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Abstract. In some practical applications, devices based on
superconducting electronics, due to their unique set of para-
meters, are far superior to those based on conventional technol-
ogies, being in some cases the only viable option. One of the
most advanced areas is the development of ultra-sensitive tera-
hertz-range receivers: their operating frequency has reached 1
THz, and the noise temperature is only limited by quantum or
photon noise.
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1. Introduction

Due to the unique characteristics of superconducting ele-
ments, ultra-sensitive receiving systems can be created on
their basis in an extremely wide frequency range [1-3]:
magnetometers based on superconducting quantum interfe-
rometers (SQUIDs) [4-6] can measure ultra-low magnetic
fields with frequencies starting from fractions of a hertz, and
detectors based on superconducting tunnel junctions (STJs)
make it possible to detect X-rays with an energy of several
keV and gamma rays with an energy of tens of keV [7, 8]. The
sensitivity of SQUIDs enables measuring fields at the level of
10-° of the magnetic flux quantum @, and creating magne-
toencephalographs for brain research [4, 5]; superconducting
single-photon detectors (SSPDs) [9-11] can be used to detect
single photons with a wavelength of less than 10 um, and the
energy resolution of the STJ is units of eV.

In addition, based on Josephson elements, a whole range
of devices can be developed, intended not only for receiving
signals but also for further processing of the received
information. These include superconducting parametric
amplifiers with a noise temperature significantly lower than
the physical one [12-14] and information processing systems
based on single-quantum digital devices (Rapid Single Flux
Quantum, RSFQ) [15, 16]. It should be noted that the first
RSFQ circuits were manufactured and studied at the
Kotelnikov Institute of Radio Engineering and Electronics
(IRE) of the Russian Academy of Sciences back in 1986 [17],
and shortly after that an 8-bit superconducting analog-to-
digital converter (ADC) was manufactured and tested [18].
Research into single-quantum digital devices was then
successfully continued in many laboratories around the
world. Currently being actively developed are interface
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superconducting circuits of fast single-quantum logic for
communication with quantum bits (qubits) and control of
superconducting quantum systems at ultra-low temperatures
[19, 20].

The development of ultra-sensitive receivers in the
terahertz (THz) range is one of the most actively and
successfully developing areas of superconducting electron-
ics, where the potential of superconducting systems has been
fully realized [21-25]. This is explained by both the extremely
high nonlinearity of superconducting elements and their
extremely low intrinsic noise due to the quantum nature of
the elements and the cryogenic operating temperature, which
makes it possible to create THz-range receiving systems with
unique parameters unattainable for devices based on other
principles. Since the accumulation time for receiving ultra-
weak signals and detecting ultralow concentrations of
substances is proportional to the noise temperature squared
of the device used, receivers based on superconducting
junctions make it possible to significantly reduce the observa-
tion time. Superconducting receivers are currently standard
devices used in most ground- and space-based radio tele-
scopes around the world, designed to explore fundamental
issues related to the origin of the Universe. Many applications
require a spectral resolution Af/f better than 107%; such a
resolution can only be achieved using heterodyne receiving
systems. A heterodyne mixer converts an incoming weak
input signal to a lower intermediate frequency (IF) without
phase loss; the spectrum of the IF signal is the same as the that
of input signal, but shifted down in frequency by the local
oscillator frequency.

Mixers based on superconductor—-insulator—supercon-
ductor (SIS) tunnel junctions [21, 22, 26, 27] are the most
sensitive input devices in heterodyne receivers at frequencies
f ranging from 0.1 to 1.2 THz. The operation of the SIS mixer
is based on the strong nonlinearity of the tunneling current on
the current-voltage characteristic (I— V' characteristic) of the
SIS junction; this nonlinearity is due to the tunneling of
quasiparticles between two superconductors separated by a
very thin oxide insulating layer. A quantum mechanical
model [21, 26] is used to calculate the tunneling current
under the action of the local oscillator signal; this process is
called photon-induced stimulated tunneling. As a result of
this process, quasiparticle-current steps appear on the I—V
characteristic of the SIS. By their nature, SIS mixers can
provide gain conversion. Important advantages of SIS mixers
are low power requirements for the local oscillator and very
low intrinsic noise [21, 22, 26, 27]. The noise temperature of
the mixer in the double-side band (DSB) mode is limited by
the quantum value Af/(2kg) [28], where & and kg are the
Planck and Boltzmann constants, respectively. It is for this
reason that SIS mixers have already been successfully used for
both space missions and ground-based radio telescopes [23,
24, 29].

2. Tunnel SIS junctions

Tunnel SIS junctions are the main elements of most devices
and circuits of superconducting electronics. To obtain tunnel
structures, the applications of which are reviewed here, we
used equipment that is part of the Unique Scientific Installa-
tion (USI) Cryointegral, a technological and measuring
complex for the manufacture of superconducting nanosys-
tems based on new materials [30], which was created at the
Kotelnikov Institute of Radio Engineering and Electronics,

Russian Academy of Sciences. This complex is a unique
facility and, according to published data, the only one in
Russia where high-quality niobium-based tunnel junctions
can be produced. Over the past few years, a technology has
been developed for the fabrication of Nb—AlO,—Nb tunnel
junctions with high current density and low leakage [31-33].
On their basis, a technology was developed for producing
multilayer chips containing up to 1000 elements; the technol-
ogy was optimized to increase the degree of integration and
yield of working circuits.

Several new technological processes and methods for
producing superconducting tunnel junctions with record
parameters have been developed. The established technology
for manufacturing high-quality tunnel junctions has been
used in a number of fundamental physical studies and
experiments. In particular, this technology has been used to
manufacture annular tunnel junctions withstanding more
than 10,000 thermal cycles, which have been used to explore
spontaneous symmetry breaking by forming fluxons during a
rapid transition through the critical temperature of a tunnel
structure (Zurek—Kibble mechanism) [34]. Using this technol-
ogy, ultra-sensitive SQUID magnetometers [6, 35] and
elements of metamaterials based on superconducting quan-
tum interferometers have been developed and successfully
implemented; metamaterials with tunable negative magnetic
permeability have been created and their characteristics
measured [36, 37].

2.1 Nb—AlO, —Nb tunnel junctions
To achieve the performance limits of receiving systems, SIS
tunnel junctions with an extremely low leakage current below
the gap voltage V', and minimal spreading of the energy gap
0V, are required. This is especially important for low-
frequency devices (f < 300 GHz), since 8V, should be much
smaller than the size of the quasiparticle step /f/e, and the
leakage current at a bias voltage of about ¥, — /f/2e (in the
middle of such a step) determines the mixer noise. A well-
proven technology for the production of Nb—AlO,—Nb
tunnel junctions is based on the capability of a very thin Al
layer (5-7 nm thick) to completely cover the base Nb
electrode, effectively planarizing the columnar microstruc-
ture of the Nb film. This Al layer is subsequently oxidized,
and then the upper Nb electrode is deposited on the oxidized
layer, forming the so-called three-layer structure [38, 39].

