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Abstract: The development and approbation of a superconducting local oscillator based on a long
Josephson junction made it possible to create a fully superconducting integrated receiver in sub-
terahertz frequency range, which was successfully tested both on board a high-altitude balloon and
in the laboratory. In order to expand the frequency range of a superconducting integrated local
oscillator, it is necessary to ensure the continuous tuning of its frequency at an arbitrary bias current,
including a so-called resonant mode regime. The resonant mode regime takes place for high-quality
tunnel junctions with low leakage; in this regime, stable generation is possible only at Fiske steps,
the distance in frequency between which is tens of GHz. A method for suppressing resonances has
been proposed and implemented; this method is based on the introduction of normal metal layers
into the region near the long Josephson junction. Modeling of the propagation of electromagnetic
waves in the proposed integrated structure was carried out; experimental samples were fabricated,
and their comprehensive study was performed. The complete suppression of resonances and the
possibility of the continuous tuning of the frequency of a superconducting local oscillator in the
range of 200-700 GHz have been demonstrated. The linewidth of the FFO radiation does not exceed
15 MHz over the entire frequency range, which makes it possible to implement the phase locked loop
mode in an integrated receiver intended for spectral studies.

Keywords: superconducting local oscillator; long Josephson junction; superconducting integrated
receiver; high-quality tunnel junctions; sub-terahertz frequency range; continuous frequency tuning;
linewidth and phase-locking of the superconducting local oscillator

1. Introduction

Superconducting devices have unique characteristics that are unattainable for con-
ventional semiconductor electronics. The ability of superconducting nanostructures to
operate at very high frequencies, along with their extremely strong non-linear response,
makes them ideal building blocks for state-of-the-art systems designed to detect and to
generate terahertz radiation. The development of supersensitive terahertz (THz) receivers
and oscillators is currently one of the most intensively and successfully developing ar-
eas of superconducting electronics [1-11]. Superconducting elements have an extremely
low intrinsic noise due to their cryogenic operating temperature and quantum nature
of mixing [12-14]; this, in addition to the listed advantages, enables the development of
terahertz receivers with unique parameters that are unreachable for devices based on other
physical principles. In the frequency range from 100 GHz to 1.4 THz, the most sensitive
receiving elements are superconductor-insulator-superconductor (SIS) junctions [14-16].
The development of superconducting electronics made it possible to create a supercon-
ducting integrated receiver (SIR) [17,18], which combines all receiver components in one
chip: a planar antenna, a SIS mixer, a superconducting local oscillator, and an additional
harmonic SIS mixer for phase locking of the local oscillator. The high sensitivity and spec-
tral resolution of the SIR were demonstrated while probing the atmospheric limb aboard
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a high-altitude balloon [19], and in the laboratory for detailed spectral measurements of
terahertz radiation emitted by the Bi;SrpCaCu,Og mesa structure, formed by thousands of
Josephson junctions [20]. A number of other experiments dedicated to studying the spectra
of sub-THz signals were also investigated [21-23].

The superconducting local oscillator, also known as FFO [24-29], is based on a long
Josephson junction (LJ]), whose length L is much greater than its width W and the Josephson
penetration depth Ay = (®¢ /(271 pg je 1))1/2; where ®j = h/2e, jc is critical current density
of the junction, 1 = d + Ap; + Arp is magnetic thickness of the tunnel junction, d is the
barrier thickness, Ar; 2-magnetic field (London) penetration depth of the superconducting
electrodes. In such a long junction, a unidirectional motion of Josephson vortices-fluxons,
containing a single magnetic flux quantum @ arises due to joint action of the applied
magnetic field and the transport current, called the bias current I;,, When the vortex
reaches the end of the junction, electromagnetic radiation is emitted. In accordance with the
Josephson relation, the junction biased at voltage V generates electromagnetic oscillations
with frequency f = (2rt/Pg) V (that corresponds to 483.6 GHz/mV). The speed and density
of the fluxons and, therefore, the frequency and power of the radiation, can be tuned by
varying the bias current and/or magnetic field. The magnetic field in the L]J] is created
using an external coil or a special integrated control line. The maximum speed of vortex
motion is equal to the speed of propagation of electromagnetic waves in the junction, the
so-called Swihart velocity csw = ¢ \/d/(el) [30], where c is the speed of light in vacuum,
d is the barrier thickness, ¢ is its dielectric constant. For typical FFO parameters, Swihart
velocity is 20-30 times less than the speed of light in a vacuum.

