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Spectral measurements of a niobium Josephson junction array by a

superconducting receiver with a mixer based on high-temperature

bicrystalline junction
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Spectral measurements of a niobium Josephson junctions array were performed to estimate the Josephson

radiation linewidth. The array consists of 9996 Nb/NbSi/Nb junctions connected in series, occupying an area of

5× 7mm2 on a silicon substrate. To analyze the Josephson spectrum, a heterodyne superconducting receiver with

a mixer based on a high-temperature superconducting Josephson junction was used. Significant decrease of the

linewidth to 0.3−0.8MHz was detected, when the array is connected to an autonomous power source.
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Introduction

Josephson junctions may be suitable for solution of many

important fundamental and practical problems in physics:

from supersensitive detection of a magnetic field [1a] and

frequency standardization [1b] to quantum calculations [1c]
and investigation of the Majorana bound states [1d]. Un-

usual effects occurring in the Josephson junctions result

from coherent movement of the Copper pairs through a

barrier between the superconducting electrodes. One of

the most beneficial effects is the AC Josephson effect

that correlates the constant voltage on electrodes V with

the fundamental frequency of the Josephson generation

f J only through fundamental constants. Typical values

of V are corresponded by f J covering the range from

hundreds of GHz to tens of THz. For such range, there

is still a problem of creation of compact and tunable

radiation generators that was named as the terahertz gap

problem [2]. Single Josephson junction emits a power hardly

exceeding 1 pW (only if the junction is not distributed) [3],
therefore the junctions shall be grouped in arrays and

phase locked to achieve the power required for practical

applications. The junction arrays satisfy the compactness

and tunability criteria in a certain way and, therefore, may

be treated as one of the terahertz gap problem solutions.

The issue of synchronization of junctions in arrays may be

solved by investigating the spectrum of Josephson oscillation

because the width of spectral line 1 f is directly related

to the number Ns of synchronized junctions usually as

1 f ∼ 1/Ns or 1 f ∼ 1/N2
s [4]. The results of spectral

measurements will make it possible to choose the best

topology of the array facilitating the most effective synchro-

nization of junctions that leads to the increase of the output

power. The Fourier spectroscopy method is widely used

for examination of internal Josephson junctions in mesas of

Bi2Sr2CaCu2O8+δ (BSCCO) crystals [5–9]. However, the

resolution of the standard Fourier spectrometers is from

1 to 10GHz, which is usually insufficient for linewidth

measurement, and they are mainly used to investigate the

types of resonant modes excited in the BSCCO mesas.

Higher frequency resolution is provided by heterodyne-

type receivers. Among them, a receiver with mixer based on

a superconductor-insulator-superconductor (SIS) junction

shall be distinguished. This receiver has a record-breaking

sensitivity at the quantum noise level and high resolution

together with tunability in a wide frequency range [10].
A SIS-based receiver was used to measure an oscilla-

tion linewidth of BSCCO mesas [11], long (distributed)
Josephson junction [12,13], and discrete niobium junction

array [14,15]. In [15] measurements on a superwavelength

array containing 9996 niobium junctions were performed

in a wide frequency range of ∼ 200−300GHz. It was

found that the Josephson oscillation linewidth is affected

significantly by technical noises from measurement devices.

Typical values of 1 f for the fundamental harmonic were

from 3 to 6MHz, however, after implementation of mea-

sures to eliminate technical noises the spectral linewidth

was successfully reduced to 1.5MHz.

In this work the Josephson radiation linewidth is inves-

tigated with the use of a heterodyne receiver where the

mixer is a bicrystal Josephson junction based on YBaCuO

high-temperature superconductor (HTSC). Such receiver is

a good alternative to a receiver with SIS mixer because
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Figure 1. a — Topology of Josephson junction array. Letters from A to H denote contact pads enabling to connect individual sections of

the array to power supply. The inset shows one of the sections with indication of the section length and distance between the single-strip

lines. Each line contains 476 Nb/NbSi/Nb junctions (squares in the single-strip lines). b — Scheme of output of the Josephson radiation:

