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The paper presents the results of developments of low-noise receiving systems in the sub-THz range, carried

out at the Kotelnikov Institute of Radio Engineering of the Russian Academy of Sciences in recent years and

aimed at creating receivers with quantum sensitivity for use in space and ground-based radio telescopes. The

technology for manufacturing integrated receiving structures based on superconductor−insulator−superconductor

(SIS) tunnel junctions is described, and the results of the development of SIS receivers in the 211−275GHz

and 800−950GHz ranges with a noise temperature in double sideband (DSB) mode of about 20K and 220K

are presented, respectively. The results of these developments will be used to create receiving systems for the

ground-based telescopes Suffa, APEX and LLAMA, as well as for the Millimetron space mission.
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Introduction

Development of supersensitive sub-terahertz (THz) re-

ceivers is currently one of the most intensively and suc-

cessfully developed fields of superconducting electronics.

Superconducting receiving devices have already proved their

excellence in this frequency band [1–5]. Superconducting

elements have extremely high characteristic frequency and

very strong nonlinearity as well as extremely low intrinsic

noise due to quantum nature of the elements and cryogenic

operating temperature. Combination of these benefits in

a single superconducting element makes it possible to

create THz receiving systems with unique parameters that

are unavailable to devices with other operating principles.

Since the acquisition time for superweak signal receipt and

detection of very low substance concentrations is as square

of the noise temperature of the utilized devices, super-

conducting junction receivers can reduce considerably the

observation time. Superconducting receivers are currently

used worldwide as standard devices on the most ground

and space radio telescopes designed to solve fundamental

issues of the origin of the Universe. Many applications

require spectral resolution 1 f / f better than 10−6; such

resolution may be achieved only using heterodyne receiving

systems. A heterodyne mixer converts the incoming weak

input signal to a lower intermediate frequency (IF) without

phase retardation; the IF signal spectrum is the same as

the input one, but is shifted down in frequency to the

heterodyne frequency.

Mixers based on superconductor–insulator–
superconductor (SIS) tunnel junctions are the most

sensitive input devices in heterodyne receivers on

frequencies f from 0.1 to 1.2 THz [1,2,5–7]. Under the

heterodyne signal, the tunneling current flowing through

the junction increases; this process is known as phonon-

induced tunneling [1]. The tunneling current may be

calculated using a quantum-mechanical model [1,6]. SIS

mixers can inherently provide amplified conversion. Low

requirements for heterodyne power and very low intrinsic

noise are the important advantages of SIS mixers [1,2,6,7].
Double-sideband (DSB) noise temperature of the mixer is

limited by the quantum value h f /(2kB) [{]1,8}, where h
andkB are Planck’s and Boltzmann’s constants, respectively.

SIS mixers have been successfully used for space missions

and for ground radio telescopes as well [3,4,9]. This

is, in particular, supported by successful observations of

the M87 supermassive black hole shadow in the center

of galaxy [10,11] in the framework of the EHT (Event
Horizon Telescope) project [12] where all measurements

were conducted using waveguide SIS mixers with external

heterodyne oscillator at a frequency about 230GHz. SIS

mixers employed in radio observatories under the EHT

project have shown that the waveguide version of receiver

configuration is the most reliable and useful, and provides

high stability and sensitivity. A very high angular resolution
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will be implemented in the
”
Millimetron“ project of

the Russian Space Agency (RSA) designed to create a

space-to-ground radio interferometer with a base of 1.5mln.

kilometers [13,14].

1. SIS tunnel junctions

To implement peak performance of receiving systems,

SIS tunnel junctions with extremely low leakage current

below the gap voltage Vg and minimized smearing of

the energy gap δVg are necessary. Fabrication process

of the Nb−AlOx−Nb tunnel junctions is based on the

fact that a thin Al layer of 5 to 7 nm in thickness can

fully cover the base Nb electrode planarizing the columnar

microstructure of the Nb film [15,16]. This Al layer is

oxidized later and than a top Nb electrode is deposited

on the oxidized layer forming a so-called sandwich struc-

ture [17,18]. Due to the proximity effect, the Al layer having

a long coherency length becomes superconducting forming

a Nb/Al−AlOx /Nb (S−S′/I/S) structure. The presence of

Al near the tunneling barrier results in the occurrence of a

knee-shaped singularity on the junction CVC at voltages just

above Vg . Exact shape of the tunnel junction CVC depend

on the density of states of quasiparticles in the S′ layer (Al).
This density of states for Nb/Al bilayers was calculated using

