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We report our progress in the high-temperature superconductor (HTS) Josephson junction fabrication process
founded on using a focused helium ion beam damaging technique and discuss the expected device performance
attainable with the HTS multi-junction device technology. Both the achievable high value of characteristic
voltage Vc = IcRN of Josephson junctions and the ability to design a large number of arbitrary located Josephson
junctions allow narrowing the existing gap in design abilities for LTS and HTS circuits even with using a single
YBCO film layer. A one-layer topology of active electrically small antenna is suggested and its voltage response
characteristics are considered.
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I. INTRODUCTION

Superconductive electronics technologies leverage the dis-
tinctive macroscopic quantum phenomena exhibited by su-
perconductors. These phenomena include superconductiv-
ity, magnetic flux quantization, and the effect of macroscopic
quantum interference and Josephson effect [1–3], which are
applicable across a wide range of frequencies from direct cur-
rent (dc) to very high frequencies. The performance of the
Josephson junctions deteriorates at frequencies higher than
the characteristic Josephson junction frequency

Fc =Vc/Φ0 = IcRN/Φ0, (1)

where Vc, Ic and RN are the junction characteristic voltage,
critical current, and resistance in the normal state, respec-
tively, and Φ0 = h/2e represents the flux quantum. Fc can
reach hundreds of gigahertz and beyond. In addition, losses
in superconductors remain low until reaching the gap fre-
quency [3] (for example, the gap frequency of Nb is about
700 GHz). The various superconductive electronics devices
have been well developed [3] with some characteristics, which
are difficult to attain using semiconductive electronic circults.
The characteristics also promote a diverse range of digital
and mixed-signal superconductive circuits, namely analog-to-
digital converters (ADC) [4–8] and integrated digital circuits
[9], including prototypes of microprocessors [10–12] , which
can operate at frequencies with tens of gigahertz and even
higher [13] These devices are powered by the Rapid Single
Flux Quantum (RSFQ) logic [14–22], which operates using
single flux quanta of magnetic flux Φ0 = h/2e for data sig-
nals and clock. In the RSFQ circuits, a single switching event
of an overdamped Josephson junction (at RNC < 1/(2πFc),
where C is the capacitance of a junction [4]) with a typi-
cal Ic ∼ 100 µA consumes an extremely low energy of EJ =
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Φ0Ic ∼ 10−19 J. Moreover, the switching time τ of the junc-
tion is about 10−12 s, allowing for clock frequencies in the
hundreds of gigahertz range (e.g. see [13]).

Multiple Josephson junction devices can essentially im-
prove the sensitivity and bandwidth of superconducting ana-
log devices. Among them are SQUID-based array amplifiers
[23], traveling wave parametric amplifiers [24–27], as well as
Superconducting Quantum Filters (SQIFs) [28, 29] and Su-
perconducting Quantum Arrays (SQAs) [30] allowing imple-
mentation of highly sensitive active electrically small anten-
nas (ESAs) capable of providing both the reception and am-
plification of an incident electromagnetic wave [31, 32]. Such
broadband ESAs can improve overall performance of super-
conductive broadband digital-rf receivers based on direct sig-
nal digitization allowing then digital extraction of customiz-
able sub-bands [33, 34]. As reported in [35–37], the receiv-
able signal frequency can be ranged from VHF to K frequency
bands.

These advances in the superconductive electronics have
been achieved mainly by the use of low-temperature super-
conductors (LTS) and first of all a niobium fabrication pro-
cess based on using tunnel Josephson junctions [3] with alu-
minum oxide barrier (e.g. see [38]). The implementation of
high-temperature superconductor (HTS) devices, other than
the simplest ones containing only a few Josephson junc-
tions, poses a stiff challenge because of substantial design re-
strictions within the grain-boundary junction fabrication tech-
niques (with either bi-crystal or step-edge or ramp-edge junc-
tions) [3] which have been generally used until now. In spite
of that, much simpler array-type HTS structures but composed
of great deal of Josephson junctions were nevertheless real-
ized using fabrication technique of step-edge Josephson junc-
tions [39]. Such a SQIF-like 2D network containing in whole
54000 SQUIDs showed a magnetic field to voltage transfer
function with a central peak value of approximately 8 mV and
a highly linear central peak portion around 4.5 mV [39].