The operation of the FFO based on LJJ has a number of features associated with various
modes of the fluxons motion. At voltages V < Vg /3, where Vy is the gap voltage of the
tunnel junction, the so-called resonant flow of fluxons is observed. In this mode, the FFO
is characterized by a small value of the electromagnetic wave attenuation parameter o,
and the junction operates like a transmission line with well-defined resonant modes of
electromagnetic oscillations. Part of the electromagnetic radiation generated by the FFO is
reflected from the emitting end of the junction and reaches its opposite side. This results
in the occurrence of standing waves in the L]J at frequencies f, = mmncsy /L, where m
is an integer. These modes interact with the Josephson current, and when the frequency
of the Josephson current coincides with a frequency of the resonant modes, on the I-V
characteristics of the junction steps of the Josephson current at voltages Vi, = m h cgw /4eL,
called Fiske steps [31,32], appear. Thus, the current-voltage characteristics of the L]J in
this voltage range manifest a pronounced resonant structure. This greatly complicates the
implementation of smooth tuning of the generator frequency, and even makes it impossible
at a constant bias current.

At voltage values V~V; /3, a sharp increase in the quasiparticle junction current occurs
for an FFO [33], which is explained by the effect of Josephson self-coupling (JSC) [34-38].
This effect is caused by the energy absorption of high-frequency Josephson radiation
generated by the FFO itself by quasiparticles; this leads to the well-known phenomenon of
photon-assisted tunneling. The Josephson self-coupling (JSC) effect can be obtained [34,35]
from the Werthamer equation [34]. As a result, the I-V characteristics (IVC) of the FFO
show an increase in the quasiparticle current at voltages Vjsc = Vg /(2n + 1), where n is an
integer, the most pronounced effect is observed at n = 1, which corresponds to Vjsc = Vg/3;
as a consequence the attenuation coefficient « increases significantly. For a tunnel junction
of length L, when the condition o* L/A; > 1 is satisfied, the self-pumping effect leads to the
disappearance of the Fiske steps and the FFO passes into the so-called flux-flow regime [33].
According to the theory [34,35], the effect of JSC on the IVC should be more significant for
Josephson tunnel junctions with a higher critical current density. The appearance of JSC
effect is characterized also by a sharp increase in the differential resistance of the junction
at voltages slightly above V¢ /3. At higher voltages, the differential resistance of the FFO
decreases, the autonomous emission linewidth narrows, and it becomes easy to smoothly
tune the FFO frequency over a fairly wide range. The FFO generates a signal up to a voltage
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of the order of Vg /2 = A/e, as long as the energy of the generated photons does not exceed
the energy of the Josephson interaction 2A. Photons with higher energies break the Cooper
pairs and, therefore, absorption of the electromagnetic wave in the junction electrodes is
very high.

Figure 1 shows the IVCs of FFOs based on the Nb/Al-AlOx/Nb (a) and Nb/Al-
AIN/NDbN (b) structures, measured at different values of the magnetic field generated
by the integrated control line. The pumping current of the SIS mixet, Iyump, induced by
the FFO radiation (as a percentage of the I,ump to the quasiparticle current jump on the
gap voltage, Ig), is depicted by the color. The red areas correspond with the operation
parameters of the FFO, at which the Ipump of the SIS mixer exceeds 25% of its current jump
at the gap voltage. This level is certainly sufficient for the normal operation of the SIS
mixer. The figure clearly shows the boundary of the transition from the resonant mode to
the flux-flow mode. This boundary is visible in the form of a characteristic compression
of the IVC at a third of the gap voltage, which is approximately 0.95 and 1.25 mV for
junctions based on the Nb/Al-AlOy/Nb and Nb/Al-AIN/NbN structures, respectively;
these voltage values according to the Josephson relation correspond to FFO frequencies of
460 and 606 GHz. The figure clearly shows the resonant behavior of the IVC at voltages
V < Vg/3, due to the presence of Fiske steps.
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Figure 1. IVCs of the Nb/Al-AlO,/Nb (a) and the Nb/Al-AIN/NbN (b) FFOs, measured at different
magnetic fields. The pumping current of the integrated SIS mixer induced by the FFO radiation is
shown by the color.