Due to the proximity effect and the presence of a normal
aluminum layer near the tunnel barrier, a well-pronounced
knee-shaped structure appears on the 7— V' characteristics of
the Nb—AIlO,—Nb junctions at voltages slightly above V,
(Fig. 1a). The exact shape of the /—V characteristic of the
Nb/Al-AlO,/Nb (S — S’/1/S) tunnel junction depends on
the density of states of the quasiparticles in the S’ layer (Al).
This density of states for Nb/Al bilayers was calculated using
the microscopic proximity effect model [40]. The model
assumes a small mean free path of electrons (dirty limiting
conditions) in both S (Nb) and S’ (Al) materials. The
dependence of this effect on the parameters of the tunnel
structure was experimentally studied in [41]. The presence of a
knee-shaped structure on the 7/—V characteristic leads to
features on the quasiparticle steps (Fig. 1a), which in turn
leads to instability and nonlinearity of the mixer operation at
some frequencies.

To obtain a knee-free /—V characteristic, the Al layer
thickness must be minimal (da; < 3 nm). An aluminum layer
this thin cannot continuously cover the surface of the lower



November 2024

Superconducting terahertz receivers

1141

125

100 |~

-
[
T

Current, pA
i
(=]
T

(3]
[9)
T

Voltage, mV

200
b
Nb 100 nm
| ] Al,O3 | nm
L0 Al 5nm
< Nb 50 nm
= Al 5nm
E’r 100 —Nb 150 nm
5]
=)
S
50
0 | |
0 1 2 3 4 5

Voltage, mV

Figure 1. Experimental current—voltage characteristics of mixing elements: (a) Nb—AlO,—Nb SIS junction manufactured using conventional
technology; (b) Nb/Al/Nb—AlO, —Nb SIS junction with an additional Al interlayer. Solid curve shows autonomous current-voltage characteristics.
Dashed-dotted line shows current—voltage characteristics under the effect of a local oscillator at a frequency of 262 GHz at optimal power.

electrode, which is formed by a thick 200-nm Nb film,
having a columnar structure [42, 43]. A thin Nb electrode
(dnb < 50 nm) has a smoother surface and is completely
wetted by Al down to a thickness of daj = 3 nm, the Rj/R,
ratio (the quality parameter defined as the ratio of the below-
gap resistance to the normal resistance) remaining at about 40
for all aluminum thicknesses used [41]. SIS junctions with a
thin lower electrode feature an almost ideal /— ¥V character-
istic, but are of little use for high-frequency applications, since
dnb < Znb = 90 nm (the penetration depth of the magnetic
field), which significantly increases the inductance of micro-
wave elements. To resolve this problem and realize knee-free
junctions with a thick lower electrode, structures with an
additional Al interlayer in the lower Nb electrode were
proposed [41]. Then, the order parameter in the thin Nb— Al
bilayer becomes spatially uniform and the density of states is
close to that predicted by the Bardeen—Cooper—Schrieffer
theory (BCS). Thus, in the Nb/Al,qq/Nbaqq —Al/AlO . —Nb
structure, the knee disappears, and the 7— ¥ characteristic
becomes close to ideal. The obtained results demonstrate the
possibility of ‘tuning’ the shape of I—V characteristics of
tunnel junctions by selecting the thickness of the layers in the
composite lower electrode. The current—voltage characteristic
of the Nb/Al/Nb—AIlO, —Nb mixing element (with an area
of about 1 pm?) with an additional Al layer in the lower
electrode, measured in the voltage bias mode, is shown in
Fig. 1b; the critical current of the SIS junction is suppressed
by a magnetic field [33]. The normal resistance of the SIS
junction R, = 22 Q; the quality factor, characterized by the
ratio of the below-gap resistance to the normal R;j/ Ry, reaches
40; the value of the energy gap V,=2.8 mV; and the
spreading of the gap feature 6V, is approximately 0.1 mV.
These are the characteristics required to create receiving
systems with a quantum limited noise level.

2.2 Nb—AIN-NbN tunnel junctions

Junctions with a high tunnel current density allow increasing
the operating frequency of SIS receivers and expanding their
bandwidth. However, there is a limit to enhancing the barrier
transparency for SIS junctions based on aluminum oxide.
This limit is about 10-15 kA cm~2; with a further increase in
current density, the quality of the junctions sharply deterio-
rates. To overcome this limitation, a technology was devel-
oped for manufacturing Nb—Al/AIN—Nb tunnel SIS junc-
tions with extremely high transparency of the tunnel barrier
by nitriding the Al surface in a plasma RF discharge. Such SIS

junctions feature a fairly good ratio Rj/R, > 10 at very high
current densities of up to 100 kA cm ™~ [44, 45].

The parameters of tunnel structures were further
improved by developing a technology for manufacturing
circuits based on three-layer Nb—AIN—NbN structures,
where niobium nitride instead of niobium is used as the top
electrode [46, 47]. The use of such structures makes it possible
not only to enhance the tunnel current density but also to
significantly increase the total gap voltage V', of the junction
from 2.8 to 3.7 mV. This advancement significantly increases
the operating potential of structures at high frequencies (over
700 GHz), when the size of the /f/e photonic step exceeds V.
In addition, at high current densities for Nb—AIN—NbN
junctions, the quality parameter determined by the ratio of
the below-gap resistance to the normal resistance, Rj/Rn,
turns out to be noticeably larger than for purely niobium
junctions [33, 46, 47] (Fig. 2). The R;/R, ratio reaches 20 at a
tunnel current density of 70 kA cm~2, which indicates the high
quality of the tunnel barrier obtained by nitriding a thin
aluminum film in a high-frequency plasma discharge (Fig. 3a)
[46, 47]. All these advancements made it possible to increase
the operating frequency of SIS receivers, expand their band,
and create ultra-sensitive receivers operating in the 100-
1000 GHz range. However, to ensure good matching
between junctions with such a high current density and the
antenna, submicron SIS junctions are needed.
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Figure 2. Quality parameter R;/R, as a function of density of tunneling
current in SIS junctions of various types [47].
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2.3 Electron beam lithography

Electron beam lithography (EBL) is one of the most
promising methods for producing nanostructures intended
for research purposes, since it allows rapid changes in the
design of individual elements and the microcircuit as a whole
and provides high reproducibility of results in the submicron
region of tunnel junction sizes [48]. Submicron SIS junctions
can be produced by direct lithography —direct exposure of
the sample surface using EBL. The advantages of electron
lithography are high resolution and the ability to quickly alter
exposed structures by simply modifying the computer
program. The alignment of the topology pattern on adjacent
fields within one process layer is ensured by a precision
measuring system based on a laser interferometer. The
design of the microstructure topology should be developed
in such a way that the circuit elements with critical dimensions
do not fall on the field boundaries. For electron exposure, a
Raith e_LiNE lithograph with a maximum processing field of
the electron-optical system of 1000 x 1000 pm was used [49,
50].

Electron resists are used as a mask for forming structures
for metal deposition [48]. For positive resists, exposure to an
electron beam decreases its molecular weight when the bonds
between molecules are broken, increasing their solubility. For
negative resists, irradiation stimulates the formation of cross-
links in polymer molecules. As a result of the electron beam
scattering in the resist, a distribution of molecular masses is
established which increases from the beam axis to the edge. It
generates a corresponding contrast y, which is the response of
the resist to the electron beam and is determined by the
distortions introduced by the resist and the substrate. The
developer actually reveals the distribution of the beam
intensity and the distortions introduced by the unevenness
of the beam intensity and the radiation scattered (directly and
inversely) in the resist.