the microscopic proximity effect model [19]. The model

implies a short free electron path (dirty limit conditions) in

S (Nb) materials and in S′ (Al) as well. The knee-shaped

singularity on CVC results in singularities on quasi-particle

steps which in turn results in instability and nonlinearity of

mixer performance on some frequencies. To suppress the

knee-shape singularity caused by the effect of the normal

Al layer, structures with additional Al interlayer in the

bottom Nb electrode were proposed [20,21]. And the order

parameter in the Nb−Al structure near the barrier becomes

spatially-homogeneous and the density of states is close

to the distribution used in the Bardeen−Cooper−Schrieffer

(BCS) theory making it possible to implement the
”
ideal“

CVC of the SIS junction (Figure 1).

Formation of SIS tunnel junctions is the essential phase.

Minimum repeatable linear dimensions of junctions that

may be achieved using the optical photolithography are

0.8µm making it possible to create transitions with an

area of 0.5µm2 . Junctions are formed by reactive ion

etching (RIE) in chemically active CF4 plasma with a

typical pressure of8 · 10−2 mbar and a power of 50W by

removing the top Nb layer in the multilayer structure using

the photoresist mask. An oxidized barrier Al layer is used

as the stop layer preventing further etching of the structure.

RIE is followed by anodization in ammonia pentaborate

ethyleneglycol solution to 10V using the same masking

photoresist, then the H magnetron sputtering method is used

to apply the 250 nm SiO2 layer . Anodization is necessary

to provide a more reliable insulation on the SIS junction

perimeter to avoid possible micro short circuits between

the base electrode and top feed electrode in these areas.
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Figure 1. CVC of the Nb−AlOx−Nb tunnel structure with

additional Al interlayer in the bottom Nb electrode (see the detail):
the solid blue curve is the offline CVC, dashed line is the CVC with

262GHz heterodyne signal with the optimum power.

Contacts to the junctions are opened in dimethylformamide

by the lift-off lithography method. The top electrode

is also formed by the lift-off photolithography from the

350−400 nm Nb layer. Au contact pads for the base and

top electrodes are made in the same way.

For operation on frequencies about 1 THz, tunnel junc-

tions with very high transparency of the tunneling barrier

are required. There is a AlOx barrier transparency rise limit

(current density about 10−15 kA/cm2); rapid degradation of

the junction occurs at higher current density. This problem

was solved by the development of Nb−Al/AlN−Nb tunnel

junctions that demonstrate rather good Rsg/Rn > 10 at

very high current densities up to 100 kA/cm2 [22,23]. The

AlN layer is formed by Al nitridation in HF discharge.

To achieve good agreement between junctions with such

high current density and antenna, submicron SIS junctions,

whose geometry is formed by the method described above,

are necessary.

The operating frequency of SIS receivers based on Nb

films is limited by the Nb energy gap frequency (approx.
700GHz). This problem can be solved by using microstrip

lines made of Nb compounds with higher energy gap

frequencies, in particular, NbTiN is used [24–26]; to avoid

SIS junction overheating, the top electrode of the line is gen-

erally made of metal that remains in normal state at helium

temperatures (usually Al). We have developed a SIS mixer

consisting of dual Nb/AlN/NbN tunnel junctions with high

tunneling current (up to 30 kA/cm2) built in the microstrip

line formed by the 320 nm bottom NbTiN film electrode

(grounding plane) and 500 nm top Al electrode [27]. The

microstrip line electrodes are separated by the 250 nm SiO2

insulating layer. The dual SIS junctions are placed on

the NbTiN film and are spaced 5−7µm apart for capacity

offset, and the NbN electrode of the SIS junctions contacts

with the top AL electrode of the line. Note that a much
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higher energy gap [21] (up to 3.7mV for junctions with

current density up to 10 kA/cm2 on Si substrate) is another

advantage of the Nb−AlN−NbN junctions.