For most practical applications, continuous frequency tuning of the superconducting
local oscillator is required at the arbitrary value of the bias current. This requirement is
naturally fulfilled in the flux-flow regime, while in operation in the regime of Fiske steps,
stable generation is possible only at Fiske steps, the distance between which in frequency is
tens of GHz. This article presents the results of a comprehensive study of the FFO; a method
for suppressing Fiske steps was proposed and tested to ensure continuous frequency tuning
at voltages V < Vg/3.

It should be noted that spectral measurements by the integrated receiver require not
only continuous tuning of the local oscillator frequency, but also the implementation of the
FFO phase locking [39]. Considering the delay in the phase locking loop (PLL) between
the SIR microcircuit located in the cryostat at helium temperature and the PLL system
operating at room temperature, the linewidth of the free-running FFO should not exceed
10-15 MHz to implement synchronization with a sufficiently high spectral quality. The
linewidth of the oscillator is proportional to the square of the differential resistance Ry of
the FFO at the operating point [40—42]; this in turn imposes restrictions on the value of R4
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required to implement the PLL regime, therefore special attention should be paid to this
problem as Ry is increased for the geometry with the suppression. The purpose of this
paper is the development and systematical study of the continuous frequency tunable FFO
with low Ry.

2. Materials and Methods

At present, the main elements of superconducting electronics are SIS tunnel structures
based on niobium and its compounds. Films made of these materials have high mechanical
strength, chemical stability, sustainability to thermal cycling and good adhesion, as well as
a sufficiently high critical temperature to operate at liquid helium temperature (T = 4.2 K).
The critical temperatures of the films made of niobium and niobium nitride (NbN) are
9.2 Kand 15.5 K, respectively. The technology of Nb tunnel junctions with an Al interlayer
is based on the well-known fact that a very thin Al layer completely covers the Nb base
electrode [43-47], effectively wetting the columnar microstructure of the Nb film and
flattening the surface [45] in spite of its roughness. The tunnel barrier is formed by the
oxidation or nitridization of a thin aluminum film (5-7 nm), which covers the niobium
surface as a continuous layer and makes it possible to obtain ultrathin tunnel layers (about
1 nm thick). The possibility of fabricating the tunnel junctions with high current density
and extremely low leakage, which do not change their characteristics for many years, is
the most important factor that ensures the widespread use and practical application of
junctions based on niobium.

Fabrication technology of multilayer superconducting circuits based on Nb-AlO4-Nb
junctions made by Selective Niobium Etching and Anodization Process (SNEAP) [46] was
developed and implemented at Kotelnikov Institute of Radio Engineering and Electronics
of Russian Academy of Science. A number of new technological processes and techniques
for manufacturing superconducting tunnel junctions with unique parameters have been
developed [47,48]. Tunnel junctions with high current density allow increasing the operat-
ing frequency of SIS receivers and expanding their bandwidth. However, there is a limit
to the transparency of the barrier for SIS junctions based on alumina. This limit is of the
order of 10-15 kA /cm?; with a further increase in the current density, a sharp degradation
of the quality of the junctions occurs. In order to overcome this limitation, a technology
for manufacturing Nb/Al-AIN/ND SIS tunnel junctions with extremely high transparency
of the tunnel barrier by nitridization of the Al surface in an RF plasma discharge with
acceptable values of the ratio of the subgap to normal resistance (quality parameter Rj/Rn)
was developed [49-52].

Application of NbN as the upper electrode in a three-layer structure made it possible
not only to achieve a critical current density up to 70 kA/cm?, but also to significantly
improve the parameters of the tunnel structures. As a result, the value of the gap voltage of
the Nb-AIN-NbN junctions as high as 3.7 mV was obtained; the quality parameter R;/Rn
exceeds 20 even at high current densities [4,29,52], which indicates the perfect quality of
the tunnel barrier. A technology has been developed for manufacturing integrated circuits
based on Nb-AIN-NbN tunnel junctions with niobium wiring, which makes it possible
to use the advantages of Nb-AIN-NbN junctions in circuits with a topology designed
and tested earlier for niobium structures. Using this technology, circuits for studying the
linewidth of a superconducting local oscillator, microcircuits of an integrated submm wave
spectrometer, and a number of other unique elements and devices were made [4,18-23,53].
For the formation of tunnel structures of submicrometer sizes (down to 100 nm), methods
of electron-beam lithography were used [54].

