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Abstract: The resonant properties of Cold-Electron Bolometers (CEBs) located at a 0.3 K cryostat
plate are measured using a 50 um long high-temperature YBa;Cu3O7_; (YBCO) Josephson junction
oscillator, placed on a 2.7 K plate of the same cryostat. For these purposes, a bunch of YBCO
Josephson oscillators with various lengths of dipole antennas and overlapping generation bands has
been developed and investigated in 50-500 GHz frequency range. Two setups of Josephson junction
placement were compared, and as a result, various narrow-band receiving systems with CEBs have
been measured, demonstrating the feasibility of the presented approach.

Keywords: high-T, Josephson junction; anisotropic grain-boundary; YBCO; cold-electron bolometer;
resonant properties

1. Introduction

An important task for the study of cryogenic narrow-band bolometric systems is to
develop a broadband radiation source with the possibility of continuous frequency tuning
in the selected frequency range from tens to hundreds of GHz. It is also desirable that
the emitting system is located inside the cryostat to avoid reflections from screens and
background illumination from open windows, as well as to decrease the internal noise
of an oscillator due to the lower operating temperature. As sensitive receivers, we use
Cold-Electron Bolometers (CEBs) [1,2] with direct electron cooling of the absorber, that
demonstrate photon-noise limited operation [3-5] and can potentially reach single-photon
level sensitivity in the cm wavelength range [6]. Earlier, it was reported on the frequency
response measurements of CEBs performed using a mercury arc lamp source [7], broadband
thermal sources [3-5,8], and external room temperature sources of THz range [9,10]. These
solutions are not very suitable in the case of a study of resonant narrow-band structures in
various frequency ranges. Therefore, we develop the concept of the source of the sub-THz
frequency range based on a bunch of long YBa,Cu3O;_; (YBCO) Josephson junctions (J]).

High critical temperature YBCO bicrystal long Josephson junctions [11-17] and
arrays [18,19] can be used for spectral calibration of sensitive low temperature receivers,
such as semiconductor single-photon detectors [20], bolometers [21-24] or integrated su-
perconducting heterodyne receivers [19,25]. Josephson YBCO generators are convenient to
use for the mentioned goals since their working frequency is connected with the voltage by
the Josephson relation and at the same time they have a broadband continuous frequency
tuning in the THz range [23].

In this work, for broadband frequency tuning, we use the so-called “travelling wave’
or “flux flow” regime that occurs in a long JJ [23]. If a J] is rather long with length L > A},
where A is the Josephson penetration depth, the train of Josephson vortices (fluxons)
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is created due to the effect of the magnetic field and radiated at an output edge after
propagation along the junction.

The aim of the current work is to compare two setups of Josephson junction placement
and to test various narrow-band detecting systems with Cold-Electron Bolometers to
demonstrate the feasibility of the suggested technique.

2. Experimental Setup

The used experimental setup consists of long YBCO Josephson junctions as tunable
THz sources, bolometers with direct electron cooling of the absorber as sensitive receivers
and various holders and horns, feeding the radiation from a source to a receiver.

