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1. Introduction

The development of technologies for generating and

recording radiation in the terahertz frequency range is

relevant not only for scientific research in various territories

of physics, astronomy, metrology and biology, but also for

a number of applied problems, for example, in medicine

and security systems. The shortfall of solid-state sources

of continuous terahertz radiation with the possibility of

smooth frequency tuning, which is especially pronounced

in the frequency range from 500GHz to 1.5 THz, motivates

works on their development and research. Improvement of

integral matching structures (microwave signal transmission

lines) will make it possible to create and study sources

of terahertz radiation based on an array of synchronously

operating transitions that provide frequency tuning in a wide

frequency range. In addition, similar circuits will be used

in the design of a new generation of integrated receivers in

the sub-terahertz range [1,2].
The niobium integrated structures under study are de-

signed to operate in the range of 200−700GHz. The

process of their modernization consists in optimizing the

design of the constituent elements and selecting the para-

meters of the transmission line, such as the thickness and

material of the dielectric layer, the geometric dimensions

of the structural elements, detector characteristics and

temperature. Structure optimization is carried out at the

design stage of the device using existing models that

take into account the penetration of a magnetic field into

superconductor, as well as losses in niobium electrodes at

voltages of the order of and above the gap voltage [3].

The core target of the work is the creation and testing

of numerical calculation methods that make it possible to

correctly describe experimental superconducting structures

in a wide frequency range from 200 to 700GHz, as well

as to optimize matching structures in the desired frequency

range. For optimization, it is essential to determine the

influence of the above factors on the matching factor and

its dependence on frequency. This work is devoted to the

solution of these issues.

2. Integral matching structures and
methods of their study

The microwave radiation generator is a distributed

Josephson junction (DJJ) [1,4–6], in the English lite-

rature known as the flux-flow oscillator (FFO), which

operates in the sub-terahertz frequency range from 200

to 700GHz [2,7,8]. A lumped Josephson junction

superconductor-insulator-superconductor (SIS) is used as a

high-frequency signal detector. Both devices are located on

the same substrate, the radiation propagates from the flux-

flow oscillator (FFO) to the SIS along special transmission

line shown in Fig. 1.

The role of each several components is essential; the

elements of the transmission line are selected in such a

way as to ensure the maximum matching of the impedances

of the generator and the detector in the widest possible

frequency band [8]. To ensure independent power supply of

the generator 1 and the detector 5, DC decoupling of these

elements 3 is required, which should not interfere with the
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Figure 1. Photo of the integral matching structure. 1 is FFO,

2 is three-stage impedance transformer, 3 is low-frequency break

element, 4 is two-stage impedance transformer, 5 is SIS detector,

6 is radial contactor, 7 is output coplanar line.

passage of the high-frequency signal from the generator to

the detector. To do this, the schema provides a DC break,

made in the form of a slot antenna. The SIS detector 5

has a large parasitic capacitance, which can be
”
detuned“ at

the operating frequency by connecting the small inductance

made in the form of a segment of microstrip line a few

micrometers long. To connect the inductance to ground

by high frequency,
”
a blocking“ capacitor is used, which is

implemented using broadband radial contactors 6. It should

be noted that the output impedance of the generator is a

fraction of an ohm, which makes it necessary to use a multi-

sectional impedance transformer 2 to match the decoupling

circuit and to connect to the detector.

In the work, the results of the study of inte-

grated circuits prepared on the basis of Nb−AlOx−Nb

and Nb−AlN−NbN tunnel structures are presented. The

technology for manufacturing superconducting integrated

structures based on high-quality tunnel junctions was

developed and optimized at the Kotelnikov Institute of

Radio Engineering and Electronics of RAS [9,10]; this tech-
nology has been tested in the manufacture of low-noise

THz receiver devices for radio astronomy and integrated

receivers for atmospheric monitoring and laboratory appli-

cations [2,7,11,12]. The main elements of matching circuits

are made in the form of segments of microstrip lines based

on niobium films; a layer of silicon dioxide SiO2 was used

as insulator. Two variants were studied with a variation

in the thickness of SiO2 in the matching structure. In the

first variant, the SiO2 thickness was 400 nm over the entire

scheme, except for the first section of the transformer 2,

where the layer thickness was 200 nm, to reduce the wave

resistance of the adjacent to FFO line. In the second variant,

an insulator layer of the same SiO2 thickness was used

throughout the circuit, equal to 250 nm, which simplifies the

technology for manufacturing integrated structures, but can

narrow the matching band and worsen signal transmission.