To develop a reproducible and reliable technology for
manufacturing high-quality tunnel structures with good
reproducibility and a small spread of parameters over the
substrate, a technology for manufacturing submicron-
sized Nb—AIN—NbDN tunnel structures using direct EBL
methods and subsequent plasma-chemical etching was
developed and approved. The SIS junction is formed by
etching a three-layer Nb—AIN—NDBN structure through a
mask in a resist film formed using electron lithography
[51].

2.4 NbTiN/Nb— AIN —NbN/Al structures

The operating frequency of SIS receivers based on niobium
films is limited by the Nb energy gap frequency (approxi-
mately 700 GHz). A solution to this problem was found in the
creation and use of devices with microstrip lines based on Nb
compounds with higher energy gap frequencies; in particular,
NbTIN is used to this end. The upper electrode of the
microstrip line is usually made of a metal that is normal at
these temperatures (usually Al) to avoid overheating of the
SIS junction [52-54]. We developed an SIS mixer based on
Nb—AIN—NDN tunnel junctions with a high critical current
density, built into a microstrip line consisting of a 320-nm-
thick NbTiN lower electrode (ground plane) and a 500-nm-
thick Al upper electrode [55]. The microstrip electrodes are
separated by a 250-nm-thick SiO; insulating layer. The SIS
junction is located on the NbTiN film, while the upper NbN
layer contacts the upper Al electrode (see the cross section of
the structure in Fig. 3b).

3. SIS receivers for radio astronomy

The development of ultra-sensitive THz receivers is arguably
the best known (and most successful) direction in the
development of superconducting electronics. Receiving sys-
tems for the largest modern radio astronomy project, the
multi-element interferometer Atacama Large Millimeter/
submillimeter Array (ALMA) [23] and the Herschel Space
Observatory program [24], were created based on super-
conducting structures. The importance of this research area
was recently confirmed by the publication of the first ever
‘image’ of a supermassive black hole in the center of the M87
galaxy [56, 57]. This event widely resonated in the scientific
community, comparable to the discovery of gravitational
waves. Black holes are extremely compact, so their observa-
tion requires ultrahigh angular resolution. Research is
currently being conducted as part of the ground-based
Event Horizon Telescope (EHT) projects [58]; new sites for
very-long-baseline interferometry are being created, includ-
ing in Argentina (Large Latin American Millimeter Array,
LLAMA) [59] and Namibia (Africa Millimetre Telescope,
AMT) [60]; active research is being conducted to create a
submillimeter observatory in Russia. The highest angular
resolution will be attained in the Russian space agency’s
Millimetron project to create a space—Earth radio interfe-
rometer with a base of 1.5 mIn km [61, 62].
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Ve=322mB, R,S=7Q um?, tunneling current density Js =34 kA cm~2). Critical current is suppressed by the magnetic field. (b) Sectional view of
receiving structure based on Nb—AIN—NbN tunnel junction with a high critical current density, built into a microstrip line consisting of a lower NbTiN
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The Millimetron space observatory also features unique
scientific potential for studying the Universe in the single-
telescope mode, since measurements will not be limited by
atmospheric absorption in the terahertz frequency range. To
equip these telescopes with world-class scientific instruments,
superconducting structures with a unique set of parameters
are required that meet the needs of space and ground
missions. The use of state-of-the-art nanoelectronics meth-
ods allows the implementation of superconducting integrated
structures and receivers based on them for operation in the
terahertz spectral region with limiting (quantum) sensitivity.
This section describes the receiving systems for two frequency
ranges for the Millimetron space observatory; in particular,
the SIS receiving elements of the 210-275-GHz range with a
double-sideband noise temperature of less than 20 K, which is
only 1.5 times higher than the quantum limit /zf/kg and lower
than the best results known to date. We also present the
results of studying receivers with an operating frequency of up
to 950 GHz.

3.1 SIS mixer for 210-275-GHz range

A modular design was applied in the design of the mixer unit
for the 210-275-GHz frequency range; this approach was
developed and tested when creating the Band 9 receivers for
the ALMA radio interferometer [63]. The mixer unit (Fig. 4)
[33] consists of several separate elements: an input horn (/), a
central unit with a waveguide (2), a replaceable rear block
with a waveguide shorting (3), in which the mixer chip is
installed, and a block with two magnetic pins for suppressing
the Josephson current of the SIS junction (4). The receiving
chip (150 um wide) is located in a rectangular waveguide
measuring 1000 x 500 um at a distance of 230 um from the
rear part of the waveguide, orthogonal to the direction of
propagation (Fig. 5a,b) [33]. The Nb—AIO,—Nb SIS
junction is placed in a planar Nb/SiO,/Nb tuning
structure produced on a 125-pum-thick quartz substrate.
Low-pass blocking filters were used to prevent leakage of
the high-frequency input signal through the dielectric-filled
waveguide formed by the quartz substrate in the metal
channel (Fig. 5b).

To achieve the performance limit of the mixer, the tunnel
SIS junction must be efficiently matched to the input
waveguide impedance at high frequencies and to the 50-Q
amplifier impedance over the entire intermediate frequency
band. A waveguide probe and tuning structure were used to
match the waveguide impedance of approximately 400 Q to
the high-frequency impedance of the SIS. A combination of a
CoPlanar Wavequide (CPW) and a MicroStrip Line (MSL)
was used to tune the intrinsic capacitance of the SIS tunnel

Figure 4. 3D model of a mixer unit for frequency range of 210-275 GHz:
I—input horn, 2— central unit with a waveguide, 3— rear part with a
mixer chip, 4—magnetic block for suppressing Josephson effect [33].

Filter —=> :
SIS

Waveguide

Figure 5. Details of a mixer for the range of 210-275 GHz: (a) 3D model of
contactor unit with a board for IF matching. Arrows in figure indicate
mixing SIS junction and waveguide; (b) 3D model of mixing SIS element
based on a double-sided chip placed inside waveguide channel. Input horn
is located on front side of waveguide mixer unit; (c) image of central part of
mixing SIS element [33].

junction and match the resulting impedance of the SIS
structure to the waveguide at high frequencies (Fig. 5¢). This
approach allowed the tuning structures to be made more
compact. Since the wavelengths in the tuning lines in the IF
range significantly exceed the structure dimensions, the
microstrip tuning lines add some capacitance to the sample
impedance at the IF. To match the output impedance of the
mixer to the amplifier, a matching structure can be used. In
[33], we used a printed circuit board with a 50-Q line without
any additional tuning elements (Fig. 4a).

The Michelson Fourier transform spectrometer (FTS)
method was used to estimate the frequency range of the SIS
mixer matching. A broadband source of sub-terahertz
radiation (a black body heated to 1500 K) was matched with
the FTS, in which an SIS mixer was used as a detector. The
voltage on the mixer was chosen slightly below the gap
voltage; the DC response was measured as a function of the
position of the movable mirror. The Fourier transform can be
applied to these data to obtain the characteristic of matching
the mixer with radiation in the required frequency range. The
experimental data demonstrate good matching of the mixer in
the range from 210 to 280 GHz, in full agreement with the
results of numerical simulation.