About a decade ago, an ion damaging technique was pro-
posed to perform a controllable local suppression of super-
conducting properties of HTS films down to metallic or even
to dielectric properties. When a focused ion beam is used,
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it enables forming a narrow barrier across a superconduct-
ing strip to realize a weak link between the strip parts and
hence a Josephson junction with characteristics depending on
irradiation dose [40]. Such a technique provides basis for
a highly promising fabrication process enabling creation of
high-quality multi-junction HTS devices. In fact, one can re-
fer to [41–43] where the ion-beam damaging impact on HTS
films of YBa2Cu3O7-x (YBCO) has been already used to fab-
ricate series SQIFs consisting of 300 to 2000 dc SQUIDs.
Being in an unshielded magnetic environment, these devices
were able to measure magnetic signals as low as a few pT in a
frequency band ranged up to 1.125 GHz. Besides, the devices
showed a linear voltage response over 7 decades in RF power,
that is a highly encouraging achievement.

In this paper, we report our progress in the HTS Josephson
junction fabrication process founded on using a focused he-
lium ion beam damaging effect and discuss the expected de-
vice performance attainable for the HTS multi-junction device
technology.

II. PROGRESS IN HTS JOSEPHSON JUNCTION
FABRICATION

The localized impact of the helium ion irradiation on a
YBa2Cu3O7-x (YBCO) HTS film provides a local damage of
the film structure resulting in local degradation of the film su-
perconducting properties with irradiation dose down to nor-
mal metal conductivity and then to dielectric behavior [40].
By using the focused helium ion beam, the damaged film area
across a film strip can be made very narrow to provide weak
electric coupling between the strip parts of metallic or tun-
nelling types that enables forming Josephson junctions which
can have properties of SNS to SIS type junctions.

We used YBCO films deposited on STO substrates by
pulsed laser deposition (PLD) technique. The films de-
posited at high oxygen pressure are grown epitaxially together
with the substrate and therefore are highly crystalline with
a highly uniform crystal orientation. Furthermore, the films
deposited at high oxygen pressure also demonstrate a reason-
ably low microwave surface resistance of about 0.7 mΩ (77 K,
9.4 GHz) [44].

To fabricate and study the focused helium ion beam Joseph-
son junctions, 4 µm-wide film bridges (with 4 electrodes
to enable four-point measurement of IV curve) were pat-
terned with electron beam lithography (EBL) on a 35 nm thick
YBCO thin film with an in situ deposited Au layer on the top.
The Au layer on the bridges was removed by wet etch. Next, a
35 kV helium beam was written on the bridges by crossing the
4-µm-wide superconducting film bridges to form the narrow
damaged areas and hence to form Josephson junctions with
irradiation dose changing from 100 ions/nm to 700 ions/nm.
Resistance of the damaged area as a barrier between the film
strip parts shows the temperature dependence corresponding
to the metal type barrier at a lower dose and gradually varying
to the insulator type barrier with the dose increase.

Figure 1 shows IV curves (a), critical current Ic, normal
resistance RN , and their product (characteristic voltage) IcRN

(b) of the Josephson junctions written with an irradiation dose
of 200 ions/nm, which are measured at different temperatures
of 40, 50, 60 and 70 K. At 40 K, the critical current value is
about 0.5 mA, while the normal resistance is about 0.8 Ω, that
results in the characteristic voltage value Vc ≃ 0.4 mV. As
shown in Fig. 1b, the normal resistance decreases with tem-
perature decreasing and hence manifests a normal metal type
of the junction barrier.

Figure 2 shows IV curves (a), critical current Ic, normal re-
sistance RN , and their product (characteristic voltage) IcRN (b)
of the Josephson junctions written with a dose of 300 ions/nm,
which are measured at different temperatures from 5 K to
50 K. At 40 K, the critical current value is about 0.14 mA,
while the normal resistance is about 1.19 Ω, that results in the
characteristic voltage value Vc ≃ 0.16 mV. For this junction,
the normal resistance first decreases but then increases with
temperature decreasing, indicating a barrier property some-
how between metal and insulator.

(a)

(b)

FIG. 1: IV curves (a), critical current Ic, normal resistance
RN (b), and their product (characteristic voltage) IcRN (inset)
of the Josephson junctions fabricated using a helium dose of
200 ions/nm, which are measured at different temperatures:

40, 50, 60 and 70 K.
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(a)

(b)

FIG. 2: IV curves (a), critical current Ic, normal resistance
RN (b), and their product (characteristic voltage) IcRN (inset)
of the Josephson junctions fabricated using a helium dose of
300 ions/nm, which are measured at different temperatures:

5, 20, 30, 40 and 50 K.