The Nb-AlOx-Nb and Nb-AIN-NbN structures were deposited layer by layer in a
single vacuum cycle on a silicon substrate, covered with a protective (buffer) layer of
AlO3. Furthermore, by the means of photolithography and plasma etching, the areas of
SIS junctions were formed on the surface of the workpiece. During the manufacturing
process, the structure went through an isolation stage. It included anodization of the area
uncovered by photoresist and magnetron sputtering of the SiO, layer. This minimized
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the probability of leakage and shorts for the multilayer structures. The next step was the
formation of absorbing resistors by magnetron sputtering of Mo metal (see Section 3.2).
The Nb film, which is the top electrode, and Au contact pads, were finally deposited by
magnetron sputtering. Detailed descriptions and all main parameters of the technological
processes were published in various articles [4,29,47,54].

3. Results and Discussion
3.1. Traditional FFO

First, we describe the operation principles of a traditional FFO based on the LJJ. A
DC bias current I is applied through the LJJ in combination with an external magnetic
field, which is generated by the current through the superconducting control line parallel
to the junction plane. The magnetic field penetrates into the junction at the end: the
Josephson phase @(x), along the junction changes, with the formation of a vortex carrying
the magnetic flux quantum ®,. The bias current causes this quantum to move, and as a
result, a unidirectional viscous flow of Josephson vortices arises in the junction, and each
vortex has a length of 2A; along the junction plane and 2A1 in the direction perpendicular
to the junction plane. The value of the Josephson penetration depth A; depends on critical
current density jc; typically, A; is of about 5 um for the j. = 5 kA/cm?, while the London
penetration depth Ap, for niobium films is 85 nm. Moving along the junction under the
Lorentz force, the fluxons are repelled from each other and form a chain of vortices, which
is quite rigid at high magnetic fields [55,56]. When a moving fluxon crosses the end of the
junction, a voltage pulse V occurs, the integral of which over time is equal to the value of
the “emerging” magnetic flux quantum:

/ Vdt = @) = 2mV-1 ps. 1)

The speed and density of this fluxon chain, and, consequently, the power and frequency
of electromagnetic radiation that occurs when quanta cross the boundary, can be tuned
by changing the bias current I, and the current through the magnetic field control line
IcL. After the vortex collides with the emitting end, a reflected electromagnetic wave
arises inside the junction. For a small value of the parameter «, which characterizes the
attenuation in the FFO, the wave can reach the opposite end of the junction. At certain
frequencies, a standing wave can arise, which will affect the entry of vortices into the
junction; as a result, the IVCs in the region of small « has a pronounced resonant structure.
The smaller the «, the steeper the current steps appear on the IVC. At higher operating
frequencies, the parameter « experiences an abrupt increase due to the effect of Josephson
self-pumping [33-36], and a non-resonant mode of motion of a dense flow of vortex chain
is formed (see Section 1). The transition between the two operating modes of the FFO is
clearly visible on the IVC (Figures 1 and 2) at voltages V =V /3.

For the successful operation of the superconducting oscillator as a local oscillator (LO)
in the integrated receiver [17,18], continuous tuning of the FFO frequency in the entire
available frequency range of the device is necessary; in addition, to implement the PLL
mode, the linewidth of the FFO emission should not exceed 10-15 MHz. The linewidth
of the Josephson junction is determined by the combination of thermal and shot noise in
the tunnel junction, which translates into frequency fluctuations at the tunnel junction
by the square of differential resistance Ry; exact expression depends on the specific L]J
model [40-42,55]. For a current-biased lumped Josephson tunnel junction at temperature T,
the full linewidth at half power 4f is given by the expression:

sf=4mkg TR42 L,/ (Dp V). 2)
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Figure 2. (a) IVCs of the Nb-AlOyx-Nb FFO measured at different magnetic fields induced by the
current in integrated control line (Ic, = 20-40 mA); (b) IVC of the Nb-AlO4-Nb FFO measured at
fixed value of Icp, = 29.6 mA; (c) differential resistance Ry calculated from (b) using linear fitting of
the IVC over 3 points at each voltage value.

The noise phenomenon observed in Josephson oscillators has been studied since
1980 [57], in addition to the extra noise that can appear for Josephson junctions with high
critical current density [58]. A significant increase in the spectral linewidth is due to the
effect of noise self-pumping [59-61] and transition to the chaotic regime [62,63]. A detailed
discussion of these effects is beyond the scope of this article.