The tunnel structures studied herein were fabricated

using the equipment included in the Unique Research

Facility
”
Kriointegral“ —

”
Technology and Measurement

Facility for Fabrication of Superconducting Nanosystems

using New Materials“ [28] created by Kotelnikov Institute

of Radio Engineering and Electronics RAS. This is a unique

facility that is reported to be Russia’s only facility where

high quality Nb-based tunnel junctions with high current

density may be made. Over recent years, a technique of

fabrication of Nb−AlOx−Nb and Nb−AlN−NbN tunnel

junctions with high current density and low leakage has

been developed [18,20,21,27]. This technique was used to

create a multilayer IC technology for IC with the number

of elements up to 1 000; the technology was improved to

increase the degree of integration and the yield of operating

circuits.

2. Receiving SIS elements and their
measurements

To achieve low noise temperature of the SIS receiver,

good matching with respect to high (input) and interme-

diate (output) frequency, low VHF signal loss and high

conversion ratio of the mixing element shall be ensured.

To estimate the matching bandwidth of the SIS mixer,

the Michelson Fourier transform spectrometer (FTS) was

used. The sub-THz broadband radiation source (black body

heated up to 1500K) was matched with FTS where a SIS

mixer was used as a detector. The voltage on the mixer

was set to a value a little lower than the gap voltage;

DC response was measured depending on the movable

mirror position. The data were used to obtain a matching

curve for the mixer with radiation on frequency through the

Fourier transform. The experimental data demonstrate good

agreement with the numerical simulation in the frequency

ranges of 200−300 and 700−950 GHz [21,29].

2.1. 211−275GHz receiver

Figure 1 shows CVC of the Nb−AlOx−Nb mixing SIS

element exposed to 262GHz heterodyne signal with the

optimum power. When exposed to heterodyne oscillator

radiation with frequency f , quasi-particle steps that are

away from the gap at h f /e proportional to the heterodyne

frequency occur on the offline current-voltage curve (CVC)
of the SIS junction. To implement the quasi-particle

mixing mode with extremely low noise, the critical current

of the SIS junction shall be suppressed by means of a

magnetic field set to the tunnel junction. By choosing the

operating point on the quasi-particle step of SIS CVC, the

best conditions for conversion of the VHF spectrum to IF

spectrum may be selected.
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Figure 2. SIS receiver output on IF 6.5GHz from the bias

voltage on SIS measured for cold (78K — dashed line) and

hot (295K — solid line) input loads at the receiver input at a

heterodyne frequency of 262GHz.

To develop the mixer, a mixing element topology was de-

signed, simulation and improvement of the mixing element

properties were performed, IC with Nb/AlOx /Nb tunnel

structures with an area about 1µm2 were made [21,29].
It is also necessary to compensate the considerable capacity

of the SIS junction (Cspec ≃ 0.085 pF/µm2) to achieve low

noise temperature. As a result, the impedance of the

structure decreases to units of � and the final impedance

of the SIS junction on high frequency shall be matched

with the waveguide impedance of about 400�, which

was implemented by using a planar structure consisting of

Nb/SiO2/Nb coplanar and microstrip line segments. The

receiving element was made on a 125µm quartz substrate,

the mixing element design used HF reject filters to prevent

HF signal leakage [21,29]. The receiving element was

placed perpendicular to the wave propagation plane in a

500 × 1000µm rectangular waveguide, 230µm from the

waveguide end to form a quarter-wave short-circuiting

jumper. The waveguide chamber ( back-peace) includes IC

with SIS junction, quarter-wave short-circuiting jumper and

IF signal output board to the coaxial connector. The mixing

waveguide unit consists of an input horn, central part with

waveguide, waveguide chamber and magnetic field setting

unit [21,29].

The mixer noise temperature in the double-sideband

mode was defined by the standard measurement of Y -
factor; a room temperature absorber (295K) was used as

a
”
hot“ load, and a liquid-nitrogen-cooled absorber (78K)

was used as a
”
cold“ load. Figure 2 shows the dependence

of the SIS receiver output on the bias voltage measured

for the 262GHz heterodyne and IF 6.5GHz (IF filter

bandwidth 60MHz). Y -factor was calculated by subtracting

the IF responses measured in dB for the hot and cold

loads. Y -factor in the best point exceeds 5.0 dB, which

corresponds to the receiver noise temperature below 20K.
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DSB noise temperatures Tn were obtained without any

corrections for beam splitter and cryostat window loss;

they were only twice as high as h f /kB in the frequency

range from 240 to 275GHz; the obtained values correspond

to the specifications of the 211−275GHz receiver of the

”
Millimetron“ space radio telescope[13,14].

