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Abstract

A new implementation for a terahertz flux-flow oscillator
(FFO) based on a long Josephson junction is presented. The
oscillator is integrated with the lens antenna on a single
chip providing the THz emission in the open space, and
with a harmonic mixer (HM) based on a SIS junction for a
frequency and phase locking. We used the double slot
antenna to output the emission from the planar
transmission line to the open space, this antenna is coupled
to the elliptical silicon lens forming narrow output beam of
THz radiation. Two designs of antenna and matching
structures coupled to the oscillator are developed and
fabricated, the operating ranges 0.33 -0.57 THz and
0.42 - 0.73 THz were obtained experimentally for these
designs. The emission to open space was measured by an
external superconducting receiver located in the separate
cryogenic system.

1. Introduction

An important problem nowadays in astronomy,
spectroscopy, radio physics and other fields is the lack of
easy tunable wideband THz sources. The FFO based on a
long Josephson tunnel junction made of trilayers Nb-AIN-
NbN or Nb-AlOx-Nb was successfully implemented as the
local on-chip oscillator in the superconducting integrated
receiver [1,2] and proved to be a perspective solution for
an easily tuned and wideband source. It’s operating
bandwidth is about 100% of central frequency: from
250 GHz to 700 GHz for the sample having the length of
400 pm? and the width of 16 pym?, and the free-running
spectral linewidth is about several MHz with Lorentzian
shape [3,4]. The upper operating frequency can potentially
reach 1.2 THz if NbTiN-based output transmission lines
are used [5]. Typically the phase locking loop (PLL) is used
for such oscillator, for this purpose a small part of the
output power is branched to the HM based on a SIS
Josephson junction. The phase locking leads to an actual
linewidth less than 100 kHz, which satisfy almost all needs
for THz applications. The typical power of FFO is about
0.1 =1 uW and can be increased by using larger current
density of the Josephson junction.

2. Layout & numerical simulations

The output frequency fof the FFO is strictly defined by the
Josephson equation hf'=2eVpc, where Vpc is the DC
voltage on the junction. The operation of such oscillator is
discussed elsewhere [1,6]; the bias current and the control
line current for supplying the local magnetic field are used
for setting Vpc and hence the operation frequency f. The
layout of the proposed oscillator based on the FFO is shown
in fig. 1. The main idea of this work is the integration of
the FFO with the HM for the feedback locking loop and
with a transmitting slot antenna on a single microchip
(fig. 1a) placed on the back surface of the elliptical lens
(fig. 1b). The chip substrate and the lens are both made of
silicon. Both tunnel junctions the FFO and the HM are to
be fabricated of Nb/AIN/NbN or Nb/AlOx/Nb, top and
bottom electrodes constitute the microstrip transmission
lines. A similar type of slot lens antenna was used in [7] as
the receiving antenna coupled to a SIS detector in the
receiver for 100 GHz, 246 GHz and 500 GHz.
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Figure 1. (a) Layout of the planar microcircuit containing
FFO, double slot antenna, harmonic mixer and the coupling
structures between the elements. (b) Scheme of the
microchip with oscillator and antenna shown on (a) placed
at the far focus of the silicon lens.



The numerical simulations of microcircuits shown in
fig. 1a were carried out for different frequency ranges. The
bandwidth of such antenna is about 0.4 - 0.5 of central
frequency while the bandwidth of the FFO is up to ~1 of
central frequency. Hence we decided to develop two
designs to overlap 0.4—-0.7 THz, with the central
frequencies of 450 GHz (lower band design) and 600 GHz
(upper band design). The numerical task is the coupling of
the oscillator having low output impedance (less than 1 Q)
to the lens antenna having high impedance (tens of 2) and
forming a beam pattern required for applications, and
simultaneous coupling to the HM having some
intermediate impedance (about several Q). Coupling to the
antenna should be as high as possible, while coupling to the
HM should be just enough for properly PLL operation
(commonly 10-20 %) and should not take away much
power. Both couplings with the antenna and the HM should
be in the same frequency range, which is desired to be as
wide as possible. The calculated impedances of two
antenna designs are presented in fig. 2 a, and the calculated
frequency properties of the whole microcircuits are shown
in fig. 2b.
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Figure 2. (a) The impedances of the slot antenna of
450 GHz and 600 GHz designs in the point of connection
to a microstrip line. (b) The emission power to the open
space (solid curves) and the absorption by the HM (dash
curves with filling) for 450 GHz design (blue curves) and
for 600 GHz (magenta curves). The power is normalized to
the total output FFO power. The area under the dash curves
are filled for clarity.