Figure 2a shows the IVCs of the Nb-AlOx-Nb junction measured at different magnetic
fields, while Figure 2b demonstrates one IVC taken at a fixed magnetic field. The depen-
dence of the differential resistance Rd on voltage V for the curve from Figure 2b is presented
in Figure 2c. One can see that there are jumps between steps that make operation impossible
in some frequency ranges (marked by bars in Figure 3c). Furthermore, at the edges of the
steps, regions of a sharp increase in the differential resistance appear, which leads to a
significant broadening of the emission line. The special shape of the FFO [64] is beneficial
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for suppression on the Fiske steps in the Josephson junctions. We used the same shape
for the ends of the FFO (see Figure 3); although in the range of magnetic fields required
for the FFO operation, the Fiske steps were still presented on the FFO IVCs. It should be
mentioned that continuous frequency tuning and even phase locking with spectral ratio
up to 90% was realized for specially designed Nb-AIN-NbN FFO in the frequency range
490-606 GHz (below V¢ /3) [18,29]. It became possible due to FFO IVCs bending at low
I;, and high voltages (just below V¢/3) caused by dispersion and surface losses [65] by
using a specially developed procedure to find the optimal Fiske step nearest to required
LO frequency [18,19].

Ly — FFO
] generator
top
bottorit] |4 electrode 1 along
electrode Ly the FFO
..
T
RF out
(@) (b)
along and on the non-emitted
on both edges [ T edge %‘*
L

™ L
(© (d)

Figure 3. Layout of the FFO of different designs: (a) traditional FFO; (b) design with resistive layers
along the FFO; (c) resistive layers along and on both ends of the FFO; (d) resistive layers on the
non-emitting end of the FFO.

3.2. Suppression of Resonant Features. Study of the Modified FFO

In order to “smooth” the IVC of the FFO in the resonant mode, it is necessary to
increase the damping parameter «, which would cause the dissipation of the reflected
electromagnetic wave inside the junction. This was achieved by introducing an additional
resistive layer into the FFO topology. To study the effect of the suppression of the resonances
experimentally, several versions of the oscillators were fabricated with a 60-100 nm thick
Mo absorber layer, partially covering the FFO and located either along the entire junction
or at the FFO ends [66]. Figure 3 shows a schematic representation of the structures with
different geometries of absorbing resistors. For a direct comparison, the FFOs without
an absorber (see Figure 3a) were fabricated in the same technological run. It should be
mentioned that all test circuits contained a small SIS junction to detect the radiation emitted
by the FFO [39,67]; this makes it possible to compare the power produced by FFOs with
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FFO Current (mA)

and without absorbers. Both Nb-AlOx-Nb and Nb-AIN-NbN circuits were fabricated
and tested.

The location of the resistive layers along the FFO on its sides (Figure 3b) does not
provide complete suppression of geometric resonances. There are still weakly expressed
regions with a characteristic stepped structure on the IVC in the resonant mode. The
inclusion of additional resistors on both ends of the generator and along the FFO (Figure 3c)
allows for the suppression of the resonances completely, but leads to strong losses, since only
part of the power generated by the FFO reaches the mixer (especially at high frequencies).
The location of the resistors only at the non-radiating end where the fluxons enter the FFO
(Figure 3d) results in good suppression of resonances and does not lead to considerable
additional power losses.

The I-V characteristics of the FFO equipped with absorbing layers placed on the
non-radiating end are shown in Figure 4a,b. It can be seen that the dependence became
smooth, even in the resonant operating mode. Dependence of the differential resistance Ry
on voltage V for the curve from Figure 4b is presented in Figure 4c. Comparison of the R4-V
dependencies for two different designs Figure 3a,d is presented in Figure 5. It is clearly seen
that the R4-V dependence has become smoother without sharp jumps, therefore making it
possible to smoothly tune the frequency of the FFO at an arbitrary bias current. This was
confirmed by direct measurements of the FFO linewidth (see Section 3.4).
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Figure 4. (a) IVCs of the Nb-AlOy-Nb FFO with resistive layers on the non-emitting end of the FFO
(Figure 3d) measured at different magnetic fields induced by the current in integrated control line
(IcL = 20-40 mA); (b) one of the FFO IVC measured at fixed value of Icp, = 27.2 mA; (c) differential
resistance calculated from Figure 4b.
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Figure 5. Comparison of the FFO differential resistance Ry dependencies measured as a function of
FFO voltage for two different FFO designs presented in Figure 3a,d; see also Figures 2c and 4c.