1 — liquid helium dewar, 2 — chip with junction array, 3 — square horn, 4 — waveguide taper to 3.1× 1.55mm (required for

suppression of higher modes in the waveguide), 5 — 11× 5.5 mm oversized waveguide, 6 — HTSC mixer.

it has important advantages [16]. It operates at higher

temperatures up to the liquid nitrogen boiling point, which

might reduce its cooldown cost significantly. It also features

high nonlinearity making it possible to mix the signal with

heterodyne’s high harmonics. This capability may be very

useful in view of the above-mentioned difficulties with the

creation of tunable generators in a submillimeter band [2].
A discrete niobium junction array studied in [15] was chosen
as an object of investigation. Spectral measurements were

performed within the range of 160−240GHz, including at

different number of active junctions in the array. When

an autonomous power source is connected to the array

instead of the current source, considerable reduction of the

Josephson oscillation linewidth to 0.3−0.8MHz is observed.

1. Topology of the array and output of
the Josephson radiation

The investigated series array of 9996 Josephson junctions

is placed on a 1× 1 cm silicon substrate of 0.38mm

in thickness (Figure 1, a). The array is divided into

7 sections spaced at 0.75mm. Each section consists of

3 single-strip lines of 7.1mm in length, each of them

contains 476 junctions. Center-to-center distance between

the adjacent lines is 36µm. Dimensions of junction are

8× 8µm. Material of junction is niobium and silicon

compound with atomic content of niobium of about 10%.

On the ends of the array and between sections, there are

contact pads designed to connect to the power supply circuit

the whole array or several adjacent sections. The array is

fabricated using the electron-beam lithography and reactive

ion etching methods [17,18].

This chip was immersed in the liquid helium dewar.

The Josephson radiation was output from the neck of

the dewar via the waveguide path placed inside a metal

tube of about 1m in length (Figure 1, b). The chip was

placed at the bottom end of the path opposite to the

13× 13mm aperture of the square horn. The chip was

protected against spurious magnetic fields by a cylindric

permalloy screen. The main part of the path was a

11× 5.5mm rectangular waveguide. It is oversized in

the investigated frequency range allowing the radiation

absorption on the waveguide walls to be reduced. For

more detailed description of the scheme of output of the

Josephson radiation, see [15].

2. Measurement scheme

The HTSC Josephson mixer was a YBaCuO super-

conductor film sputtered on a surface of the Zr1−xYxO2

bicrystal substrate with a disorientation angle of a single-

crystal lattice of 24◦ in [001] plane. The Josephson

junction was formed at the single-crystal boundary, its

thickness was 0.1µm, and width was 1.5µm. The junction

is integrated into a log-periodic planar antenna [19] for

broadband coupling with the external radiation (the inset

in Figure 2, a).
Spectral measurements were carried out using two basic

schemes (Figure 2). In both cases, the HTSC mixer was

attached to a silicon hyper-hemispherical lens and was

installed into the Gifford-McMahon closed-cycle cryostat.

The mixer was cooled to a temperature of 6−7K. In the first

scheme R&S SMB100A low-frequency (LF) generator was

used as a heterodyne signal source (Figure 2, a). The
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Figure 2. Two spectral measurement schemes. a — Mixing scheme at high harmonic of LF heterodyne: 1 — HTSC mixer on a silicon

lens, 2 — whip antenna, 3 — LF generator, 4 — isolating capacitor, 5 — cooled amplifier, 6 — room amplifier, 7 — low frequency

filter, 8 — DC power supply, 9 — radiation of Josephson junction array, 10 — PTFE lens, 11 — cryostat. The inset — photo of the

sample with YBaCuO mixer, where the dashed line shows the bicrystal boundary. b — Mixing scheme at the first/second harmonic of

HF heterodyne: 1 — beam splitter, 2 — reference signal of BWO, 3 — radiation of Josephson junction array.