In Figure 1, the photographs of YBCO ]Js inside the modified dipole antennas are
demonstrated. The distributed Josephson junctions on the basis of the YBayCu3Oy7_;
thin films were fabricated by the method of the preliminary topology mask [16,17] using
magnetron sputtering on 24°[001]-tilt Zr;_,Y,O, bicrystal substrate. This technology
assumes the preliminary deposition of cerium dioxide (CeO,) on the heated Zr;_,Y,O; (or
any other suitable) substrate as a buffer layer. Due to the high temperature, this buffer CeO,
layer provides an epitaxially clean surface; thus, the further deposition of theYBCO layer
will lead to a superconducting film. Using the photoresist mask, a structure of Josephson
junctions with electrodes is formed, and the further deposition of thick CeO; layer on a
cold substrate leads to an amorphous layer. The sputtering of YBCO film is performed
as the final stage of the fabrication process. In this case, the YBCO film, sputtered on the
epitaxially clean surface, becomes superconducting, but on the amorphous CeO; layer
it becomes insulating. Since the deposited superconducting structures have rather small
sizes, this method allows a small number of defects together with high electrophysical
properties of the films [17]. The Josephson junctions’ length was 50 um (along the grain
boundary) with 0.3 um film thickness. At the temperature T = 5 K, the achieved critical
current density is 370 kA/ cm? and the IR, product is 1.54 mV. The junctions are rather
long, with lengths much larger than the Josephson penetration depth A; = 0.6-0.9 um. The
oscillator chip is formed with six JJ structures placed inside the modified dipole antennas.
Since the generation of each junction can be continuously tuned from 0.05 to 2 THz [21], its
oscillation frequency is determined by the antenna band. The numbering of the structures
on the substrate is shown in Figure 1a. The scanning electron microscope (SEM) image of a
structure is presented in Figure 1b. Here, one can observe the YBCO film, deposited on the
epitaxially clean CeO;, buffer layer on Zr;_, YO, substrate (blue) and the walls (burgundy)
of a thick amorphous CeO; layer as a part of a preliminary mask layer.

To develop and study the oscillators based on high-temperature bicrystal Josephson
junctions we have used Cold-Electron Bolometer (CEB) array with broadband antennas [23],
that were developed in [5,10,26]. While these antennas receive signal at multiple harmonics
as well [23], they may limit the band of YBCO oscillator antennas, which has been improved
in comparison with [23]. The CEB represents double SIN (superconductor-insulator-normal
metal) junctions Al/Al,O3/Al-Fe/Al,O3/Al with tiny normal metal absorber made of
aluminum with 1 nm thin underlayer of Fe to suppress superconductivity, which also
allows achieving deep electron cooling [27]. The considered receiving systems are single
elements with double-folded slot antennas, connected by coplanar lines, as well as a
2-dimensional array of bow-tie antennas with CEBs. Both types of receiving systems allow
achieving rather narrow bandwidths. Besides photon-noise level sensitivity [3-5] and
cosmic rays immunity [28], one more advantage of the CEB is its tiny size of a few microns,
which allows depositing bolometers inside the antenna slots or coplanar lines without
any additional microwave lines. This allows to solve a problem of high signal losses in
long microstrip lines at high frequencies [29] and greatly simplifies the design of arrays [5],
allowing fabrication of resonant narrow-band systems with on-chip filters [30].
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Figure 1. Photograph (a) and SEM image (b) of a sample with structures of YBCO ]JJ generators.

To obtain the highest signal-to-noise ratio of the receiving system, two schemes of
the experimental setup inside a 300 mK closed-cycle Oxford *He refrigerator were tested,
see Figure 2. In both setups, the generator chip with JJs is attached to the sample holder
with 4 mm hyperhemisphere silicon lens, placed at the 2.7 K plate of the refrigerator. Since
the oscillators with their antennas are shifted together, even when the antennas are away
from the centre of the lens, the corresponding beams are guided by the horns, so for all
radiating structures, the signal reaches the used sensitive receiver and gives a response.
The copper-wire coil is used for the control of the magnetic field, perpendicular to the
Josephson junction boundary. A bolometer is placed on a 300 mK plate of the cryostat with
a lens or a horn placed on the front or back side of the silicon substrate depending on the
elaborated system. The receiver is covered by a copper shield to avoid radiation from other
directions [4,5]. The first configuration (Figure 2a) assumes the maximum response of the
detector, since the source of the sub-THz signal is as close as possible to the receiver: the
distance between the bolometer and the generator is 3 cm. In this case, the generator is
thermally coupled with a 2.7 K plate using a long brass rod. However, some overheating
and out-of-band radiation of the Josephson source lead to an increase in the receiver noise.
The second configuration (Figure 2b) assumes the location of the generator directly on
the 2.7 K plate far from the receiver. At the same time, in order to collect the maximum
part of the radiation and bring it to the bolometer, an oversized brass horn has been used.
Thus, it is possible to more effectively cool the generators when a bias current is passed
through them and to avoid the overheating of the receiving system by the out-of-band
radiation. However, the level of the received signal turned out to be much lower than
in the first case. The measurements have demonstrated that for the close location of the
emitter, the response is 15 times greater than for the second setup. At the same time, the
detector noise in the first case is 10 times larger. Thus, the signal-to-noise ratio for both
configurations differs slightly. This provides flexibility in carrying out measurements of
resonant bolometers. Each CEB structure is designed for different requirements of the
power level of the incident signal. To prevent saturation of the bolometer due to too much
power, we have the ability to move the generator closer or further from the receiver besides
certain power tuning by changing the oscillation regime with the magnetic field from the
phase rotation mode to the travelling wave regime [23]. Changing the Josephson junction
bias current, we can record the bolometric response and the central radiation frequency.
The bolometric response is defined as a voltage difference at a fixed bias current through
the CEB with and without the JJ radiation. The voltage on the YBCO generator directly
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determines the Josephson radiation frequency f = 2eVypco /7, where e is the elementary
charge and 7 is the Planck’s constant.
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with lens
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shield shield
heat sink heat sink