3.3. Modeling of Suppression Methods and Estimation of Parameters

In order to confirm the physical principles of the suppression of the resonant modes,
to determine the factors contributing to the suppression the most, and to optimize the
geometry of absorbers (without a significant decrease in radiation power of FFO), we
carried out the calculations of different geometries in Ansys HFSS [68].

Unfortunately, HFSS does not have in-built tools to treat superconducting effects,
such as the penetration of the magnetic field into the superconducting electrodes and the
change in propagation velocity due to this effect (Swihart velocity) [30]. In the article by
Belitsky et al. [69], the procedure of modeling of the superconducting microstrip line is
described. The authors propose to assign special boundary conditions to the corresponding
surfaces of the superconductors. In our work, we followed this method. Assigned to the
surfaces of superconductors frequency-dependent datasets were generated separately using
the expressions of the Mattis—Bardeen theory [70], extended by Zimmermann et al. [71] by
taking into account a finite mean free path time of the quasiparticles. In our simulations,
we consider a model of Josephson transmission line (JTL).

Figure 6 depicts the geometries of the simulated structures. When fabricating the
junction, the narrowing regions near its ends were carried out to provide better coupling
of the FFO with the outer circuit and to decrease the reflection from the end of the FFO.
In geometries 2 and 3, the metal layer overhung the junction and due to this geometry,
the field leaked out of the junction. We modeled only the “input” part of the FFO where
fluxons enter the junction; we assigned a single lumped port for JTL excitation, as shown in
Figure 6. This enabled us, on one hand, to investigate the absorption of the electromagnetic
waves in the line, and on the other hand, to examine the reflection of the wave from the
end of the junction. We could assign the port impedance to match the line in order to avoid
reflections, but dispersion in the line at high frequencies due to the change in London
penetration depth and geometrical factor made this task almost impossible. As is shown
later, it turned out to be much easier to set the impedance of the excitation port much bigger
than the characteristic impedance of the line (impedance of the port was set to 100 (2 and
the characteristic impedance of the line was around 0.3 (3) and then recalculate the data on
511 in order to eliminate the influence of the port.
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Figure 6. 3D-models of the simulated geometries. (a) FFO without idle region (geometry #0, corre-
sponds to Figure 3a); (b) geometry with normal metal layer along the FFO where width is constant
(geometry #1, Figure 3b); (c) circuit with normal metal layer at the end and along the junction (#2,
Figure 3d); (d) design with the impedance transformer connected to the end (#3) in order to decrease
the reflection.

The results of the simulation are shown in Figure 7 where the lines represent the
magnitude of S11-parameter dependence on frequency. It is clearly seen that the application
of the normal metal to the idle region leads to a strong decrease in amplitude of the
oscillations which corresponds to the absorption of radiation in the structure. Moreover,
when adding normal metal to the end of the FFO, almost complete suppression of the
resonances can be obtained (see green curve, which refers to geometry #2 and corresponds
to the experimental layout presented in Figure 3d).

Here, we derive some formulas in order to eliminate the reflections from the excitation
port and quantitatively estimate the level of attenuation in the line and reflection ratio from
the ends in the investigated structures. Consider an incident wave coming from the left; it
reflects from the outer boundary of the line with the amplitude reflection ratio r{, which is
given by the well-known expression:

rl = |lel’l6 - Zﬁort/zling + Zport 7 (3)

where Zj;,, and Zy+ denote the characteristic impedance of the line and the impedance
of the port. Amplitude of the wave decreases exponentially with the distance due to the
absorption in the line. Reflection ratio from the opposite end is r,. Taking all the effects
above into account, we can derive the expression for S11:

1’2(1 — 1’%)
1 —rirpexp(—2«L)exp(2ikL) ’

S1p = e+ (4)
where « is the attenuation constant, k is the wave number k = 27t/A, and L is the length of
the line; ¢’ in the first term denotes that the port impedance is larger than that of the line.
This expression can be rewritten for the magnitude of Sq1:
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Sl \/(rz —r - r%rz)z +2(rp — 11 — r3rp)r1x cos(2kL) + r2x?
1| =

1 —2xcos(2kL) + x2 ’ ©)

where x = ryry exp(—2«L).
The magnitude of Si; reaches its maxima when cos(2kL) = 1 and minima when
cos(2kL) = —1. Corresponding expressions are:

r1 772+r%r2+r1 X

|Sll ‘mux = 1
|511|min = 71*72;%Ez+7’1x (6)
1.00 x T ¥ T . T L T % T L T J T .
AOOOAOL0
il Mﬁf%
0.99 A .