When local oscillator power of frequency f is applied,
quasiparticle steps appear on the 7—V characteristic of the
SIS mixer, which are due to tunneling of quasiparticles under
the action of radiation (Fig. 6a); the size of these steps, which
is measured from the gap voltage, is equal to Af/e. The
operating point of the mixer is chosen in the middle of such
a step; the Josephson effect leads to the appearance of
additional noise features on the 7—V characteristic; there-
fore, it is suppressed by a magnetic field. The mixer noise
temperature in the dual-sideband mode was determined by
the standard Y-factor method, at which the IF response is
measured at two different load temperatures at the receiver
input. The ‘hot’ load was an absorber at room temperature
(295 K), while the ‘cold’ load was a liquid nitrogen-cooled
absorber (78 K). The Y-factor was determined by subtracting
the IF responses, in dB, for the hot and cold loads. Figure 6b
shows the receiver Y-factor versus bias voltage, measured for
a 241-GHz local oscillator with an IF of 6.5 GHz (IF filter
bandwidth: 60 MHz). The best-case Y-factor is 5 dB,
which corresponds to a receiver noise temperature of about
22 K. The noise temperature T}, (Fig. 7 [33, 64]) was obtained
without any corrections for beam splitter and cryostat
window losses; the T, is only twice as high as Af/kg in the
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Figure 7. Noise temperature of mixer in double-sideband (DSB) mode [33].

frequency range from 240 to 275 GHz. The values obtained
correspond to the technical requirements for the 210-275-
GHz receiver of the Millimetron space radio telescope.

A detailed discussion of the contributions of individual
components to the final noise temperature of the SIS mixer is
presented in [64]; the estimates of the contributions can be
summarized as follows [33]: (a) the 6-pm-thick Mylar beam
splitter contributes 0.6 K to the mixer temperature; (b) the
receiver input window, 0.5 K; and (c) the IF path (which is a
combination of a Pamtech 4-12 GHz cryogenic isolator and a
cryogenic amplifier), 6 K. Note that the quantum limit for the
SIS mixer in double-sideband (DSB) mode is /f/2kp [28],
which corresponds to 5.8 K at a frequency of 250 GHz. The
stability of the receiver was assessed in [33] by recording the
time dependence of the receiver output signal under the same
operating conditions as for the noise temperature measure-
ment; a 60-MHz bandpass filter was used to limit the signal
bandwidth. The Allan dispersion time measured at a local
oscillator frequency of 241 GHz reached 10 s [64], which is
determined by the stability of all receiver components and is
sufficient for radio astronomical measurements both on
ground-based radio telescopes and aboard the space observa-
tory.

3.2 SIS mixer for 700-950-GHz range

To create a broadband receiver for the 790-950 GHz range
for CHAMP +, we used twin SIS junctions [65, 66] (each with
an area of 0.5 um? (Fig. 8)), coupled by a waveguide probe to
the electric component of the field of a rectangular waveguide

current-density Nb— AIN—NbN tunnel junctions were used,
included in a NbTiN — Al microstrip line [55]. The microstrip
electrodes (the lower electrode made of NbTiIN with a
thickness of 320 nm and the upper electrode made of Al
with a thickness of 500 nm) were separated by a 250-nm-thick
SiO, insulator.

Since the tunnel junction resistance R, decreases expo-
nentially with decreasing barrier thickness, and the capaci-
tance C increases linearly, SIS junctions with an AIN barrier,
which allow achieving a high tunnel current density, make it
possible to realize a higher 1/R,C value, which provides a
wider reception band. The ‘twin’ mixer circuit was realized
using two SIS junctions located at a distance of 6.5 pm from
each other and built into a 4.5-um-wide microstrip line. The
receiving structure was connected to the antenna using an
impedance transformer measuring 7 x 27 pm [64], designed
to match the junctions with a high current density with the
waveguide probe (see Fig. 8).

Using SIS junctions with an AIN barrier allows obtaining
high-quality tunnel structures (the ratio of the below-gap
resistance to the normal one exceeds 20) for a high tunnel
current density of up to 30 kA cm~2. As a result, not only was
a wide operating range of the receiver (from 675 to 950 GHz)
realized, but so was a noise temperature that did not exceed
3hf/kp at the best points (Fig. 9a). The figure shows the noise
temperature in the dual-sideband (DSB) mode for three SIS
mixers as a function of frequency. The noise temperature was
corrected taking into account the losses in the input window
and the beam splitter.

The developed receiving structures were used to upgrade
the high-frequency receivers of the 7-pixel matrix for
the CHAMP + device installed on the APEX (Atacama
Pathfinder Experiment) telescope; the input frequency range
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Figure 9. (a) Noise temperature in double-sideband (DSB) mode for three
SIS mixers as a function of frequency. Dotted line shows noise tempera-
ture corresponding to 34f/kyg [33]. (b) Image of 7-pixel SIS mixer array for
high-frequency (790-950 GHz) CHAMP+ receiver on APEX radio
telescope with a lens system in the upper part of cartridge body [33].

is 790-950 GHz, and the IF range is 4-12 GHz (Fig. 9b). The
use of Nb—AIN—NDN structures included in the NbTiN/Al
line [54, 64, 68, 69] made it possible to enhance the
CHAMP + sensitivity in the high-frequency range by a factor
of 1.3 to 1.5 [69]. Under good weather conditions, with an
atmospheric transparency of about 50% [70], the mapping
rate of radio astronomical sources will be improved by about
40%. The developed SIS mixers can also be used for the
Chinese observatory located in Dome A (Antarctica), for the
Brazilian LLAMA telescope located in the Andes, and for the
Millimetron space observatory (in the single telescope mode).

4. Integrated receiving structures

A whole range of elements and devices operating in the THz
range and featuring a wide functionality can be created based
on superconducting tunnel junctions. They include not only
the highly sensitive receiving elements described in the
previous section but also superconducting local oscillators
(SLOs) in the THz range [47, 71-73] and harmonic mixers for
measuring the SLO spectrum and synchronizing it with a
reference synthesizer to implement the phase-locked loop
(PLL) mode [73, 74], as well as cryogenic phase detectors
[75, 76]. Moreover, the advanced technology for manufactur-
ing superconducting integrated circuits [31, 32, 47] makes it
possible to combine all of the listed elements on a single
substrate and implement a fully superconducting integrated
receiver (SIR) in the THz range [47, 72, 77]. This section
contains a description of the main elements of the SIR and
examples of its successful application both aboard a high-
altitude balloon for studying the Earth’s atmosphere [47, 72,
78, 79] and in the laboratory for measuring the radiation of
new THz-range generators [80] and gas absorption spectra
[81] and studying sub-THz radiation of the human body
under physiological stress [82].

4.1 Superconducting heterodyne generator

Research into the options for using Josephson junctions to
generate high-frequency electromagnetic radiation began
soon after the discovery of the Josephson effect [83-85]. One
of the most studied of them is the distributed Josephson
junction (DJJ) with a length much greater than the penetra-
tion depth of the magnetic field into the junction. The DJJis a
long tunnel SIS junction in which the applied magnetic field
and bias current create a unidirectional flow of Josephson

vortices [2, 3, 47, 72, 86-89], each of which contains one
quantum of magnetic flux @y = h/2e ~ 2 x 10~'> Wb. Such
generators based on the flow of Josephson vortices are called
‘flux-flow oscillators’ (FFOs). To create a constant magnetic
field applied to the DJJ, an external solenoid or a built-in field
control line is used, through which /¢y flows. When the
Josephson vortex leaves the junction, a single-quantum
voltage pulse is generated, the radiation frequency being
related to the voltage across the junction Vpc by the
fundamental Josephson relation f'= (2n/®y)Vpc, with a
coefficient which is about 483.6 GHz mV~!. The velocity
and flux density of the Josephson vortices and, consequently,
the power and frequency of the emitted signal can be
controlled independently by simultaneously setting the bias
current and magnetic field.