Experimental determination of the degree of matching

for the impedances of the generator and the detector is

carried out by measuring the dependence of the power ab-

sorbed in the detector on the generator radiation frequency.

The power released in the transition can be estimated

by comparing experimental data with calculations within

the Tucker and Feldman theory [13]. Absorbed power

magnitude is proportional to the square of the pumping

current Ipump of the SIS detector at voltage under the

slot, where a quasiparticle step is formed due to electron

tunneling under the action of a high-frequency signal; the

value of the current at this stage is measured in the

experiment (see Fig. 2, a). The main parameters of the

above SIS junction are: RnS = 27.2� · µm2, S = 1.14µm2,

where Rn is normal junction resistance, S is junction

area. To compare different circuits, the pumping current

is normalized to a certain maximum value; usually, for

normalization, the magnitude of the value of current step on

the slot Ig is used. The frequency of microwave radiation

is determined by the voltage on the FFO according to the

Josephson relation. The signal power at a given frequency

is proportional to the FFO current and can be varied by

simultaneously adjusting the magnetic field and current of

the FFO.
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Figure 2. a) VAC of the SIS detector under the influence of

a microwave signal of different frequencies. Ipump is value of the

pumping current, Ig is value of the current jump across the gap. b)
Measured dependence of the normalized detector pumping current

on frequency. The detector was the SIS junction, the VAC of which

is shown in Fig. 2, a.
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It should be noted that in many cases the generator

produces too much power, and at the corresponding

frequencies the detector operates in saturation mode (the
pumping current reaches Ig). During processing, all

measurements obtained for FFO currents greater than the

saturation current are not taken into account, and the

matching curve reaches the maximum level (see Fig. 2, b).

3. Mathematic simulation of transmission
lines

To optimize the integral matching structures, a model of

the matching circuit was built in a mathematic simulation

program. The impedance conversion that each transformer

produces depends on its own impedance and length. The

transformer consists of several microstrip lines, which are

connected by a trapezoidal electrode. When constructing

the calculation, the places of expansion and narrowing were

approximated by a stepped chain of short microstrip lines.

Its impedance ZB depends on the width of the strip W ,

the thickness of the insulator H and its permittivity εeff as

follows [14,15]:

ZB =
1

√
εeff

120π

1.4 + W/H + 0.7 ln(W/H + 1.4)
.

The inclusion of superconductivity effects in the cal-

culations was implemented by adding corrections to the

impedance ZB and resistance constant γ , which take

into account the penetration of the magnetic field and

attenuation in the line and depend on the surface impedance

of the superconducting electrodes. Wave impedance ZS
o

and propagation constant γS in a line with superconducting

electrodes can be calculated as follows:

ZS
o = ZB

√

A2 +
1

iωL

( Rt

W t
+

Rb

W b

)

,

γS = γ

√

A2 +
1

iωL

( Rt

W t
+

Rb

W b

)

,

where the Swihart’s factor A is equal to

A =

√

1 +
λt

H
coth

(λt

dt

)

+
W t

W b

λb

H
coth

(λb

db

)

.

Here λ is London depth of penetration of the magnetic

field into the superconductor, d is electrode thickness, R is

surface resistance, indices t and b indicate the parameters

of the upper and bottom electrodes, respectively.

The calculation is made in two ways. In the first case,

the impedance matching factor is calculated between the

various parts of the circuit, from the source to the detector.

The result is shown in Fig. 3.

In the second method, the transfer matrices of circuit

elements (ABCD matrices) [14,15] are compiled and the

ratio of the power incident on the SIS junction to the power

Frequency, GHz

200 300 400 500 600

–2

–14

–12

–10

–8

–6

–4

0

–16
700

n
o
rm

2
0
 l

g
(I

),
 d

B
p
u
m

p

C
o
u
p
li

n
g
, 
d
B

–2

–14

–12

–10

–8

–6

–4

0

–16

1

2

3

Figure 3. Frequency dependence of the normalized pumping

current. Comparison of experiment with calculation results:

curve 1 is impedance matching, 2 are ABCD matrices, 3 is

experimental data. The values of the theoretical curves refer to

the axis on the left, the value of the experimental curve refers to

the axis on the right.

radiated by the generator is calculated [16]. The matrix of a

microstrip line of constant width has the form [14,15]:

M =







ch(γl) ZS
o sh(γl)

1

ZS
o
sh(γl) ch(γl)