[S11]

Superconducting line
0.98 - —— Mo - geometry #1
Mo - geometry #2

200 250 300 350 400 450 500 550 600
Frequency (GHz)

Figure 7. Sji-parameter dependence on frequency from simulations in Ansys HFSS. Black curve

represents the result for barely superconducting line; red curve depicts the geometry with normal

metal in idle region, but with uncovered end; green corresponds to the geometry with normal metal
both near the line and at the end (see Figure 6).

Thus, the difference between maxima and minima is given by formula:

, 2r173(1 —12) exp(—2«L)
diff = |Sll|max - |Sll|min = 2( 1)

7
1 —r3ri exp(—4xL) @)

By taking a natural logarithm of the expression for diff and expanding it into a Taylor
series, assuming r3 exp(—2«L), being small compared to unity, we obtain:

4
In(dif f) = 2In(ra) — 2kL + C(r1) + | r3r3 exp(—4kL) + %1 (r% exp(4KL))2] G

Thus, the magnitude of the oscillations of |S11 | in this case is almost completely
determined (with an error less than 15% for superconducting case and 2% for all the other
simulations) by the absorption in the line and reflection ratio from the opposite boundary
as the term in square brackets can be neglected. Yet, there is a value C(r1) in the expression
above which is the same for all simulated geometries and can be determined by the extrap-
olation of the curve corresponding the superconducting case to the low-frequency region.

This enables us to determine the amplitude of the wave after passing through the
structure. Recalculated curves in a format: By/A; = r3exp(—2«L)), where By is an
amplitude of the wave returned to the port after propagation in the line and reflection from
the end, and A is the initial amplitude, are shown on Figure 8. For all the geometries, an
increase in the attenuation with frequency is observed as expected. This can be explained
by two factors. First, the wave number and the attenuation constant depend linearly
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on frequency [72]. Second, the resistance of the films made either of a superconductor
or normal metal increases with frequency [70,71]; this leads to stronger absorption of
electromagnetic wave energy in the structures. The introduction of layers of normal metal
to the idle region of the junction leads to a decrease in the magnitude of the reflected wave
by a factor of 4 (curve Mo #1); an additional normal metal layer at the end of the junction
improves this result to more than the order of magnitude (curve Mo #2) in the whole
frequency range 200-500 GHz.

1 ! T T T T T T T T T T T T T T
Superconducting line

0.1 5

< ] Mo - #1

m ]

0.01 Mo - #2 |

Mo - #3

0.001

L T T T T T T
200 250 300 350 400 450 500 550 600
Frequency (GHz)

Figure 8. Amplitude of the wave after propagation in the line and reflection from the end normalized
to the initial amplitude versus frequency for simulated structures.

It should be noted that attenuation layers significantly reduce the radiation power of
the FFO. Thus, it is crucial to design a geometry with a low reflection ratio from the ends
and low losses. As we can see from Figures 6 and 8, the suppression of the resonances
can be improved, either by the attenuation layers near the line or by the modifications
of the end (compare geometries #2 and #1). Therefore, we designed and performed a
simulation of the structure with a Chebyshev impedance transformer connected to the end
of the structure. The transformer was optimized to provide a match between the FFO and
outer medium at frequency 300 GHz. Both the structures made of a superconductor and
normal metal were simulated. In the structure with the superconducting transformer, any
noticeable change in damping compared to geometry #2 was observed, but geometry with
the transformer made of normal metal showed an additional decrease in amplitude by
more than two times (see Mo-#3 curve in Figure 8).

However, many effects regarding the real FFO are yet to be considered in simulations.
First, our simulation did not involve any effects related to the fluxon dynamics and gen-
eration in the FFO. Actually, the generation occurred only when the fluxon reached the
end of the junction and far from the ends the FFO behaved like a passive transmission line.
However, standard excitation port in Ansys HFSS was still a good approximation. Second,
in a real structure, there is an overlapping region made of a superconductor, which covers
the FFO itself and the metallization layers (in corresponding geometries). As shown in a
study by Lee et al. [65], this may greatly contribute to the propagation velocity depending
on the width of the overlap. Moreover, the proximity effect [73] significantly impacts the
properties of normal metal and poses some restrictions on the layer thickness.