To study the DJJ, integrated circuits were created contain-
ing a broadband detector based on the SIS junction matched
with the DJJ [71-74]. A typical set of current—voltage
characteristics of the DJJ, measured at various magnetic
fields, is displayed in Fig. 10. Concurrently with the record-
ing of the I— ¥V characteristics of the DJJ, the pumping of the
SIS detector is measured, the level of which is shown in color.
The pumping level criterion is the change in the tunneling
current I at voltages slightly below the gap one (Fig. 11) due
to the stimulated tunneling of quasiparticles. The value of I, is
usually normalized to the current step at the gap voltage I;
the optimal value for the SIS mixer operation is 1, /I, = 0.25.
Figure 10 shows that a value of I,,/I, greater than 0.25 is
realized for DJJ voltages from 0.82 to 1.45 mV, which
corresponds to the frequency range of 400-700 GHz. A set
of I—V characteristics of the SIS detector, measured at
various values of the frequency and output power of the
DJJ, is displayed in Fig. 11. It should be noted that the
operating range of the SIS junction pumping is limited by the
structure of the matching circuit (its topology and materials),
rather than by the DJJ itself.

In the 7— ¥V characteristic of the DJJ (see Fig. 10), several
regions with different operating modes of the superconduct-
ing generator can be distinguished. At low magnetic fields, the
distance between the vortices is large, and they interact
weakly; with an increase in the applied magnetic field, the
I—V characteristic shifts linearly toward higher voltages. A
powerful broadband ‘noise’ signal is generated [90]. As the
magnetic field increases, a transition to the resonant flow
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Figure 10. Set of DJJ I—V characteristics measured at various magnetic
fields. Color indicates pumping level of SIS detector at a given operating
point [72].
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mode of Josephson vortices occurs; a set of clearly defined
Fiske steps appears on the /— V' characteristic, which is due to
the influence of the reflected electromagnetic wave on the
entering of vortices into the junction.

The resonant mode is realized up to the ‘boundary’
voltage V', at which the Fiske steps disappear. The boundary
voltage V%, which is equal to a third of the gap voltage, is
about 0.95 mV for DJJs based on Nb—AlO,—Nb SIS
junctions and 1.2 mV for those based on Nb—AIN—NDbN.
Such a transformation of the DJJ operating mode is explained
by the effect of self-action of Josephson radiation generated in
the junction on the junction itself [91-93], which leads to
stimulated tunneling of quasiparticles under the action of
Josephson radiation from the DJJ. The effect manifests itself
in a sharp increase in the quasiparticle current (and hence
enhanced attenuation) at self-pumping voltage values
Vsc = Vg/(2n+ 1), which gives Vy/3 for n=1; its value
increases with the current density DJJ. This effect explains
well not only the presence of current jumps on the /I—V
characteristic at the ‘boundary’ voltage but also the rapid
smoothing out of the Fiske steps (disappearance of the
resonance mode) at voltages above V,/3, which is due to an
increase in the internal attenuation in the long junction [93].
Geometric resonances (Fiske steps) can only exist at low
normalized attenuation, o/ < 1, where / = L//; is the junction
length normalized to the Josephson length 4;.

Starting from the very first experimental implementation
of the DJJ, its theoretical description was limited to the
phenomenological sine-Gordon equation. This model can
qualitatively describe topological excitations in Josephson
junctions, but fails to establish a quantitative relationship
between tunneling currents and electromagnetic radiation.
Developed in [94-96] was a microscopic model of DJJ
operation, where it became possible to calculate the pro-
cesses in the junction, taking into account the energy gap of
superconductors. This approach, based on the theory of
microscopic quantum tunneling, describes the essential
features of real systems both in symmetric Nb—AlIO, —Nb
structures and in asymmetric Nb— AIN—NbN junctions; this
was confirmed by comparing the calculated current—voltage
characteristics with experimental results [94, 95].

To measure SLO emission spectra, a superconducting
integrated circuit was developed containing a DJJ, an SIS
mixer, and elements for matching them at high frequencies
(250-750 GHz). The DJJ output signal is fed to a harmonic

mixer (HM), which is an SIS mixer with an area of about
1 um?, operating in the mode of mixing the DJJ signal with
the nth harmonic of an external microwave source (synthe-
sizer) with a frequency fs of about 20 GHz. To prevent the
synthesizer signal from reaching the DJJ, a high-pass filter
with a lower pass limit of about 200 GHz is provided in the
path between the DJJ and the HM. The output HM signal at
the intermediate frequency fir = &(fpyy — nfs) is amplified
by a cascade of amplifiers: first by a cryogenic microwave
amplifier with a noise temperature of about 5 K and a gain of
about 30 dB, then by an amplifier operating at room
temperature with a gain of about 60 dB. Part of the IF signal
is sent through a directional coupler to a spectrum analyzer,
which is phase locked with the synthesizer; this allows the
linewidth of the DJJ generation in the frequency range from
250 to 750 GHz to be measured with high accuracy [71-74].
The dependence of the SLO generation linewidth on its
geometry and parameters was studied in detail, and the
design and topology of the DJJ were optimized. Such
developments made it possible to implement continuous
frequency tuning of the superconducting generator in the
entire operating range with an emission linewidth for
optimized DJJ designs of less than 10 MHz (Fig. 12).

The developed integrated circuit can be used not only for
measuring the SLO spectrum but also for stabilizing its
frequency using a phase-locked loop [71-74]. In the PLL
system, the IF signal is compared in a frequency-phase
discriminator with a 400-MHz reference signal phase-locked
to a 20-GHz synthesizer. An output signal proportional to the
phase difference is fed back through a bandwidth regulator
(with a maximum bandwidth of about 20 MHz) and fed to the
DIJJ through a 50-Q ‘cold’ resistor mounted on the bias board
of the integrated circuit. To accurately measure ‘natural’ DJJ
linewidth, the IF spectra are averaged up to 100 times using
frequency stabilization with a sufficiently narrow signal
bandwidth (< 10 kHz). Narrowband feedback eliminates
low-frequency drift and interference without affecting the
linewidth and shape, which are determined by the nonlinear
superposition of thermal and shot noise [71-74]. When the
effective width of the fluctuation spectrum exceeds the self-
consistent linewidth of the emission, the DJJ spectrum in the
stand-alone mode has a Lorentzian shape (Fig. 12a, blue
curve). A PLL can significantly narrow the DJJ linewidth
when the stand-alone Afa linewidth, measured at the —3 dB
level, is smaller than the PLL control bandwidth. Figure 12a
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Figure 12. (a) SLO spectra at 515.2 GHz (blue curve — frequency stabiliza-
tion, red curve— SLO phase stabilization). Linewidth is 1.5 MHz; signal-
to-noise ratio SNR = 36 dB; spectral quality SQ = 93.5%. Measurements
were performed with a resolution bandwidth of 1 MHz in the range of
+50 MHz from the carrier frequency [72]. (b) Frequency dependence of
optimized SLO linewidth and SLO spectral quality in PLL mode. Data are
presented for two types of DJJ-based SLO: Nb—AlO,—Nb (diamonds)
and Nb—AIN—NbDN (asterisks) [47].

shows the DJJ power spectrum in phase-locked mode with a
resolution bandwidth of the spectrum analyzer of 1 MHz. The
DIJJ linewidth in PLL mode can be reduced significantly
below the value determined by shot noise and thermal
fluctuations of the tunnel junction in the stand-alone mode
and, when measured relative to a reference synthesizer, is only
limited by the spectrum analyzer resolution. The phase
synchronization results in the appearance of a vertical step
(R® =0) on the I—V characteristic of the DJJ at a voltage
corresponding to the frequency at which the DJJ is synchro-
nized; the size of this region in current is a few pA; it is
determined by the control bandwidth of the PLL system and
the differential resistance of the DJJ at the operating point.