heterodyne signal arrived to a symmetric antenna placed

near the mixer on the flat side of the silicon lens. The

signal from the junction array was supplied from outside

via a quasioptical circuit with the external PTFE lens and

IR filters installed on the optical window of the cryostat and

was focused on the junction of the HTSC mixer junction

by the silicon lens. The intermediate frequency (IF) signal

was formed by means of mixing the Josephson radiation

with high harmonics of the heterodyne signal (from 8th to

13th depending on the generation frequency of the array)
and was then output via a coaxial cable to a spectrum

analyzer. The IF signal was amplified by 52 dB using a

pre-amplifier placed on a cold plate of the cryostat, and

the room amplifier. The output noise was −64 dBm in the

frequency range of 1−3GHz in the 3MHz band of the

spectrum analyzer. A battery-powered source was used for

DC offset of the mixer.

The second measurement scheme employed a backward-

wave oscillator (BWO) with a radiation range of

115−175 GHz as a reference signal source (Figure 2, b).
In this case, signal mixing took place on the first or second

harmonic of the heterodyne. The optional power of BWO

was selected by a mechanical attenuator. A beam splitter

made of mylar or PTFE thin film was used to mix the signals

from the heterodyne and the array. This measurement

scheme provided higher receiver sensitivity due to mixing on

the first or second harmonic, but required finer and longer

tuning compared with the scheme using the LF generator.

Preliminary characterization of the HTSC mixer, including

the loss in the waveguide path, made it possible to estimate

the conversion efficiency. Efficiency of mixing of 165GHz

signal on the first harmonic is −10 dB, on the tenth

harmonic is−29 dB.

3. Results

Figure 3 shows the current-voltage curve (IVC) of the

whole Josephson junction array (power supply is connected

to contact pads A and H , see Figure 1), and IVC of the
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Figure 3. IVC of two sections (AC — contact pads A and C
are connected, see Figure 1), four sections (DH) and all seven

sections (AH) of the Josephson junction array. IVC were obtained

with increasing bias current (direct branches). The upper axis

denotes the averaged Josephson frequency f J of the whole

array (AH). To obtain f J of array sections AC and DH, multiply

the values on the top axis by 7/2 and 7/4, respectively. Spectral

measurements were performed on the numbered steps, numeration

starts from f J = 139GHz that is the beginning of the resistive

branch of IVC of the array AH .
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parts of the array: two (AC) and four (DH) sections.

As seen from figure 3, the critical current of the array is

Ic ≈ 5.4−5.5mA, the characteristic Josephson frequency

is f c ≈ 140GHz. A small variation of Ic within 0.1mA

observed when connecting different sections of the array

is attributed to the spread of the junction parameters and

to an uncontrollable capture of magnetic vortices by a

small number of junctions. Each IVC demonstrates current

steps occurring due to excitation of resonant modes by

the Josephson radiation along the single-strip lines of the

array [15,20,21]. Due to interaction of the junctions and

resonance system, radiation at the steps is significantly

enhanced. IVC of the whole array (AH) contains up to 24

such self-induced steps that completely decay at V ≈ 7V,

which corresponds to f J = 350GHz (see [15], Figure 2, a).
Hereinafter, the value f J applied to the array means the

Josephson frequency averaged by all junctions of the array

and calculated accordingly to the fundamental Josephson

relation [3] as f J = KV/N, where K ≈ 483.6GHz/mV, N is

the number of junctions in the array (in this case it may be

the whole array AH as well as its part). Relation between

this quantity and the Josephson frequencies of individual

junctions will be addressed below.

Spectral measurements were performed using both types

of heterodyne: LF generator and BWO. Spectral lines of the

Josephson radiation were observed at current steps from 3

to 6 covering the frequency range of f J = 150−180GHz,

and at the steps from 11 to 14 that are corresponded

by the range of f J = 225−250GHz (Figure 3). In the

latter case the 2nd harmonic of BWO used as a reference

signal. The specified intervals will be hereinafter referred

to as the fundamental and high-frequency (HF) ranges of

measurements, correspondingly. The strongest signal was

observed in the fundamental range at 4th current step.