The simulations were carried out using the three-
dimensional microwave modeling software. The emitting

edge of the FFO was simulated as the input port #1 with the
constant impedance of 0.5 Q, the HM was simulated as a
port #2 with the impedance equaled to the normal
resistance of the junction. This resistance is about 20 Q and
defined by the current density of a real trilayer (typically
5-10kA/cm?) and the area of the junction, which is
expected to be 1 - 1.5 um? The capacity of the HM was
taken into account by embedding a capacitor in parallel to
the port #2 according to specific capacitance 85 fF/um?.
The mictrostrip line behind the HM contains the rf-short in
the form of radial stub to prevent the leakage of THz power
beyond the HM. Then the microstrip line transforms to a
CPW line for proper connection to the contact pads of the
chip.

One can see from fig. 2a that the frequency dependence of
the impedance for both designs is rather flat: the full
impedance is found to change from 30 Q to 40 Q for
450 GHz design and from 26 Q to 40 Q for 600 GHz
design. No jumps in the operation region are presented.
According to results in fig. 2b, the operating ranges defined
as the ranges with emission level to the open space higher
than 0.7 of total FFO power are 330 — 550 GHz for lower
band design and 400 — 700 GHz for upper band design.
The power absorbed by the HM of about 0.1 - 0.2 was
achieved in the regions of operation for both designs;
which is expected to be enough for locking the oscillator.

3. Experiment

3.1 Setup

The DC measurements for Nb- and NbN-based structures
are carried out by the dipstick testing in the liquid helium.
The experimental setup for studying the output THz
emission is shown in fig. 3; for this purpose the high
resolution spectrometer based on the superconducting
integrated receiver (SIR) [1,2] was used. Two liquid
helium cryostats for the oscillator (upper part of the scheme
in fig. 3) and the receiver (lower part of the scheme in
fig. 3) were used and set opposite each other, so that the
quasioptical windows of the cryostats were oriented toward
one another. One can note that two FFOs are used in the
experimental setup: one (FFO #1) is the object of the study,
second one (FFO #2) is used as the local oscillator (LO) of
the SIR. The local oscillator of 19 — 21 GHz is used for the
mixing by the HM of the FFO signal and the n-th
harmonics of the oscillator. Additionally, the PLL system
is used for locking the signal. The spectral line of the
emission can be measured simultaneously by the spectrum
analyzer (SA) #1 in the intermediate frequency (IF) range
of the HM 0 - 800 MHz, and by the SA #2 in the IF range
of the SIR 4 — 8 GHz. Hence, the spectra detected by SA
#1 is the convolution of the FFO #1 signal and the n-th
harmonics of the synthesizer (assumed to be J-function)
while the spectra detected by SA #2 is the convolution of
the two FFO signals, at least one of which (#2) should be
phase-locked during the measurements forming the signal
similar to J-function.
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Figure 3. Block diagram of the experimental setup for
measurements of the FFO emission to the open space by
the THz spectrometer based on the SIR.