To ensure the stability of phase synchronization of the
SLO, a sufficiently high value of spectral quality (SQ) is
required. This parameter is defined as the ratio of the power at
the carrier frequency to the total power radiated by the
generator. The values of the autonomous linewidth mea-
sured in the range of 250-750 GHz were from 0.5 to 7 MHz,
which allows synchronizing from 95% to 35% of the power
radiated by the SLO, respectively (Fig. 12b).

To effectively synchronize the superconducting local
oscillator operating as part of the integrated spectrometer of
the sub-THz range, the concept of a cryogenic phase-locked
loop system was proposed and tested, the key element of
which is a new element of superconducting electronics—a

phase detector (CHPD) based on the SIS junction were
investigated, and it was found that the Josephson mode is
preferable when using the CHPD in a PLL system. Due to the
compactness and small delays of the loop, the synchroniza-
tion bandwidth of the system at about 70 MHz was achieved.
The implemented PLL system allows synchronizing more
than 90% of the generator radiation power with a linewidth
of 12 MHz, which is seven times greater than provides the
semiconductor PLL system.

A THz radiation source based on the DJJ, radiating a
signal into open space, was developed and investigated. The
DJJ was integrated with a transmitting slot antenna on a
single microcircuit [97-100]; the microcircuit is placed on the
surface of a collecting elliptical silicon lens, so the antenna is
located exactly at the focus of the lens. For phase synchroni-
zation of the DJJ, a portion of the output power was fed to the
HM (based on an SIS mixer with an area of 1.4 um?) via an
additional microstrip transmission line placed parallel to the
line of transmission to the transmitting antenna. The HM
output signal at an intermediate frequency of 0-800 MHz,
which is a convolution of the DJJ signal and the nth harmonic
of the reference synthesizer, is fed into a feedback loop with a
PLL system, which phase-synchronizes the signal with a
400-MHz reference oscillator. The power of such a source
radiated into open space was measured over the entire
operating frequency range for various oscillator designs
[101, 102]. For uncalibrated output power measurements, a
semiconductor bolometer cooled to 4.2 K, located in a
vacuum flooded cryostat, was used. An assessment of the
power radiated into open space shows that the characteristic
power of DJJ radiation into open space is about 1 uW and
significantly depends on the design of the transmitting path;
the peak power can reach several pW. Thus, the efficient
operation of a DJJ as an external terahertz generator was
demonstrated for practical applications where wide fre-
quency tuning and high quality of the spectral line are
required with no special requirements regarding the high
power of the signal.

4.2 Superconducting integrated receiver

Successful development and practical implementation of
individual elements of the THz-range receiver based on the
SIS mixer made it possible to start developing a fully
superconducting integrated receiver. Scientists from the
Kotelnikov Institute of Radio Engineering and Electronics
of the Russian Academy of Sciences proposed and tested the
concept of a superconducting integrated receiver (SIR) [77,
103, 104]. The device implements a fundamentally new
approach: integration of a superconducting heterodyne
generator with a quantum mixer based on the quasiparticle
nonlinearity of tunnel SIS junctions and a superconducting
antenna in a single microcircuit. The SIR chip contains a
superconducting planar receiving antenna, a superconduct-
ing heterodyne generator, an SIS mixer with two tunnel
junctions with an area of 0.8 pm? each, and a harmonic SIS
mixer used in the phase-locked loop system to stabilize the
SLO frequency. When supplied with only constant power
from batteries, the microcircuit of such a receiver operates as
a superheterodyne receiver in the submillimeter wave range,
without requiring any bulky additional microwave equip-
ment. The microcircuit is produced on a 0.5-mm-thick silicon
substrate using state-of-the-art microelectronics methods and
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Figure 14. (a) Image of a superconducting integrated receiver microcircuit
with a double slot antenna [108]. (b) Photomicrograph of central part of
SIR with a double dipole antenna [108].

contains an immersion lens dipole or slot antenna for feeding
a signal to a superconducting SIS mixer. The size of the
microcircuit with contact pads is 4 x 4 mm. The integration
of superconducting elements into a single device made it
possible to implement a unique combination of mass, size,
and frequency characteristics, which is still unique in the
world.

A basic block diagram of a receiver for measuring the
spectral distribution of an external electromagnetic signal is
presented in Fig. 13 [107], and images of the receiver chip, in
Fig. 14 (general view and central part) [108]. The image of the
central part (Fig. 14b) displays a DJJ-based SLO measuring
400 x 16 pm?, a double dipole antenna, an SIS mixer with
two submicron junctions, and an HM with an area of
approximately 1 pm?. The radiation of the superconducting
local oscillator is transmitted through a matching circuit
(impedance transformer) to a microstrip line with an
impedance of about 20 Q, and then, using a power divider
(which also separates the mixers and the generator by direct
bias current), it is distributed between two SIS mixers.

The integrated receiver microcircuit is mounted on the
surface of a silicon lens [108], fixed in a special cryogenic unit,

which provides cooling of the microcircuit together with the
elements surrounding it and fastening of the board with
filters. Radio frequency signals from the microcircuit are
transmitted along this board, and the supply currents of the
chip are set. Since SLOs are extremely sensitive to magnetic
fields, shielding of the SIR microcircuit is necessary. The
cryogenic unit consists of two concentric cylinders that
provide shielding of the magnetic field. The outer cylinder is
made of cryopermalloy, while the inner one is made of copper
coated with a 100-pum-thick layer of lead, which passes into a
superconducting state. The PCB board is connected to the
microcircuit contacts using 25-pm-thick aluminum bonding
wires. The cryogenic unit with the board and the receiver
microcircuit is placed in a vacuum chamber of a helium
cryostat with an optical window; the SIR microcircuit was
cooled through aluminum wires 2 mm in diameter, maintain-
ing an operating temperature of about 4.2 K.