Figure 2. Schematic representation of two setups with closer (a) and remote (b) placement of YBCO
Josephson generators for the study of the amplitude-frequency characteristics of bolometers.

3. Experimental Results

For preliminary measurements of the radiation bandwidths of YBCO oscillators a
sample, representing array of broadband dipole antennas with CEBs [23] has been used. In
Figure 3, the response versus frequency of the same CEB sample to radiation from different
JJ structures is shown by solid curves. For comparison, dashed curves show the results
of electromagnetic simulations for these structures. The positions of the main radiation
maxima approximately coincide with theoretical expectations, while the widths of the
maxima in the experiment are somewhat smaller and are restricted by the CEB antennas,
since the bands of the modified dipole antennas, shown in Figure 1, are broader than the
previous ones, used in [23]. In addition, half harmonics and doubled harmonics are visible
on the measured amplitude-frequency characteristics (AFCs). The narrowing of resonant
curves and the appearance of half harmonics can probably be explained by the fact that
the modeling has not accounted for the possible back effect of resonant loading on the
dynamics of an essentially nonlinear system, which is a long Josephson junction. The
doubled harmonics have lower intensity than in the simulations. Perhaps this is due to the
fact that at such high frequencies, the Josephson generation becomes weaker due to the
effect of surface losses, increasing with frequency. The presence of other harmonics in the
AFC of the generators makes it possible to use them more flexibly to analyze the resonant
properties of bolometers. A total of 5 J] structures were studied, only three of which are
shown in Figure 3. In accordance with the designations of Figure 1, their main emission
maxima are as follows: str#0—222 GHz, str#1—257 GHz, str#2—380 GHz, str#3—180 GHz,
str#4—158 GHz. The advantage of using a bunch of JJ oscillators with different dipole
antennas for various frequencies (compared to using a single oscillator with a broadband
antenna) is due to the low impedance of such generators. It is known [11,31] that the
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impedance of YBCO Josephson junctions is normally not larger than a few Ohms. In this
case, unlike a broadband antenna with an impedance close to 50 Ohms, the dipole antenna
can be modified to match the impedance of the single JJ.
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str#3  str#l  str#2 I\ i
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—
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o

CEB Response [mV]

Figure 3. Amplitude-frequency response of a broadband bolometer to the radiation of three JJ
generators. Solid curves—measurements, dotted curves—electro-magnetic modeling of JJ antennas.
Structure notations correspond to Figure 1.

After characterizing the oscillators themselves, they have been used to study resonant
systems based on Cold-Electron Bolometers, whose AFCs are narrower than that of the
JJ oscillators. In Figure 4, the examples of the characteristics of three different receiving
systems designed for different tasks in different frequency ranges are demonstrated. Due
to the different response values of resonant bolometers, the figure shows the normalized
characteristics for clarity.