Further increasing the helium dose, Fig. 3 shows IV curves
(a), critical current Ic, normal resistance RN , and their prod-
uct (characteristic voltage) IcRN (b) of the Josephson junc-
tions fabricated using a dose of 400 ions/nm, which are mea-
sured at different temperatures from 5 to 40 K. At 40 K, the
critical current value is about 60 µA, while the normal resis-
tance is about 2 Ω, that results in the characteristic voltage
value Vc ≃ 0.12 mV. For the junction written with a dose of
400 ions/nm, the normal resistance increases with tempera-
ture decreasing in contrast to the junctions written with a dose
of 200 ions/nm. This fact indicates rather insulator-close type
of the junction barrier. Hence, by simply controlling the he-
lium dose parameter, the barrier characteristic can be regu-
lated gradually, which benefits the following multi-junction
device designing.

As one can see from Figs. 1 to 3, the fabricated HTS
Josephson junctions show IV curves closed to the ones cor-
responding to the resistively shunted junction model (RSJ

model) [2]of overdamped Josephson junctions (when the ca-
pacitive parameter, usually called as Stuart-McCumber pa-
rameter, βc = (2e/ℏ) IcR2

NC ≪ 1, where C is the junction ca-
pacitance) [2]. This is just the type of the junctions which
are needed for designing a major part of the promising su-
perconductor devises. Moreover, the obtained characteristic
voltage values Vc ≃ (0.12 to 0.4) mV at 40 K are quite high
and comparable with the ones of the resistively shunted Nb
tunnel junctions.

III. DISCUSSION

Main advantages of the focused helium ion beam fabrica-
tion technique developed and reported here are: (i) the achiev-
able high value of the characteristic voltage Vc = IcRN of the
YBCO Josephson junctions; (ii) the controllable barrier char-
acteristic; (iii) the ability to design a large number of arbitrary
located Josephson junctions. These facts allow narrowing the

(a)

(b)

FIG. 3: IV curves (a), critical current Ic, normal resistance
RN (b), and their product (characteristic voltage) IcRN (inset)
of the Josephson junctions fabricated using a helium dose of
400 ions/nm, which are measured at different temperatures: 5

to 40 K.
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FIG. 4: Schematic layout of the one-layer active ESA based
on using DSQUID [45]. Superconductor film strips are

shown by blue color, while normal metal lines (wires for
connection) are shown by green color. The antenna contains

quadratic superconducting strip loop and two dc SQUIDs
connected with an independent dc current biasing in parallel.
Two current sources each applying dc bias current Ib ≃ 2Ic
are connected to points 1, 2 and 3, 4, respectively. Points 2

and 4 can be connected via some resistors to a common
ground. An incident electromagnetic wave (namely, a flux of

its magnetic field component) induces circular screening
current in the superconducting loop. This current applies

magnetic flux to both dc SQUIDs. An additional source of dc
current Im is connected to points 5,6 to apply magnetic flux

Φm ≲ Φ0/4 to each of the dc SQUIDs but with opposite
signs. The antenna output voltage V =V1 −V2 is measured

between points 1,3.

existing gap in design abilities for LTS and HTS circuits even
with using only single HTS film layer.

The attainable increase in the characteristic voltage of the
used Josephson junctions essentially improves device perfor-
mance (by increase in output voltage and signal frequency
band) of all Josephson junction devices, including the sim-
plest ones containing single dc SQUID or two dc SQUIDs.
One of such highly promising devices is active broadband re-
ceiving electrically small antenna (ESA) based on using dif-
ferential dc SQUID circuit (DSQUID) [45]. Figure 4 shows
a schematic of the active ESA which can be formed on chip
of very small size such as 5 by 5 mm2 or even less. The an-
tenna contains quadratic superconducting strip loop and two
dc SQUIDs with an independent dc current biasing in paral-
lel. Two current sources each applying dc bias current Ib ≃ 2Ic
are connected to points 1, 2 and 3, 4, respectively. A circular
screening current is induced by an incident electromagnetic
wave (namely, by a flux of its magnetic field component) in
the superconducting loop, and therefore applies equal mag-
netic fluxes to both dc SQUIDs. An additional source of dc
current Im is connected to points 5,6 to apply magnetic flux
Φm ≲ Φ0/4 to each of the dc SQUIDs but with opposite signs
to shift voltage responses of the dc SQUIDs in opposite direc-
tions. As far as a form of the voltage responses (at the critical

current biasing Ib ≃ 2Ic is very close to parabolic law, dif-
ference of the voltage responses, which is an antenna output,
measured between points 1,2 shows linear response to the in-
cident wave. This linear response range allows peak-to-peak
value of the signal magnetic flux, applied to the dc SQUIDs,
up to about Φ0/2.

