4]. On top of that intrinsic
Josephson junctions discovered in 1992 have been
studied actively for their potential application in
new generation devices [5-7]. Among HTS mate-
rials, Bi,Sr,CaCu,Og,s (Bi-2212) have alternate
layers of superconductors and insulator in their
crystal structures with high anisotropic resistivity
showing Josephson current along c-axis. Joseph-
son current couples with the electromagnetic field
result in the Josephson plasma in the intrinsic
Josephson stack in the crystal. There have been a
few of experimental reports that showing the
existence of the Josephson plasma in HTS mate-
rials [8,9]. The serial dc SQUID arrays of two-
stacked intrinsic Josephson junctions (I1JJs) on a
Bi,Sr,CaCu,0g, 5 (Bi-2212) is one of powerful
methods for obtaining the high output voltage
of the SQUIDs and finding the excitation of
Josephson plasma by inductive coupling of layer
intrinsic Josephson junction structures [10]. How-
ever, the characteristics of serial dc SQUID arrays
of two-stacked 1JJs have not been observed until
now because of the lack of a fabrication method.

Here we introduce a 3-D fabrication method of
the SQUIDs on a Bi-2212 single crystal whisker
without any complicated processes and investigate
the dc Josephson effect on the SQUID by weak
and strong external magnetic field.

2. Experimental

In this experiment, we used a Bi-2212 single-
crystal whisker grown by a Pb-free method; these
crystal whiskers have been characterized as a very
high-quality crystalline object [11]. The Bi-2212
stack showed zero-resistance transition tempera-
tures in the range of 75-85 K and a critical current
density Jc of about 103 A/cm? at 4.2 K. Four
contacts were prepared with silver paste for elec-
trical measurements. To decrease the contact
resistance, the contact was annealed in an oxygen
flow at 450 °C. The magnetic field dependence and
electrical transport properties were measured using
PPMS from Quantum Design Co.

For etching, we used a commercial FIB ma-
chine, the SMI-9800 (SE). This apparatus uses a
focused Ga' ion beam with a maximum energy of
30 keV. We installed the specifically designed 3-D
lateral etching system by using an automatic
sample stage tilting up to 90° [12]. Thus, we pat-
terned the bridge width from the top direction and
the junction layer length from the lateral direction
by tilting the sample stage up to 90°. The exact
stack size was etched by scanning the sample
images from the top and lateral view. As far as we
know, this was, until now, the only possible
method for making a de-SQUID structure using
an intrinsic Josephson junction stack.
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Fig. 1. Fabrication process of Bi-2212 dc SQUID fabricated by
a 3-D focused ion beam (FIB) etching method (a)—(d) and the
tilt view of one of the fabricated samples.
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The steps of the fabrication process using FIB
etching are shown in Fig. 1(a)-(d). As the first
step, the whiskers were fixed to the sample holder
of the FIB etching machine. A bridge with a width
of 1-2 um was etched in a micro area depending
on the required junction size, and a full depth of
whisker thickness was etched in the required stack
area (Fig. 1(b)). After this, the substrate was
turned over up to 90° by tilting the sample stage
automatically. Then, two grooves of a similar
depth were etched in the whole length, and the
distance between the grooves was offset according
to the required junction size (Fig. 1(c)). Finally, a
hole of rectangular geometry of a hole was etched
in the whole length (Fig. 1(d)). Fig. 1(e) shows the
tilt view of one of the fabricated samples.

3. Results and discussion

Recently we observed the Fraunhofer pattern
with a period of 1 T using a 1.4x1.4 um? single
junction stack [13]. The highly suppressed multi-
branch structure in the /-7 curves of a single
junction shows the field dependence of a -V curve
although the behavior is not completely explained.
The Fraunhofer pattern is obtained and well fitted
to the calculated value from the junction size;
AB(= &, /tW); t is the interlayer distance; and W is
the junction width.