,

where l is element length. At frequencies above 700GHz,

where the radiation quantum energy becomes comparable

and may even exceed the energy gap of niobium, the

signal from the generator is heavily absorbed in the

superconducting electrodes of the transmission line; this

effect was taken into account in the second calculation

method. The sheet resistance of the electrode was calculated

using the formulas of the Mattis–Bardeen theory [17], which

take into account the effects of strong coupling [18].
Comparison of calculations with experimental data is

shown in Fig. 3. The thickness of SiO2 in the sample is

250 nm. The detector was the SIS junction, the CVC of

which is shown in Fig. 2, a. It is possible to note a good

coincidence of peaks in frequency both between the two

calculations and both calculations with the experiment. For

a correct assessment and interpretation of the comparison

results, it is also necessary to take into account the features

directly related to the generation of radiation, since for

the FFO there is a dependence of the radiation power on

frequency. Thus, for Nb−AlOx−Nb structures at generation

frequencies of about 450GHz (voltage Vg/3, where Vg

is the gap voltage), the FFO generation mode changes:

from the Fiske steps, a transition to the flux-flow mode

takes place. This transition is caused by the self-pumping

effect [19,20]. As a result, the power up to frequency of

450GHz will be somewhat higher than the calculated one,

and after it will be noticeably lower due to additional losses
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in the FFO itself. The difference in matching levels between

theoretical models at high frequencies is due to the fact that

the model with ABCD matrices takes into account losses

at frequencies above the gap frequency. The incomplete

correspondence between the position of the peaks of the

theoretical and experimental curves on the frequency axis

is caused by the frequency dependence of the London

penetration depth of the magnetic field. The pumping

observed in the experiment at low frequencies is due to the

generation of the FFO at the harmonics of the Josephson

frequency [21]. In this work, it is shown that the pumping

observed at frequencies 200−350GHz is
”
the replica“ of

pumping compressed in half along the frequency axis at

frequencies of 400−700GHz.

4. Experimental results and discussion

When comparing experimental data with the results of

calculations, the main attention should be paid to the

qualitative agreement of the presented curves and the

position of peaks and dips in the matching curve, and not

to the quantitative agreement of the pumping levels. In the

calculation, the result is the power level reaching the SIS

junction, and in the experiment, the pumping current is

measured, which is related to the incoming power level by

a rather complex dependence [13]; therefore, all diagrams

presented have a double vertical axis.

The resulting mathematical models were applied to

create devices operating in the range of 450−700GHz,

below are examples of the successful use of these models.

Integrated circuits containing various variants of matching

structures have been developed, prepared and studied.

Comparison of the calculation with the experiment allows

you to refine the calculation models and determine the

values of the parameters that allow you to get the best

matching with the experiment. Two matching schemes have

been implemented, differing in the impedance transformer

between the low frequency insertion element and the SIS

detector; the results are shown in Fig. 4. For the first schema

(Fig. 4, a), the transformer is traditionally a two-stage one

(element 4 in the circuit in Fig. 1). In the second schema

(Fig. 4, b), the single-stage transformer was used in front

of the microstrip line containing the SIS detector, which

makes it possible to shorten the length of the lines and

reduce the effect of losses at high frequencies close to the

gap superconductor frequency. For both variants, in most of

the 450−700GHz range, the power loss is from 4 to 1 dB.

Predictably, the variant with the single-stage transformer has

a lower matching bandwidth (550−620GHz in −3 dB level

compared to the range of 500−650GHz for the two-stage

transformer), but it makes it possible to reduce losses due to

the shorter length of the structure, which may be important

when operating at frequencies around 1 THz.

The Nb−AlOx−Nb Josephson junction was used as

a detector. Main parameters: RnS = 27.2� · µm2,

S = 1.24µm2. It should be noted that the results shown
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Figure 4. Frequency dependence of the normalized pumping

current for a) two-stage and b) single-stage transformer in front

of the detector block. Curve 1 is calculation by ABCD matrix

method, 2 is experimental curve.

in Fig. 4 were obtained for samples with one SiO2 insulator

layer 250 nm thick, which simplifies the manufacturing

technology. The results obtained demonstrate the possibility

of implementing a fairly good matching in structures with

single insulator layer: in almost the entire calculated

frequency range of 450−700GHz, the matching level lies

above −4 dB.

The influence of the current density of the SIS junction

on the nature of microwave signal transmission was studied.

The use of receiving structures with a high tunneling

current density makes it possible to significantly expand the

matching band. The connection between the tunnel current

in the Josephson junction and the value of the normal

resistance Rn has the form

I =

√

2πkBT1
eRn

exp

(

−
1

kBT

)

sinh

(

eV
kBT

)

,

where T is absolute temperature, kB is Boltzmann constant,

e is elementary charge, 1 is energy gap of superconductor,

V is applied voltage.

