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Micrometer Scale Y-Ba—Cu-O SQUID Arrays
Fabricated With a Focused Helium Ion Beam

Ethan Y. Cho"”, Member, IEEE, Jay C. LeFebvre

Abstract—We present the fabrication and testing of microar-
rays of superconducting quantum interference devices (SQUIDs)
fabricated from the high-transition temperature superconductor
YBa,;Cu3z07_5 (YBCO). The arrays consisted of 84 SQUIDs, each
with loop area 25 pm?2, connected electrically in series with a
meander line structure. The entire array was contained in an area
of just 100 um X 100 gem. The Josephson junctions in the arrays
were directly written into YBCO thin films with ion irradiation
from a focused helium ion beam. We found that the electrical
properties can be controlled by changing the diameter of the ion
beam through selection of either a 20 or 5 m beam aperture. In
particular, larger aperture or beam size results in a weaker link
junction with higher operating temperature and smaller critical
voltage. The voltages across the dc-biased arrays were measured as
a function of magnetic field. The data exhibited maximum voltage
modulations of 300 .V at 65 K and 1 mV at 52 K for the 20 and
5 pm beam aperture, respectively. The magnetic field periodicity
for both arrays was approximately 30 T per flux quantum.

Index Terms—Focused helium ion beam (He-FIB),
superconducting quantum interference devices (SQUIDs), SQUID
array, YBa;Cuz;O7_s (YBCO).

1. INTRODUCTION

HERE has been a great deal of interest in arrays of super-
T conducting quantum interference devices (SQUIDs) for
magnetic sensors exhibiting, low noise, high sensitivity, and
large dynamic range [1]-[8]. Arrays connected electrically in
series have the advantage that the voltages from the individual
SQUIDs add, which yields a much larger voltage response
than that obtained from a single SQUID. The larger voltage
modulation in magnetic field eases requirements for unlocked
direct detection, which significantly increases the bandwidth of
the sensor. One disadvantage of using an array for sensing is
that the overall sensor area can become quite large as more
SQUIDs are added to the array. This places a practical limit on
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the upper frequency of operation because the sensor becomes a
distributed element sensor when its dimensions are of the order
of the wavelength of the signal being detected. In this article,
we present a square micro-SQUID array sensor with a linear
dimension of just 100 um per side corresponding to a lumped
element quarter wave frequency of 75 GHz.

II. EXPERIMENT

To fabricate micro-SQUID arrays, we chose to utilize high
transition temperature superconductor (high-7¢) ion irradiated
Josephson junctions fabricated with a focused helium ion beam
(He-FIB) [9]. This junction technology is very flexible and con-
ducive to high-density junction designs [10], [11]. Furthermore,
helium-irradiated Josephson junctions (HI-JJ) typically exhibit
larger IcR products [12] than prior-art masked ion damage
junctions [13], [14], where I¢ is the critical current and R is
the voltage state resistance.

We started with 25-nm-thick YBCO thin films grown by reac-
tive coevaporation [ 15] on sapphire substrates by Ceraco GmbH.
A 200 nm layer of gold was deposited by thermal evaporation
for electrical contacts. Large features, such as electrodes and
SQUID loops, were patterned with photolithography and argon
ion milling. Fig. 1 shows an optical picture of the device in a
square area with side 100 pm. The array contains 84 SQUIDs
connected in series, each with area 5 x 5 um? and spacing of
5 pm. The Josephson junctions were created by scanning a
31-keV helium ion beam from top to bottom across each loop
to deliver an irradiation dose of 6 x 10'%ions/cm? in a field of
view of 100 pm. Arrays were created using both 20- and 5-pm
beam apertures (samples Agg and Ajs). Changing from a larger
to smaller aperture has the effects of reducing the beam current
and diameter. For this experiment, the beam currents for the 20
and 5 um apertures were measured using the in-column Faraday
cup to be 8.4 and 0.8 pA, respectively. We estimate the beam
diameters to be 2 and 0.5 nm for the 20 and 5 pm apertures,
respectively.