The noise temperature of the integrated receiver was
determined from the ratio of the signal at the receiver output
measured in the hot/cold load switching mode (Y-factor). The
best temperature value is less than 120 K at frequencies of
around 500 and 610 GHz, and a wide peak is observed in the
570 GHz region, which is partly due to the presence of a water
absorption line in the atmosphere and to the properties of the
tuning structure integrated with the mixer. For spectral
measurements, it is of importance that the noise temperature
of the receiver be uniform over the entire intermediate
frequency range. To this end, SIR elements were developed
and included in the chip design, matching the SIS mixer with
the IF path in a wide band (Fig. 14a). Detuning capacitors are
located directly on the chip itself, which short-circuit a section
of the coplanar line to ground in alternating current, playing
the role of a detuning inductor. The latter, along with dividing
the coplanar line into two sections, made it possible to
increase the IF path bandwidth to 4 GHz and achieve good
uniformity of the path amplitude-frequency characteristic
in the 4-8-GHz range. The generation frequency is
uniquely related to the generator voltage via the Joseph-
son relation. The generation line of the superconducting
heterodyne generator has a Lorentz shape with a high
degree of accuracy [109, 110] (see the previous section). For
an SLO operating as part of an integrated receiver in the
frequency range of 500-700 GHz in the frequency stabiliza-
tion mode, a linewidth of 9 to 2 MHz was achieved, which
makes it possible to concentrate 35% to 90% of the power
in the central peak using the PLL system in the phase
synchronization mode.

For practical studies, it is of importance to know the
stability of the integrated receiver, which determines the
optimal integration time, the actually achievable measure-
ment time for one integration, and, consequently, the
required frequency of the calibration cycle. The stability of
the complete SIR system was determined by measuring the
receiver output noise fluctuations in the 17-MHz bandwidth
[72]. For the two IF channels used to determine the Allan
variance, the Allan integration time is about 14 s. If the
difference between the two channels is used to determine the
Allan variance (the so-called spectroscopic or differential
mode), the Allan integration time is 20 s. This is comparable
to the stability obtained for the best astronomical receivers.
For atmospheric measurements, integration times of about 1's
are usually used, due to the autocorrelator parameters. Thus,
SIR stability does not impose any restrictions on the
observation strategy.
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Figure 15. (a) Spectra of two HClisotopes, ozone, and ClO; local oscillator frequency is 619.1 GHz. Plot shows spectra for a beam touchdown altitude of
22-31 km and a viewing angle of 6°. Corresponding estimated concentrations of observed gases are shown [47]. (b) ClO spectra recorded by SIR (SLO
frequency = 507.3 GHz) from an altitude of 34 km. Two sets of spectra correspond to touchdown altitudes of 25 and 19 km, respectively. Increase in CIO
with time after sunrise is clearly visible. Received signal intensity is shown on ordinate axis in kelvins [72].

4.3 TELIS project

An SIR-based spectrometer for studying the gaseous compo-
nents of Earth’s atmosphere from a high-altitude balloon was
successfully used in the international TErahertz Limb
Sounder (TELIS) project [47, 72, 78, 104—-108]. The spectro-
meter was employed to examine the distribution of various
compounds in the atmosphere (such as ClO, BrO, Oz, HCI,
HOCI, H,O and its three isotopes, HO,, NO, N,O, HNO3,
CH;Cl, HCN, and many others). The device operates in the
limb sounding mode from a high-altitude balloon [47, 72, 78,
107, 108]. Three successful scientific launches of the TELIS
spectrometer aboard a high-altitude balloon were carried out
together with the MIPAS-B spectrometer. The instrument,
which demonstrated its operability under extreme conditions
(altitude up to 40 km, temperature minus 90°C), made it
possible to collect a large amount of scientific information
confirming the high spectral resolution and sensitivity of the
device. Several hundred limb scans were recorded, and
spectra of gas components of Earth’s atmosphere were
registered. Each flight continued for more than 10 hours;
measurements were carried out in continuous mode at eight
pre-selected frequencies. A wide IF band of 4-8 GHz made it
possible to measure the spectra of many dozens of gas
components of the atmosphere. In the altitude range of 12—
36 km, spectra of isotopes of various substances were also
obtained, including isotopes of water and hydrochloric acid
(HCI) (Fig. 15a) [47, 111, 112]. The concentrations of the
observed gases were estimated; they amounted to 0.5 and
1.5 ppbv for the H3’Cl and H*Cl lines, respectively.

During flights of a high-altitude balloon, spectra of
chlorine, bromine, and other pollutants responsible for the
destruction of the ozone layer in Earth’s atmosphere were
recorded and daily variations in various atmospheric compo-
nents were measured. Various chlorine compounds can
catalytically destroy the ozone layer. Such destruction of
ozone is especially great in the spring in Arctic regions,
when the so-called polar vortices cease. As a result, the C1O
radical becomes active in significant concentrations. This
radical, which has a relatively short lifetime, requires solar
radiation for its formation, which leads to daily cyclic changes
in its concentration. Figure 15b shows the CIO lines that were
measured sunrise [72]. It is evident that the ClO concentration
actually increases with time. Bromine is even more active than

chlorine in destroying the ozone layer, but its concentration is
much lower. For the first time, BrO spectra were detected in
the terahertz range; the signal intensity in this case was only
0.3 K [47, 72], which corresponds to an extremely low
concentration of several pptv.

A multifunctional automated system, IRTECON (Inte-
grated Receiver TEst and CONtrol), was created to study
such complex superconducting structures as the SIR and to
control its operation during the flight [113]. The modular
design of this system allows its easy adaptation to a wide
spectrum of research tasks. The automated system includes
advanced libraries for controlling measuring instruments and
visualizing experimental data and mathematical algorithms
for processing the results. Controlling the SIR in flight
consists of constantly monitoring its condition, adjusting the
PLL system if necessary, and recovering the system’s
operating modes after failures. A comprehensive methodol-
ogy for determining the main characteristics of the SIR,
search procedures, and multidimensional optimizations of
its operating modes for each selected frequency, and robust
algorithms for restoring the SIR operating parameters for
both the resonant mode (Fiske steps) and the viscous vortex
flow mode, were developed. In total, up to ten SIR control
parameters are optimized. All information is recorded in a
database and used to set the receiver operating modes in real
measurements.

4.4 Laboratory applications

of superconducting integrated receiver

A stationary version of the superconducting integrated
receiver, developed on the basis of the flight instrument, was
successfully used in the laboratory for receiving radiation
from new-generation cryogenic generators in the 400-
700 GHz range and for spectral analysis of a gas mixture [80,
81, 112, 114]. Using such a spectrometer in the sub-THz
range, a series of studies on radiation from superconducting
generators based on BSCCO mesa structures was carried out.
Oscillators based on superconducting high-temperature
structures Bi,Sr,CaCu;0g.5 (BSCCO) have been actively
studied all over the world (both experimentally and theoreti-
cally) for the last decade. We were the first to measure the
emission spectra of oscillators based on BSCCO mesa
structures using a superconducting integrated receiver [80].
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Figure 16. Frequency dependence of generator emission linewidth at
various temperatures in low and high bias modes (low and high,
respectively) [112].

Such an oscillator was shown to have the best spectral
characteristics in the ‘high-bias’ mode. Typical values of the
BSCCO oscillator linewidth measured in the ‘high-current’
mode were 10-100 MHz; the shape of the spectral line is
Lorentzian with a high degree of accuracy. In the ‘low-bias’
mode, the structure emits powerful broadband noise with an
emission width of about 1 GHz. In the range from 450 to
740 GHz, the spectral characteristics of the emission of high-
temperature superconducting (HTSC) mesa structures were
measured at temperatures from 4.2 to 55 K (Fig. 16) [112]. In
additional experiments, a minimum emission linewidth of
7 MHz and a power of 1-2 uW were obtained [112]. The
measurement results showed that the BSCCO oscillator
signal can be described by the standard phase-diffusion field
model with an exponential correlation function. It should be
noted that the emission characteristics of BSCCO oscillators
depend on the temperature in the cryostat T},. The results
presented here were obtained for T}, at about 20 K; the
temperature was controlled using a special heater installed
near the generator. The temperature of the SIR, which was
located in another cryostat, was 4.2 K.