3.4. Measurements of the FFO Radiation

In practice, the most accurate measurements of Rd are made by recording spectra of
the FFO emission line; the measuring technique is described in the papers [28,39,67]. The
oscillator under study was part of an integrated microcircuit also comprising a small SIS
junction with an area of about 1.5 um? to monitor the radiation of the FFO, and specially
designed matching and tuning elements. The superconducting microcircuit was mounted
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R, (MQ)

26

inside a helium cryostat equipped with the necessary electronics for DC and microwave
measurements. The SIS junction located on the same chip with the FFO was also used
as a harmonic mixer (HM) with a very high harmonic number up to 50. The emission
from the FFO under testing and the signal from the reference synthesizer (which is at room
temperature, fs,,;; = 10-20 GHz met at the harmonic mixer. At the output of the HM, a
signal appeared at the intermediate frequency (IF) fir, equal to the difference between the
frequency of the FFO, frpo, and the nth harmonic of the reference synthesizer fg, .

frro = 1 fsynin £ fir )

Next, the output HM signal traveled to a cryogenic high electron mobility transistors
(HEMT) amplifier, then to a warm IF amplifier that was at room temperature. Thus,
the signal from a superconducting local oscillator was downconverted and recorded by
a spectrum analyzer. By using this technique, it was possible to record FFO IVCs and
determine FFO differential resistance with very high accuracy by using Josephson relation:
FFO frequency can be measured by a spectrum analyzer with an accuracy of about 1 MHz
that corresponds to 2 nV precision for voltage reading. By measuring the FFO bias current
for two points with a certain frequency shift (e.g., 500 MHz, which corresponds to a voltage
shift of about 1 uV), the R4 value can be determined. The results are presented in Figure 9a,b
for two FFO frequencies.
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Figure 9. Dependencies of the FFO differential resistance Rd on FFO frequency recorded for the
Nb-AIN-NbN junction by spectra measuring technique in two frequency ranges; near 365 (a) and 515
GHz (b). Experimental points are connected by lines as a guide for the eye.

By using a technique based on an integrated harmonic mixer described above [17,28,39,67],
it was possible to the measure free-running linewidth of the FFO at each point, providing
frequency stabilization to compensate for low-frequency noise temperature fluctuations.
The results are presented in Figure 10, which shows down-converted emission spectra
measured in two points, marked in Figure 9 by labels “A” and “B”; the linewidth varies
from 4 MHz to 12 MHz due to the change in the value of R4 using a specially developed
technique [28,39,67]. Dependence of the FFO linewidth versus frequency is shown in
Figure 11. The linewidth does not exceed 12 MHz at all operating points, making FFO
phase locking PLL possible [28,39,67]; phase-locked spectra of the FFO are shown in
Figure 10, along with free-running FFO spectra. Thus, the proposed approach ensured the
smooth tuning of the oscillator frequency and provided the possibility for phase locking of
the FFO for any frequency at a constant bias current.
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Figure 10. Down-converted spectra of the Nb-AIN-NbN FFO recorded for points A and B
(see Figure 9); spectra are measured for free-running and phase-locked FFO (blue and red
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Figure 11. Dependencies of the free-running FFO linewidth on FFO frequency recorded for frequency
ranges near 365 (a) and 515 GHz (b). Experimental points are connected by lines as a guide for
the eye.

4. Conclusions

We proposed and realized a method for suppressing resonances in a sub-terahertz
superconducting local oscillator based on long Josephson junctions. The suggested method
is based on the introduction of normal metal layers near the junction. Modeling of the
propagation of electromagnetic waves in the proposed integrated circuits was performed;
experimental samples were fabricated and tested. Complete suppression of resonances and
the possibility of continuous tuning of the frequency of a superconducting local oscillator in
the range of 200-700 GHz at arbitrary bias current have been demonstrated. The linewidth
of the FFO radiation in the range 4-12 MHz was measured, allowing the realization of FFO
phase locking, which is vitally important for spectral studies. Geometry with a matching
circuit made of normal metal connected to one of the ends of the FFO was proposed and
modeled. This geometry will help to improve the suppression even further, without a
significant change in losses compared with the standard FFO geometry.
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5. Patents

This study is based on the Patent by Paramonov M.E., Filippenko L.V, Fominsky
M.Yu, Koshelets V.P. “Cryogenic Tunable Oscillator of Sub-Terahertz Range Heterodyne for
Integrated Receiving Systems”; Patent RU2638964 (C1) [51].
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