III. RESULTS AND DISCUSSION

Samples were cooled in an evacuated pumped nitrogen cryo-
stat and measured from 77 to 45 K to determine the optimum
operation temperature—where the dc-biased array exhibited a
maximum voltage response to magnetic field. For samples Ay
and Ajs, the operation temperatures were found to be 65 and
52 K, respectively. Current—voltage characteristics (I-V") are
shown at these temperatures for both devices in Fig. 2.
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Fig. 1. Optical image of an array showing 84 SQUIDs connected in series with
a meander line. Josephson junctions were directly written into the material by
scanning a focused helium ion beam over each of the loops from top to bottom.
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Fig. 2. (a) I-V of Agp that operates at 65 K with resistance of 117 £2. (b)
I-V of As at 52 K with resistance of 160 €2.

The -V characteristics of Agy [see Fig. 2(a)] exhibit an
average SQUID critical current of approximately 15 pA and
average junction resistance of 2.8 {2 for a junction Ic R ~42 V.
Near zero voltage, the characteristic has pronounced rounding
likely due to both nonuniformity in critical currents and thermal
noise. The Josephson binding energy (Fy) is of the order of the
environmental thermal energy (kgT') at this temperature [16].

In contrast, Fig. 2(b) shows I-V of sample As. This array
required cooling to lower temperature but exhibits much bet-
ter critical current uniformity and resistively shunted junction
characteristics. The average junction voltage state resistance for
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Fig.3. (a) V-B of Ay array biased at 24 p1A exhibiting a modulation voltage
amplitude of 330 11V at 65 K. (b) V-B of A5 current biased at 43 ;1A exhibiting
a modulation voltage amplitude of 1.2 mV at 52 K.

As (Ras5) was 35% higher than that for Ayy and found to be
3.8 Q. This is about an order of magnitude higher than masked
ion irradiated Josephson junctions [17]-[20]. We speculate that
the use of the smaller aperture allows more defects to be con-
centrated into a smaller region that has a significant effect on
electrical properties [21]. The critical currents of the junctions
in this array were about 35 A and over a factor of 2 higher than
Ay, yielding an average junction IcR ~133 pV. We remark
that an increase in Ic R is expected when operating at lower
temperatures because the superconducting energy gap becomes
larger [9].

The devices were dc biased above critical current and the
voltage was measured as an externally applied magnetic field
was swept between +90 pT. The largest amplitude of the voltage
magnetic field response (V-B) was observed to be 0.33 and
1.2mV for samples Agg and A; and is shown in Fig. 3. This factor
of 3.6 difference is in good agreement with our estimates of /¢ R
for the two devices from Fig. 2. The magnetic field periodicity
for Ay and As were found to be 28.8 pT. This corresponds
to a SQUID effective area of 70 um?. We attribute the larger
effective area than the physical area to be due to flux focusing
from the electrodes. The maximum transfer factors for Ay and
As were found to be 35 and 132 iV pT— 1

In Fig. 4, we show the critical current as a function of an
external magnetic field (/c—B) of sample Ayj. The interference
pattern from the SQUIDs as well as the junction Fraunhoffer
envelope is clearly visible. The SQUID oscillation is 3.4 pA
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Fig. 4. Critical current modulation by external magnetic field (Ic—B) of the
same array in Fig. 3(a). The plot shows two distinctive magnetic field periods
for the junction and the SQUIDs at 65 K.

deep and about 45% of the total /¢ modulation indicating
Lic

the inductance parameter 3, = o 1s approximately 1.2 [22]
where L is 165 pH. This is much larger than what we expect
for a single SQUID [23]. We attribute the larger inductance
to mutual inductance between the loops [24]. From the data,
we estimate the periodicity of the Fraunhoffer pattern to be
188 uT. Using the planar junction model by Rosenthal et al. [25],
AB = 1.84® /w?, this period corresponds to a junction width
of 4.5 pum, which is in excellent agreement with our lithograph-

ically defined dimension of 4.5 pum.

IV. CONCLUSION

The data presented show that the HI-JJ process is well suited
for making micro-SQUID arrays with excellent electrical prop-
erties. These devices have higher resistances than conventional
broad beam masked ion irradiated junctions, which result in
higher voltage output. By controlling the beam aperture and
using a wider beam devices can be made for operation closer
to T¢c. Alternatively, a smaller aperture can be utilized to create
a narrower beam to make devices with higher resistance and
critical current albeit at the expense of operation temperature.
The direct-write helium ion YBCO single-layer process is a pow-
erful technique for applications that require aggressive scaling
to small dimensions. Such as high-frequency sensing where the
size of the device should be less than the wavelength. The control
afforded by the He-FIB opens up more complex geometries for
high-frequency SQUID array circuits.
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