It is more convenient to use an abbreviated expression

that includes the value of the critical current density in the
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Figure 5. Frequency dependence of the normalized pumping

current. Comparison of samples with identical matching structures,
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junction jc :

RnS =
Vg

jg
=

π

4

Vg

jc
.

Applying it to the available samples, one can obtain the

value of the tunnel current density of the SIS junction jg in

kA/cm2:

jg =
π

4

250

RnS
.

The impedance of the SIS detector depends on its current

density. Therefore, by changing the value RnS, and together

with it the value jg , we also change the impedance matching

factor. This can be observed both in calculation and in

experiment. The corresponding data are shown in Fig. 5.

Both calculations and experiment demonstrate a rather

strong dependence of the signal transmission level on the

current density: the lower RnS (the higher jg), the larger the
band can effectively matching the FFO and SIS impedances.

It should be noted that in order to achieve optimal matching

of the receiving element with small RnS and the external

electrodynamic system, SIS junctions of submicron sizes

are required.

As increase in temperature, losses in superconducting

electrodes increase; this affects the quality of signal trans-

mission through the matching structure. In addition, the

mode of operation of the FFO-based generator changes

substantively; due to a significant increase in the quasipar-

ticle current, losses in the FFO itself increase, as a result

of which the radiation power at high frequencies drops.

As the temperature rises, the main parameters of the SIS

detector also decrease: the gap voltage Vg and the value

of the current jump on the gap Ig , the leakage current

under the gap increases, see Fig. 6. When measuring

the pumping current, all these effects were taken into

account; the operating point at which the measurements

took place shifted from 2.5mV to the region of lower

voltages. It can be seen from Fig. 7 that the region of

effective matching shifts to the region of lower frequencies,

and the matching level decreases. For comparison, the figure

shows the calculated matching values for two temperatures;

the calculation took into account only the change in the

power transfer coefficient in the matching circuit with an

increase in temperature, without taking into account the

change in the FFO operating mode.

Data on the temperature dependence of the values of Vg

and Ig are necessary to study the effect of temperature on

the signal transfer coefficient, since the measurement of the

value for current of pumping of the SIS detector cannot be

adjusted without information about the gap voltage Vg , and

further normalization of the obtained results is carried out

with the direct participation of the Ig value.
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ABCD matrix method. The detector was an SIS junction, the

VAC series of which is shown in Fig. 6.
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With increase in temperature, there is a strong increase in

power losses in the niobium electrodes, as well as a decrease

in the FFO generation power, which was not taken into

account in the calculation. It can be seen from Fig. 7 that

the contribution of both effects increases with increasing

frequency. The last factor, apparently, causes a noticeable

difference between the calculation and the experimental

results. Heating the sample to temperatures in the order

of 5.0K does not lead to a significant deterioration in signal

transmission (although it entails an increase in losses at

high frequencies), while a further increase in temperature

actually makes the devices unusable due to the low level of

signal transmission.

5. Conclusion

The results of the development, research and optimization

of superconducting integrated structures designed to match

the generator and the SIS detector in the frequency range of

200−750GHz are presented. Mathematical models of inte-

gral matching structures are developed and optimized, the

principles of their construction and operation are described,

the influence of the main parameters of matching structures

on signal transmission is determined. The modernization

of the calculation algorithms made it possible to obtain a

correspondence between the positions of the extrema of the

calculated and experimental curves. Thanks to the develo-

ped and tested models of transmission lines, the topology of

matching structures was optimized; with their help, samples

were designed to operate in the 450−700GHz frequency

range. The possibility of using one-section transformers

is shown, which reduces losses and makes it possible

to manufacture matching structures for operation at high

frequencies close to the gap frequency: on level −3dB

operating range is from 550 to 620GHz. The studies

performed have confirmed the possibility of a significant

expansion of the matching band for samples with detectors

based on SIS junctions with a high tunneling current

density. The possibility of effective matching (above −4dB

in the calculated frequency range) for structures with a

constant insulator layer thickness is demonstrated, which

simplifies the manufacturing technology. It is calculated that

changing the RnS value of the detector from 7.4� · µm2

to 27.2� · µm2 leads to the drop in matching by a few dB

(−5 dB at frequency 450GHz). The effect of temperature

on the operating range of integral matching structures has

been studied; it has been shown that high-quality signal

transmission is possible at temperatures not exceeding 5K.
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