The black curve corresponds to the frequency response of the seashell 75 GHz antenna
with CEBs [30]. This antenna represents one polarization channel of the multichroic seashell
antenna system with polarization resolution, proposed in [32]. The internal resonance is
organized by a series resonance of the capacitance of the SIN tunnel junctions and A/2 slots
for 75 and 105 GHz. For proper RF matching, slots and CEBs are connected by coplanar
waveguides near the slot ends. Each CEB includes two SIN junctions with a nano-absorber.
Such single element receiving system is intended for powers below 1 pW [4].
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Figure 4. Frequency response of three resonant CEB structures, measured by YBCO Josephson
generators. The photographs show the elemental structure of the studied samples.

The blue curve corresponds to the response of the single receiving cell based on a
double-folded slot antenna with CEBs for the 220/240 GHz frequency range [24]. This
system is a combination of the double-folded slot antennas designed to receive signals of
various frequencies and is polarization sensitive. This antenna differs from the previous
one by two things. First, the coplanar lines are connected in the middle of each slot for
making the electromagnetic field distribution symmetric along the slot, and thus improving
the radiation diagram of the antenna. Second, we use the central electrode in each slot
for making narrower resonances of the receiving system. The coplanar line is also used to
match the low impedance of the bolometers and the high impedance of the slot antenna.
In addition, the length of the coplanar lines was adjusted to obtain the required operation
frequency. Conductors are connected to the lumped capacitances, providing direct current
or voltage bias of the CEB and connecting single antenna cells into a series or parallel
array, respectively.

Different from the two above described systems, the next analyzed receiver represents
many-absorber detector with multiple dipole type antennas, intended for LSPE mission [33]
with tens pW power range. The simulation results for this system have been recently
presented in [34], and here we demonstrate the first measurement results of the first
fabricated sample for the 210 GHz frequency range. This sample has 44 bow-tie dipole
antennas for 210 GHz frequency range. These dipoles are connected in parallel for DC to
further use this array with the SQUID readout. The length of a single dipole is 185 pum,
the wide end of a dipole petal is 60 pm and its narrow end, located near the Cold-Electron
Bolometer connection to the antenna, is 10 pm. Another difference of the current design
with the previous samples is the use of SINS structures with Andreev contact instead
of typical SINIS structures. Unlike two other structures, this system has been designed
to receive the signal from the side of antenna layer. However, preliminarily it has been
measured with signal radiation through the substrate; see the notations with arrows in
Figure 4. The corresponding curve of the CEB response is demonstrated in green with the
main maximum at about 170 GHz. After the check that this sample is working and has a
response, it has been bonded in another sample holder and in this case the radiation from
the antenna side has been supplied. The corresponding curve of the CEB response is shown
in red. In this case, one can observe the rather narrow bandwidth of the AFC in spite of the
used array with bow-tie antennas with the main frequency around 210 GHz as planned,
while the response is slightly smaller than in the case of radiation through the substrate.
We, therefore, demonstrate the feasibility of the presented approach for the low-noise
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characterization of narrow-band receiving systems with Cold-Electron Bolometers using
samples intended for various frequency and power ranges.

4. Conclusions

The investigation of THz properties of 50 um long YBCO bicrystal junctions has
been performed. The oscillator chip consists of several YBCO structures integrated with
the modified dipole antennas intended for various frequency ranges. For preliminary
measurements of frequency response of YBCO oscillators, an array of CEBs with broadband
dipole antennas was used. After characterizing the oscillators themselves, they were used to
study resonant narrow-band systems based on Cold-Electron Bolometers: single detecting
cells with double-folded slot antennas for 75 and 270 GHz and an array with multiple
bow-tie antennas for 210 GHz, considered as a prototype of antenna for the LSPE mission.
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