3.2. Results & discussion

The batch of experimental samples based on Nb/AIN/NbN
tunnel trilayers was fabricated according to the developed
450 GHz and 600 GHz designs. The current density of the
SIS trilayes on the batch is about j.= 11kA/cm?, this
corresponds to parameter R,S of about 19 Q-um?; the gap
voltage V, is about 3.5 mV, and the quality factor of the
HM junctions defined as the ratio of “sub-gap” resistance
to normal resistance Rj/R, is more than 25.

The pumping efficiency of the HM by the FFO was
measured as the quasiparticle step on the current-voltage
characteristics of the HM in the whole operating range of
the FFO. The step is normalized to the “current jump” at V,
voltage, which is about 200 pA and is measured accurately
for the specific junction. The results for the HM pumping
in comparison with the calculation results are presented in
fig. 4. One can note a good agreement of the experiment
with the numerical simulations.

The output emission of the oscillators of both designs was
successfully detected by the SIR in the ranges that were
expected according to the numerical simulations. The
typical spectral lines of the FFO at f= 550 GHz measured
by the SA #1 (HM circuit) and by the SA #2 (SIR circuit)

are presented in fig. 5. The Lorentzian shape of the free-
running spectra are similar to each other, the estimated
linewidth values are close. The detected power level is
quite different due to different amplifications in the IF
chains of the HM circuit and SIR output circuit (see fig. 3),
so these power levels are incorrect to compare.
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Figure 4. HM pumping by FFO power (solid curves)
measured experimentally and calculation results of the
absorbed FFO power by HM (dot curves). The HM
pumping current is normalized to the “current jump” at the
gap SIS voltage; the absorbed power is normalized to the
total output FFO power. The dot curves are the same as the
dash curves in fig. 2 b.
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Figure 5. Power spectra of the FFO at the frequency
550 GHz for the sample of upper band design measured by
using the on-chip HM (SA #1) — free-funning (red line) and
phase-locked spectrum (black line), and by using the SIR
(SA #2) — free-running (magenta line) and phase-locked
spectrum (blue line). The bottom and top axes of frequency
represent different IF ranges of output circuits, the span for
both axes is the same and equals to 100 MHz. All the
spectra are measured in the upper sideband. An estimated
linewidth for free-funning spectra and the resolution
bandwidth (RBW) of analyzers are shown near the curves.
For the spectra measured by SIR (magenta and blue lines)
the LO of the SIR, FFO #2, is phase-locked.



The emission to the open space of oscillator of both designs
were studied in the range of SIR operation, as well as the
signal branched to the feedback loop with the HM and PLL
system; the results are presented in fig. 6. Since the range
of SIR operation is about 450 — 700 GHz, which does not
cover the wideband operating ranges of two designs, the
emission at flower than 450 GHz and higher than 700 GHz
could not be measured accurately by the SIR. Nevertheless,
these points still could be studied by the HM circuit to
know the spectral properties. For studying the FFO
emission to the open space at frequencies out of the SIR
operation range another detector is required, e.g. Goley cell
or a Si bolometer. Such experiment is planned for future.
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Figure 6. The signal-to-noise ratio detected by SIR in
consequence of the FFO emission to the open space (scatter
points) and calculation results (solid curves) for lower band
and upper band designs. The solid curves are the same as
the solid curves in fig. 2 b.

4. Conclusion

The superconducting THz oscillator based on a
unidirectional flow of the fluxons in a long Josephson
junction (a flux-flow oscillator or a FFO) is a promising
solution of the THz source for the tasks where wideband
frequency tuning is required and the high power is not
necessary. We presented the implementation for the
external THz source based on the FFO integrated with the
harmonic mixer and the transmitting slot antenna
integrated on a single chip with the oscillator. The lens is
used forming the narrow beam pattern. Two antenna
designs that covers 0.33 - 0.73 THz region are numerically
simulated, fabricated and experimentally studied. The
calculations are in a good agreement with the experiment.
The emission to open space is measured by external high-
resolution spectrometer, signal-to-noise ratio up to 30 dB
is obtained with the free-funning spectral linewidth of
about several MHz.
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