2.2. 650−950GHz receiving systems

The Nb–AlN–NbN junction technique [21,27,30] is

used to implement much higher energy gaps (more than

3.15mV even for junctions with high current density

(Figure 3)) compared with traditional Nb−AlOx−Nb and

Nb−AlN−Nb structures with a gap of max. 2.8mV [22,24].
High gap voltage provides substantial advantage due to

the expanded bias voltage range where the SIS junction

performs efficient signal mixing. For mixers set to signal

receipt on frequencies from 700 to 1000GHz, this is

especially important because ... of the first Josephson step,

that affects the mixer performance, falls into the quasi-

particle step. This effect is demonstrated in Figure 4 on the

dependences of the SIS mixer output power on bias voltage.

At voltages about 1.5, 1.7 and 1.9mV for the dashed, dotted

and dashed-dotted lines, respectively, a negative peak occurs

and is followed by rises on the right and on the left of the

peak. Due to the presence of the peak with rises, an area

with a width from 0.5 to 1mV becomes unavailable to the

mixer because the mixer gain in it can vary non-linearly

depending on the signal power, and the stability of the

whole mixer is deteriorated significantly due to the noise

caused by the Josephson effect.

The shown singularities associated with the critical cur-

rent manifestation are attributed to the difficulty of full sup-

pression of the Josephson effect in the dual SIS junctions. It
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Figure 3. Nb−AlN−NbN SIS junction CVC. The solid curve

shows the offline CVC with suppressed critical current. The

other curves display CVC with optimum signal pumping by the

reference-frequency oscillator with different frequencies: dashed

line — 710GHz, dotted line — 800GHz, dashed and dotted

line — 938GHz.
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Figure 4. Measured curves showing the dependence of the

SIS mixer intermediate-frequency output power on SIS junction

voltage. The curves correspond to different frequencies of the

reference oscillator: dashed line — 710GHz, dotted line —
800GHz, dashed-dotted line — 938GHz. The IF power in

integrated within 4−12GHz. Circles on the curves show the bias

voltages corresponding to the optimum operating point for the

chosen reference oscillator frequency. During the measurement,

the receiver input load was equivalent to the black body with

300K.

is also important that the operating area contains the edge

of exactly the first Josephson step that distorts CVC most

heavily and, therefore, affects the differential resistance of

the junction that defines matching between the junction

and the intermediate frequency output path. Distortions

corresponding to the peaks on curves in Figure 4 can be

clearly seen on the SIS mixer response curves (Figure 5)
that define its sensitivity. Thus, for example, the peak on

the dotted line (reference oscillator frequency 800GHz)
located at 1.7mV induces response distortions from 1.3 to

2.1mV, therefore, the optimum operating point marked with

a circle on the corresponding curve in Figure 4 falls onto

2.2mV. In the operating point, the SIS mixer shall have the

maximum response (Figure 5) and also a horizontal segment

is extremely desirable in the operating point on the curves

in Figure 4 because the mixer in this point will be most

stable with respect to the output power level as long as the

voltage noise will not be translated into the receiver output

power level.

Figure 4 shows the operating points for the reference

oscillator frequencies 710GHz — 2.4mV, 800GHz —
2.2mV, 938 GHz — 1.6mV. The corresponding response

defined as the receiver output power contrast for input

loads of 77 and 300K (so-called Y factor method) has the

level of 1.8, 2.25, 1.4 dB (Figure 5). Note that for two

lower frequencies of the reference oscillator, the operating

point was located at a higher voltage than the problem

area caused by the critical current, and on the highest

frequency it shall be already below this area (Figure 4).
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Figure 6. Noise temperature in the double-sideband (DSB) mode

for four SIS mixers with different design depending on frequency.

The dotted line shows the noise temperature corresponding

to 3h f /kB .

This is because the best operating areas are most often

located closer to the center of the quasi-particle step.

Therefore, the Nb−AlN−NbN SIS junctions gap voltage of

which is 0.35 mV as wide as for Nb−AlOx−Nb technique

provide a significant advantage. A series of investigations

of waveguide SIS mixers has been conducted [21,29], the
mixing element design has been improved. The noise

temperature measurements in the double-sideband (DSB)
mode for four SIS mixers with different design depending

on frequency are sown in Figure 6. The dotted line shows

the noise temperature corresponding to 3h f /kB DSB.