In our preliminarily research, we fabricated a dc
SQUID from a junction area of I1x1 pm? a
junction height of 0.35 pm, and a loop area of 0.7
um? and tried to observe an interference pattern in
the low and high magnetic fields. The critical
current /c of the stack was 6.4 pA. However, we
could not find the magnetic field modulation per-
iod of the critical current in the weak magnetic
field. We assume that the contribution of the
multi-elementary Josephson junction in a loop
working as an equivalent inductance induces a
high value of f (= 2IcL/®,) [14]. The junction
inductance per single junction is as follows:
Ly = @y/2nlc =103 pH. From the elementary
number of junction 460, 5; = 732. In this case, an
interference pattern will be suppressed and will be
smaller than 1% [15]. Therefore, the modulation
period is difficult to observe.
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Fig. 2. Scheme (a) and SIM photograph (b) of an intrinsic
Josephson junction dc SQUID using a Bi-2212 single-crystal
whisker. The bridges are 2 pm wide; the size of the SQUID hole
is 0.42 pm?.

Here, we designed the dimensions of dc SQUID
using mainly the modulation parameter ;. The
dimensions of dc SQUID and the photo are shown
in Fig. 2(a) and (b), respectively. Some white parts
around a loop in Fig. 2(b) may be from over-
etching.

We designed the height of both junction stacks
to be 0.03 um to achieve an elementary junction
number of 20 junctions; the junction area was set
to be 3 um?. The loop area was 0.42 um? to achieve
a modulation period of 50 G. The calculated
inductance from the loop area, Ly = 1.25u,D [16],
is 20 pH, where D is the SQUID loop diameter and
Y, the vacuum permeability. The modulation
parameter f§; is 1.2, and 40% modulation depth is
expected when we disregard junction inductance.
Fig. 3(a) shows the /-V characteristics of a fabri-
cated dc-SQUID at the low-bias region. The
SQUID shows the typical /-V characteristics of
1JJs with an I of 12 A at 4.2 K. The IcRy product
of the SQUID is 14.4 mV, and Ry (1.2 kQ) is the
normal resistance of the device. Also, when we
considered the junction inductance (=1100 pH), 5.
is 6.4, and approximately 8% of the modulation
depth is expected. Magnetic field dependence on
I-V curves around zero bias region shows in Fig.
3(b) and (c). Fig. 3(b) shows the modulation of I
when we apply the magnetic field was biased in the
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Fig. 3. I-V characteristics of the 0.42 um? loop SQUID around the low-bias region at 4.2 K (a). Magnetic field dependence of the
critical current of the dc SQUID in larger magnetic fields (b) and in smaller magnetic fields (c).

range of 0-1.7 T. The modulation characteristics
of a weak magnetic field in the range of mT are
shown in Fig. 3(c).

In strong fields, the Fraunhofer pattern of
modulation periods 0.345 T was observed. Those
experimental plots correspond to the theoretical
values as shown in Fig. 4(a). Fig. 4(b) shows the
plots of Ic modulation as a function of the applied
magnetic field in a low magnetic field. Approxi-
mately 10% of the Ic modulation corresponding to
the value of f5; is observed. The modulation period
of 80 G approximately agrees with the calculated
value from the SQUID.

Until now, we explained that these phenom-
ena might be from the equivalent junction in-
ductance of a multi intrinsic Josephson junction.

The other possibility might also be explained by
the quantum effect in the superconducting closed
loop containing a series of Josephson junctions
[17].

In the case of SIS 11J, the output voltage will be
much higher than a single junction because the
output voltage will mainly depend on the IcRy
product. In other words, the series arrays of the
junction increase the IcRyn product because the Ic
is constant, while the Ry increases. Improving the
SQUID performance, we expect that the FIB-
fabricated 1JJs could be used as a part of an
integrated device.

This device fabrication method is possibly
applicable to circuits such as the small-loop
SQUIDs for use in digital circuits.
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Fig. 4. Experimental plots of /c modulation correspond to the
theoretical values. Modulation of I when we apply a larger
magnetic field (a) and in small magnetic fields (b).

4. Summary

We investigated the characteristics of micro-
machined dc SQUID formed by IJJs. The dc
SQUID junctions produced by FIB etching were
uniform and reproducible, with most of the junc-
tions displaying magnetic field dependence in a
strong magnetic field.

The FIB-etched dec SQUID junctions showed a
magnetic field dependence of /-V curves. In the
case of the 460-1JJs, we observed the Fraunhofer
pattern, which appears as a single 1JJ, although we
did not observe an interference pattern. This may
be caused by the multi-junction inductance around
a loop related to the modulation parameter ;. A
small number of elementary junctions need to be
made in a loop in order to find the interference

pattern of 1JJ dc SQUID. The observed modula-
tion period and depth of magnetic field correspond
to the designed values when we consider the
equivalent inductances around a loop.
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