Figure 5 shows the voltage responses V1, V2 of both dc
SQUIDs and resulting voltage response of the antenna V =
V1 −V2 obtained by numerical simulation using PSCAN soft-
ware [46, 47]. Maximum swing of the antenna voltage re-
sponse can be as high as 2Vc when normalized inductance of
dc SQUIDs

l =
2πIcL

Φ0
(2)

is much less than 1 (see [2, 3]) or about 1.4Vc at l = 2 as seen
from Fig. 5. At a fixes size of dc SQUID loops and hence its
inductance L sensitivity of the ESA rises proportionally to lin-
ear size a of the antenna loop. In fact, the signal magnetic flux
applied to the dc SQUIDs is proportional to screening current
Iant = BSant/Lant induced in the antenna loop (where B is the
magnetic field component perpendicular to the antenna chip
plane, Sant is the antenna loop size, and Lant is the antenna
loop inductance) and this current rises proportionally to the
size a since Sant is proportional to a2, while Lant is propor-
tional to a.

Further development of the active electrically small antenna
(ESA) can be obtained by replacing two dc SQUIDs by two
parallel arrays of Josephson junctions, i.e. with realizing a
particular case of active ESA based on SQA (superconduct-

FIG. 5: Voltage responses V1, V2 of both dc SQUIDs with
l = 2 and resulting voltage response V =V1 −V2 of the
antenna at Ib = 2.1Ic obtained by means of numerical

simulation using PSCAN software [46, 47]. Here Φe is the
magnetic flux applied to each of dc SQUIDs;

Φe = ΦexM/Lant, where Φex is the flux applied to the antenna
loop area by an incident electromagnetic wave, Lant is the
antenna loop inductance, and M is the mutual inductance

between the antenna loop and dc SQUID loop. Voltage scale
is given for the case of using YBCO Josephson junctions

with characteristic voltage Vc = 0.4 mV).
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ing quantum array) [30] composed of differential unit blocks
[32]. Such a design approach can be used also to develop
high-performance rf amplifiers.

The use of multi-junction array structures like SQAs [30]
or SQIF [28, 29] enables an increase of overall device per-
formance, including increase in dynamic range of the multi-
junction devices, through increase in signal-to-noise ratio
(SNR) with the number N of unit cells proportional to

√
N.

In fact, as long as intrinsic fluctuations in array cells are in-
dependent, spectral density of the low-frequency voltage fluc-
tuations (at the signal frequency Ω) across the serially con-
nected N cells Sv(Ω) = NS0

V (Ω), where S0
V (Ω) is the spec-

tral density across one cell. Thus, the rms fluctuation volt-

age VF =
√

NS0
V (Ω)∆Ω , where ∆Ω is the frequency band,

increases as
√

N, whereas both the maximum output signal
Vmax and transfer factor VΦ = dV/dΦ of the flux Φ to volt-
age V transformation increases as N. Therefore, dynamic
range DR = Vmax/VF increases as

√
N. In case of N cells

connected in parallel, both the maximum output voltage Vmax
and transfer factor VΦ don’t change with N, while the spectral
density of the low frequency current fluctuations becomes N
times higher than the one for one cell S0

I (Ω), and therefore

the rms fluctuation voltage VF = R0
d

√
NS0

I (Ω)∆Ω/N, where

R0
d = dV/dI is differential resistance at operation point on

IV curve of one cell, decreases as 1/
√

N, and hence dynamic
range DR =Vmax/VF increases also as

√
N.

IV. CONCLUSION

The obtained progress in the HTS (YBCO) Josephson junc-
tion fabrication process founded on using a focused helium
ion beam damaging technique enables achieving characteris-
tic voltage value Vc = IcRN up to about 0.4 mV and poten-
tially higher. Both the high value of Vc of Josephson junctions
and the ability to design a large number of arbitrary located
Josephson junctions allow narrowing the existing gap in de-
sign abilities for LTS and HTS circuits even with using a sin-
gle HTS film layer. A one-layer topology of active electrically
small antenna is suggested and the antenna voltage response
characteristics are considered. Such a design approach can
be also used to develop high-performance rf amplifiers. Fur-
ther development of the active devices can be obtained by us-
ing multi-junction array structures like SQAs which enables
an increase in overall performance, including increase in dy-
namic range of the multi-junction devices, through increase
of signal-to-noise ratio (SNR) with the number N of unit cells
proportional to

√
N.
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