For more accurate measurement of the THz absorption
spectra of ammonia and water vapor using mesa structures, a
superconducting integrated receiver with an effective fre-
quency tuning range from 450 to 700 GHz and a frequency
resolution significantly lower than 100 kHz was used. In the
experiment, the bias current through the BSCCO generator
was kept constant, and it was tuned to generate at the
frequency of the corresponding gas line. The intermediate
frequency spectra were measured with high accuracy using
the SIR. The gas spectra were measured at Ty, = 4.2 K, where
the emitter radiation linewidth is 60 MHz at 572.5 GHz
(NHj3;) and 57 MHz at 557 GHz (H,0). Using the SIR [80,
114], the absorption spectra of ammonia (Fig. 17) and water
vapor in the THz range were measured with high resolution.
The absorption lines of ammonia and water are strongly
broadened at high gas pressures; the linewidth decreases with
decreasing pressure. For ammonia at p = 0.23 mbar, a well-
pronounced absorption is observed with an absorption band
width of about 5 MHz, as shown in the inset to Fig. 17. At
p = 0.07 mbar, the measured linewidth was 4 MHz (due to
Doppler broadening). The observed frequencies of rotational
levels for ammonia (572.498 GHz) and water (556.936 GHz)
coincide with the published values.

SIR was used to study human skin radiation at frequen-
cies of 480 and 700 GHz [82]. It was shown that the radiation

ressure NH3,

)
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Figure 17. Absorption spectra of ammonia (10% aqueous solution) at
various pressures: measurements were carried out using a terahertz
radiation generator based on a Josephson transition array (JTA) in
BSCCO and a superconducting integrated receiver (absorption in the
empty cell is taken into account). Inset shows absorption spectrum of
ammonia vapor at p = 0.23 mbar with an absorption bandwidth of
5 MHz [80].

differs significantly from the expected blackbody signal, the
received signal from the skin surface being modulated by the
level of mental stress. This observation provide options for
remote monitoring of the condition of humans.

5. Conclusions

SIS tunnel junctions are the main elements of most devices
and circuits of low-temperature superconducting electro-
nics. The Kotelnikov Institute of Radio Engineering and
Electronics of the Russian Academy of Sciences has
developed a technology for the production of high-quality
Nb — AlO,—Nb tunnel junctions and multilayer chips
containing up to 100 elements. Several new technological
processes and methods for the production of superconducting
tunnel junctions with record parameters, withstanding more
than 10,000 thermal cycles, have been developed. The
developed technology for producing high-quality tunnel
junctions was used in many fundamental physical studies
and experiments. Single-quantum digital devices based on
superconducting quantum interferometers were developed
and successfully implemented; metamaterials with tunable
negative magnetic permeability were created.

Junctions with a high current density J; allow increasing
the operating frequency of SIS receivers and expanding their
bandwidth. However, there is a limit to increasing the barrier
transparency for SIS junctions based on aluminum oxide,
which is about 10-15 kA cm~2. With a further increase in
current density, the junction quality sharply degrades. To
overcome this limitation, a technology was developed for
manufacturing Nb/Al—AIN/Nb tunnel SIS junctions with
extremely high transparency of the tunnel barrier with
acceptable Rj/R, values by nitriding the Al surface in a
plasma RF discharge. This advancement allowed increasing
the operating frequency of SIS receivers, expanding their
bandwidth, and creating a number of ultra-sensitive receivers
in the 100-1000 GHz range.

A superconducting heterodyne generator based on dis-
tributed tunnel Josephson junctions was created and studied,
and its design was optimized. The characteristics of the
superconducting heterodyne generator were examined for
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two types of the studied tunnel structures, Nb—AlO,—Nb
and Nb—AIN—NDN; the frequency dependence of the
emission linewidth was experimentally measured. Continu-
ous frequency tuning of the superconducting generator in the
250-750 GHz range and phase stabilization of the SLO
frequency were implemented for the first time; the spectral
quality was more than 70% in the entire frequency range of
the SLO tuning. The possibility of obtaining phase noise of
the order of —90 dBc with a detuning from the carrier
frequency of more than 100 kHz was experimentally demon-
strated. For efficient synchronization of a superconducting
local oscillator generator incorporated in a sub-THz inte-
grated spectrometer, a concept of a cryogenic phase-locked
loop system has been proposed and tested. Due to its
compactness and small loop delays, a synchronization
bandwidth of about 70 MHz has been achieved. The
implemented PLL system allows synchronizing more than
90% of the generator’s radiation power with a linewidth of
12 MHz, i.e., seven times more than a semiconductor PLL
system.

A concept of a superconducting integrated THz receiver
has been developed and tested. The main element of the
receiver is an integrated microcircuit that includes an SIS
mixer with a planar superconducting receiving antenna, SLO,
and a harmonic mixer for phase synchronization of the local
oscillator frequency. The onboard integrated receiver fea-
tures a frequency range of 450-650 GHz, a noise temperature
of less than 120 K (DSB), an IF band of 4-8 GHz, and a
spectral resolution of better than 1 MHz. Three successful
launches of the onboard integrated spectrometer were
conducted at the Esrange test site (Sweden). The instrument
showed that it can operate under extreme conditions
(temperature of —90°C) and allowed collecting a large
amount of scientific information confirming the high spec-
tral resolution and sensitivity of the device at the level of
several parts per billion (I ppb). During flights on a high-
altitude balloon, the spectra of various gas components were
measured, including ClO and BrO, which are responsible for
the destruction of Earth’s ozone layer; their distribution was
studied in the altitude range of 12-36 km at sunrise; the
spectra of isotopes of various substances (H,O, HCI, etc.)
were measured. A laboratory version of an integral spectro-
meter in the 400-700 GHz range for spectral analysis of a gas
mixture has been developed and tested. The high spectral
resolution of the device and its extreme sensitivity make it
possible to unambiguously measure ultra-low concentrations
of a substance by its ‘flavor’ and create devices for non-
invasive medical diagnostics and security systems.

Using the integrated spectrometer created at the Kotelni-
kov Institute of Radio Engineering and Electronics of the
Russian Academy of Sciences, a terahertz generator based on
single-crystal HTSC structures Bi;Sr,CaCu,Og was compre-
hensively studied. For the first time, spectral characteristics
were measured in the range of 450-750 GHz with an accuracy
of better than 0.5 MHz; in the ‘high bias’ mode, the Lorentz
shape of the spectral line and high signal stability were
demonstrated.

Summarizing, methods for manufacturing superconduct-
ing tunnel nanostructures for scientific research and a number
of practical applications have been developed. Based on
technological research and advancements in creating the
elemental base of superconducting electronics, a number of
terahertz-range receiving devices with unique parameters
were created.
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project/23-79-00019/). The production and measurement of
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grant from the RSF (no. 23-79-00061, https://rscf.ru/project/
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