In the first series of measurements, the array was

connected to Keithley 6221 current source [22], so that the

constant current mode was implemented in the circuit with

the array, i.e. in the equivalent circuit Keithley was an ideal

current source with infinite resistance. All spectral measure-

ments with this [15] and similar [23,24] niobium Josephson

junction arrays were performed in this mode. Here, as

in [15], it was concluded about a significant influence of

noise on the measured spectra because the lines were

poorly approximated by the Lorentz curve and often had

asymmetric shape, wherein the linewidth was defined not

only by the position of the operation point on IVC, but also

by the configuration of the connected measurement devices.

The spectral linewidth decreased insignificantly when the

voltmeter and temperature controller, that were auxiliary

devices during spectrum scanning, were disconnected from

the measurement circuit. Within the fundamental range,

the linewidth varied within 3−15MHz. Figure 4, a shows

typical spectral lines of the Josephson radiation recorded at

the steps from 4 to 6 with the use BWO and LF generator

as a heterodyne. As in [15,24], position of the lines were

close to f J . The spectral frequency deviated from f J

by no more than 1.5GHz exceeding f J in most cases.

Mismatch of these frequencies is explained by the presence

of the Josephson junctions oscillating in the asynchronous

regime in the vicinity of the nodes of resonant mode [21].
Compared with the remaining junctions in the proximity of

the antinodes of the mode, their Josephson frequencies may

differ considerably from the resonant frequency to which

the spectrum peak corresponds.

In measurements in the HF range the linewidth increased

up to 27MHz. Note that [15] reported much narrower

lines for this array in the same range — their width

was 3−6MHz. This mismatch additionally illustrates the

significant influence of technical noise on the spectrum

of the junction array. This influence varies in different

conditions of the measurements — in this case noises

broadened the spectral lines much more than in [15].
The measurements showed that position of spectral lines

on the frequency axis was instable in time. The oscillation

amplitude of the lines was equal to 1−10MHz and usually

doesn’t exceed the width of lines themselves. These

are quite low-frequency oscillations because the typical

frequency of such oscillations turns to be lower than the

scanning frequency of spectrum lines which is no more

than 1 kHz.

Due to frequency instability of spectral lines, the fol-

lowing procedure of measurement of the linewidth was

chosen. From 4 to 20 implementations of the spectrum

were scanned depending on the oscillation amplitude of

the line and relative noise level. A segment containing

the spectral line we are interested in was outlined on

each implementation. Then the implementations were

approximated by the Gaussian function using the least-

square method to define the central frequency of each

line. The final result was obtained by averaging the

lines preliminary shifted by the mean value of central

frequency. This measurement procedure prevents distortion

of the frequency-shifted line that occurs inevitably during

single scanning, and broadening of the line during simple

averaging of implementations without considering the shift

of the central frequency. All results presented in this work

have been obtained using the specified method. The size

of the noise band on the presented spectra varied from 20

to 100 pW and was defined by the number of operations of

averaging, video bandwidth and level of the technical noises

in the measurement system that could vary considerably for

different reasons.

In the second measurement series the array was con-

nected to the autonomous power source independent of

household electrical network, that can be represented as

a voltage source and a resistor of Ri = 1 k� resistance

connected in series. The current in the array was controlled

by the voltage in the power source within ±10V. With

such power supply configuration, considerable decrease of

the Josephson generation linewidth to values from 0.3 to

0.8MHz was observed. The measurement result thus didn’t

depend either on the type of heterodyne of the receiver or

on the frequency range. The typical examples of the corre-

sponding spectra are given in Figure 4, b showing the lines

Technical Physics, 2024, Vol. 69, No. 7
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Figure 4. Spectral lines of the Josephson radiation when Keithley 6221 current source is connected to the array (a) and autonomous

supply of the array (b). Lines I (a, b) were obtained with the use of fundamental harmonic of BWO as a heterodyne signal, line III (b) were
obtained using the 2nd harmonic of BWO as such signal, and the other lines were obtained when the LF generator was used as a

heterodyne. Linewidth measured at 1/2 from the maximum value is indicated at each line. Lines I and IV (a) were obtained at the

resolution of spectral analyzer (RBW) of 3MHz, lines II and III (a) — at the resolution of 1MHz, all lines (b) — at the resolution of

300 kHz. The insets show the current steps of IVC with the operation points marked on them where the presented spectra were measured.