Thus, the developed technique makes it possible to

implement the tunneling current densities of the junctions

up to 30 kA/cm2with Rsg/Rn higher than 20. SIS mixers

for the waveguide receiver with the operating frequency up

to 950GHz have been developed and tested [27]. The dual

SIS junction design provides a wide operating range of the

receiver (675− 950GHz) and quite good noise temperature

in this range that can reach 120K in the best points [21].
Mixers based on the dual Nb/AlN/NbN tunnel junctions

included in the NbTiN/Al microstrip line [21,27] may be

used for modernization of high-frequency 7-pixel matrix

receivers for the CHAMP+ instrument installed on the

APEX (Atacama Pathfinder EXperiment) telescope, input

frequency range 790−950GHz [31,32]. The developed SIS

mixers may be also used for the Chinese observatory on the

Dome A (Antarctic), for the Brazilian LLAMA telescope

project in the Andes [33] and for the Millimetron space

observatory (in a single telescope mode).

3. NbTiN film parameters

On higher frequencies, the hf photon energy exceeds the

double energy of 21 Nb, and the transmission line electrode

loss result in receiver performance deterioration [34]. Nb

connections with higher energy gap (e.g. NbN and NbTiN)
are used to overcome this frequency limit. To improve

the methods of fabrication of integrated superconducting

devices based on NbTiN films, the effect of various man-

ufacturing processes on the quality and parameters of the

fabricated structures has been studied. NbTiN films made in

various conditions were examined using the TeraView TPS

Spectra 3000 time-resolved THz spectrometer [35]. The

measured transmittance spectra of the films on substrates

are approximated by the multilayer media model expres-

sions [36]. The superconducting properties are considered

using the Zimmermann, model [37] that also considers the

finite free path of quasiparticles.

Five types of experimental samples were prepared:

1) NbTiN film on Si substrate;

2) NbTiN film on the Al2O3 buffer layer deposited on the

Si substrate;

3) NbTiN film on the Al2O3 buffer layer with anodized

surface;

4) NbTiN film on the Al2O3 buffer layer with a thin Al

layer on the surface;

5) NbTiN film on the Al2O3 buffer layer with a thin Al

layer and anodized surface;

Film parameters10 — superconducting gap at T = 0K,

λ0 — london penetration depth at T = 0K, Tc — critical

temperature and σ0 — DC conductance in normal state near

Tc for all test films are listed in the table. The temperature

dependences 1 and λ for samples #2 and #5 are shown

in Figure 7. It is shown that all additional layers have

a minor effect on the film parameters. A small decrease

in the critical temperature, gap and increase in the london

penetration depth may be explained by the proximity effect

between the NbTiN film and anodized Al layer.
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Test film parameters

Sample d, σ0,DC, Tc,DC σ0,TDS, Tc,TDS, 210, λ0,

No nm 104(� · cm)−1 K 104 (� · cm)−1 K meV nm

#1 338 1.07 15.2 1.12 13.8 5.2 282

#2 330 1.03 15.1 1.09 13.9 5.0 283

#3 340 n.a. n.a. 1.00 13.7 4.7 310

#4 340 n.a. n.a. 1.07 13.8 4.8 295

#5 340 n.a. n.a. 1.01 13.7 4.8 300
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Figure 7. temperature dependences of the superconducting

gap 1 (a) and london penetration depth (b) for samples #2 and #5.

Conclusions

We had designed, fabricated and tested a SIS mixer for

a frequency range of 211−275GHz. Non-corrected noise

temperature equal to approx. 16.5± 2K was measured on

255GHz, which is only a little higher than the quantum

value h f /kB . This mixer meets the specifications of

the
”
Millimetron“ space mission and may be used for

new ground-based radio telescopes (Suffa, LLAMA). For
high-frequency receivers, we used Nb−AlN−NbN mixers

included in the NbTiN−Al microstrip line. Such mixers

demonstrate DSB noise temperatures from 210 to 400K

and may be used for modernization of the 790−950GHz

high-frequency matrix receiver on the APEX telescope. The

time-resolved terahertz spectrometry method was used to

study the effect of various manufacturing processes on

the quality and parameters of the fabricated NbTiN film

structures
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