The steps are numbered accordingly to Figure 3. Distortion of IVC (b) compared with IVC in Figure 3 is explained by the chosen scheme

of supply of the array where the constant current mode is not implemented on some parts of IVC.
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obtained within the fundamental range using both types of

heterodyne, and also the line obtained in the HF range.

Note that in this series of measurements the voltmeter and

temperature controller were always disconnected from the

measurement system.

The chosen autonomous supply circuit causes distortion

of the IVC of the array compared with IVC obtained in

the constant current mode (Figure 3). However, distortions
occur only in the areas of IVC where differential resistance

Rd significantly exceeds Ri . At the horizontal parts between

steps Rd = 3−25 k� that is much higher than Ri . As a

result, local dips occur in these segments and also in

transition from the superconducting branch to the resistive

branch (see insets in Figure 4, b). The steps are distorted

slightly because at them Rd = 100−500�.

In one of the local dips before the 4th current step of IVC

(Figure 4, b, left inset), a line at the fundamental harmonic

of BWO was obtained. Nevertheless, frequency position

of this line corresponds to the 4th step. Probably, a two-

mode generation regime is implemented in this case, i.e.

two resonant modes corresponding to the 3rd and 4th steps

are excited in the array at once. The line corresponding to

the 3rd mode was not scanned due to a limited frequency

range of the spectrum analyzer. In the two-mode generation

regime, the Josephson junctions are divided into two groups

belonging to different modes. As a result, the Josephson

frequency f J averaged over the array turns to be between

the current steps, that is observed on the corresponding

parts of IVC. Other lines shown in Figure 4, b, like in

the first series of measurements, deviate from f J no more

than 1.5GHz.

Narrow lines were also observed when the autonomous

power source was connected to the parts of the array

containing from 2 to 5 sections. Measurements here were

performed only at 4th current step of IVC where BWO was

used as a heterodyne. Linewidths, similar to the case of the

whole array, were equal to 0.3−0.8MHz. Examples of lines

obtained in the measurement on two (AC) and four (DH)
sections are represented in Figure 5. Line DH near 163.7

and 163.73GHz has local maxima that may be caused by

the oscillations of the amplitude of the heterodyne signal.

Considerable narrowing of spectral lines in the second

series of measurements is obviously attributed to the

configuration of the power circuit of the array. Change

to another type of power supply is the most obvious

explanation: from the ideal current source to the voltage

source with resistance connected in series. Spectrum

variations in this array when the current source is changed to

the voltage source have been already observed in the studies

using a semiconductor heterodyne receiver [25]. Though

these changes were of different nature probably due to

a slower response of the measurement system, in [25] it

was suggested that the spectral line considerably narrows

at power supply from the voltage source. Autonomy of

the power supply circuit, i.e. its independence from the

household electrical network, may also the reason of the

narrowing of the line. Considerable variations of the spectral

linewidth in the first series of measurements described

in this work and in the measurements described in [15]
were explained exactly by the noise from the electrical

network. Moreover, in the second series of measurements as

mentioned above, the secondary devices were disconnected

from the measurement circuit. Similar action resulted in

some decrease of the linewidth of the spectral lines in the

first series of measurements.

The width of the obtained spectral lines in the measure-

ments with the autonomous power source was limited by

the chosen resolution bandwidth (RBW) for the spectrum

analyzer that was equal to 300 kHz. With further decrease

of RBW, the line was smeared by noise due to the observed

LF instability of the line on the frequency axis similar to the

first series of measurements. The oscillation amplitude was

also within 1−10MHz. Thus, the spectral measurements

essentially achieved the resolution limit, therefore the

spectral lines of the Josephson radiation may be more

narrow that the lines observed herein. Assuming that

about 1000 junctions are synchronized in each section of

the array (i.e. 70% of the total number of junctions in

the section, which agrees with the numerical calculations

in [21]), then, as follows from [4], the width of the line

of generation from one section of the array shall not be

more than 10 kHz (without considering that the sections

can be also synchronized between each other). Limitation

on the resolution of the spectral lines also prevented the

adequate approximation of the lines by the Gaussian or

Lorentz curves to estimate the influence of technical noises.

We can see several possible explanations of the observed

LF instability of spectral lines. The same technical noises

that causes broadening of the lines seems to be one of the

obvious reasons, but now this might be noise converted

to frequencies ≤ 1 kHz due to nonlinear properties of the

Josephson junctions, or flicker noise. However, amplitude

of deviation 1−10MHz typical for LF instability is corre-

sponded by oscillations of induced current 1−10µA, that

seems to be too high for noise. Another possible reason is

the instability of synchronization of the Josephson junctions

in the array. As shown in [21], the array may contain

a certain fraction of asynchronous junctions placed in the

vicinity of the nodes of the resonant mode. The number

of synchronous and asynchronous junctions probably varies

continuously that leads to the instability of the properties

of the resonator and, as a consequence, to the offset of

the resonant frequency. The reason of the LF instability

may be also possible temperature oscillations in the array

caused, for example, by turbulent convection flows in liquid

helium [26].
Spurious eletromagnetic impact on the array from com-

ponents of the receiver is excluded as a cause of the LF

instability. Radiation power of the BWO was from 20

to 40mW, and this radiation is difficult to be completely

isolated from the array (Figure 2, b). Considering the

typical radiation power at the output of the array of about

several µW [20], even a small fraction of radiation of

the BWO entering the waveguide path for the Josephson

Technical Physics, 2024, Vol. 69, No. 7
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radiation may be expected to have a significant effect

on the resonant mode and, thus, to shift the generation

frequency of the array. However, the LF instability also

takes place when using the LF generator (Figure 2, a), but
its possible connection with the array is very indirect. The

Josephson radiation was mixed with the 10th or a higher

harmonic of signal of the LF generator. Investigations of

a similar bicrystal junction show that the junction absorbs

maximum 4µW with a comparable power of reference

signal [27], and the power at the 10th harmonic reradiated

by the junction, according to our calculations, will be

lower by about 5 orders of magnitude and will be no more

than 0.1 nW. Taking into account the measurement system

configuration, radiation with a power lower by another

2 orders of magnitude will reach the array and only a small

portion of this power will be absorbed by the array. It is

obvious that the final power will be insufficient to produce

a significant impact on the frequency of spectral line.

Conclusion

The study has performed spectral measurements of the

niobium Josephson junction array using the heterodyne

superconductor receiver. The HTSC Josephson junction

based on YBaCuO formed at the bicrystal interface of

Zr1−xYxO2 substrate served as a mixer in the receiver.

When the array was supplied from the current source,

spectral lines of the Josephson radiation were observed

and had a width from 3 to 15MHz in the range of

150−180 GHz that increased up to 27MHz in the range of

225−250 GHz. When the array was connected to the circuit

with an autonomous voltage source and 1 k� series resistor,

the linewidth decreased to 0.3−0.8MHz at all measured

frequencies and also when 2 to 5 sections of the array were

connected. Significant narrowing of the spectral lines may

be explained by the change in configuration of power supply

of the array as well as by reduction of external noises at

the reconnection of the source from household electrical

network to the autonomous power source.

LF oscillations of spectral lines on the frequency axis are

observed in all measurements. The amplitude of oscillations

was 1−10MHz, while the frequency didn’t exceed 1 kHz.

The LF oscillations didn’t allow to obtain the lines with

RBW lower than 300 kHz during the measurements with the

autonomous power source. Therefore, the spectral linewidth

may be smaller than the values observed in the present

work. To improve the spectral resolution, it is necessary to

increase the scan rate of spectrum.

The LF instability effect of the spectral lines of Josephson

radiation requires additional study. This effect is an obstacle

for potential application of the niobium Josephson junction

arrays as a heterodyne. The problem of the frequency

stabilization of the line may be solved by the development

of a phase-locked-loop control system for these arrays

similar to how this was done for the heterodyne of the

superconductor integral receiver with SIS mixer [10].
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