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Abstract
Josephson fluxonic diode (JFD) has been studied and applied for gigahertz (GHz) imaging using the principle of generation
of fluxons by an irradiated standing wave at gigahertz frequencies. In this device, the creation, movement, and dynamics of
fluxon and anti-fluxon pairs as the magnetic field carriers in JFD have been examined in two separate modes of operation
including forward and reverse bias. In both modes, the high nonlinearity feature is used for electromagnetic radiation
detection. To verify this capability, an experimentally fabricated JFD based on Nb/AlOx /Nb trilayer technology has been
deployed without being coupled to any patterned antenna or frontal optics. Also, the junction design parameters and DC
biasing values have accordingly been chosen to achieve the best sensitivity to gigahertz radiations. As a result, the device
well respond to the specified frequency, and an image is acquired at 71 GHz which proves the potential application of JFD
as a pixel of the millimeter wave imaging systems with the direct detection mechanism.
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1 Introduction

Imaging in gigahertz (GHz) and sub-terahertz (THz) wave
regions of the electromagnetic spectrum (3–300 GHz)
has been of great interest in the recent decades. GHz
frequencies—in both active and passive imaging modes—
have been widely used in the area of security screening due
to their unique combined features of penetration and res-
olution [1–4] and in astrophysical radiometry, because of
their sensitivity to emissions from astronomical objects [5–
8]. Before these types of high-frequency imaging come into
widespread use, the infrared imaging of blackbody radia-
tion, which is now a highly developed technology, covered
the same application area [9, 10]; however, GHz knowl-
edge leads to a surge of research interest and outstanding
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progress in developing cost-effective, high-performance,
high-frequency components, and systems [11–13]. For GHz
imaging purposes, compact solid-state detectors with high-
sensitivity, wideband-frequency coverage, and large arrays
are required. At the top of these kinds of detectors, super-
conducting devices, including small tunnel junction (STJ)
[14–16], long Josephson junction (LJJ) [17–19], single-
photon detector (SPD) [20, 21], transmission edge sensor
(TES) [22–24], kinetic inductance detector (KID) [25–
27], and superconducting bolometers [28–31] are excellent
options due to their distinctive advantages of extremely low
noise and high-frequency operation. They have proven to be
the most sensitive GHz detector duo to the quantum limits of
noise in low/ultra-low-temperature superconducting devices
(LTS/ULTS) [32–34]. More importantly, they are fabricated
by the current micro- or nanolithography techniques and
consequently can be built into large arrays [35–38].

Compared with the existing LTS detectors, Josephson
fluxonic diode—which works at 4 K—provides distinct
advantages including, having an inherent gain, determining
the frequency, and amplitude of radiation simultaneously,
as well as having a simple addressing scheme. Its size
can be adjusted to provide an antenna-less detector [39,
40]. In principle, JFD is a long Josephson junction that is
filled with spatially reversing magnetic fields. Half of this
junction contains vortices (also called fluxons or solitons)
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and the other half is filled with anti-vortices [41]. Figure 1
demonstrates the configuration used for a JFD with a
T-shaped control line (which can be isolated from the
Josephson junction).

The control line creates a magnetic field which reverses
its direction at the center of the long Josephson junction. It
has a rectifying type of DC current–voltage curve—similar
to a semiconductor PN junction—used to detect incoming
radiation in the millimeter and sub-millimeter frequencies
[39]. The detection mechanism in JFD is based on the
creation of vortex–antivortex pairs due to radiation coupling
to its length in the reverse bias mode. Theoretically, the
upper detection frequency of a JFD is limited to around
700 GHz for Nb technology (the gap voltage of niobium
∼ 2.8 meV), but in practice, it would be fewer due to the
geometrical limitation and the length that may be used to
fabricate the detector.

In this study, for the first time, we focus on developing
a GHz imager using one single-pixel JFD without any
antenna couple to this device. We also propose the concept
of millimeter wave (MMW) imaging with standing waves.
For this goal, in the beginning, the use of this device
as MMW detector is theorized and formulated. Then, in
the experimental section, after describing the fabrication
parameters, the suitable DC bias value of JFD is chosen to
conclude the best sensitivity at the imager. After that, the
frequency of imaging will be tuned from the responsivity
spectrum and finally, a GHz image is captured as a proof of
the concept.

Fig. 1 The configuration of Josephson Fluxonic Diode (JFD): the
control current (IC) is applied into two wings of control line (dark gray
solid on top) equally and obtained from the transition region (TR).
It creates a spatially reversing magnetic field and produces vortices
and anti-vortices in each wing of the Josephson junction. The bias
current (Ib) is uniformly applied to the top electrode of the long
Josephson junction with the length of L and goes out from the base
electrode (light gray solids). This causes the vortices and anti-vortices
in the junction to be moved by a Lorentz force. Also, the incoming
RF radiation creates a standing wave (gray dashed line with the peak
at the center) which induces an oscillating current in corresponding
Josephson cells

2 Theory of Operation

As illustrated in Fig. 1, a control current is fed to two
wings of the control line of JFD and taken from it in the
middle. This induces the opposite magnetic fields in these
two separated regions inside the underneath long Josephson
junction. Vortices fill one half and anti-vortices fill the other
half of the junction. As can be seen from this figure, the
region where the direction of magnetic field changes is
called the transition region (TR), and its size is about the
width of the T-shaped control line at the center. Vortexes
and anti-vortexes attract each other and in the equilibrium
state, JFD cannot have a steady-state movement of vortexes
or anti-vortexes; therefore, a so-called the built-in current is
set up in the transition region that pushes them away from
each other and compensates the attraction force (like built-
in potential in PN junction). The change in the magnetic
field in the transition region can be used to obtain the
magnitude of the built-in current both by Ampere’s law and
the Josephson relations [42].

By applying a uniform bias current to the junction, the
pairs are either pushed toward each other or are pushed
away toward their points of entry at the boundaries. The
direction of the bias current determines whether they are
forced to or away from each other. When the bias current is
in the opposite direction to the built-in current, the attraction
force between vortices and anti-vortices take over, and they
move toward each other. Once the bias current is in the
same direction as the built-in current, they have pushed
away from each other. Similar to a PN junction diode, these
two directions of bias current are named the forward and
reverse bias. This naming is appropriate because the forward
and reverse bias IV curves are drastically different and
asymmetric with a near-linear characteristic in forward bias
and a short circuit in reverse bias mode.

Also, there is a so-called breakdown (or maximum zero-
voltage) current in JFD in which the junction falls into
a voltage state by a sudden creation of fluxons and anti-
fluxons at the middle of the junction in deep reverse bias.
When JFD is reverse biased at this point, an incoming
radiation can boost the pair generation anywhere along the
junction and lead to a voltage. Earlier, the best sensitivity
to microwave signals has been explained and evaluated at
breakdown [39]. At this state, the fluxon pairs are created
in the middle of TR by small amplitude radiation that
comes from increasing the current box value and flow in the
junction using the applied bias current due to the Lorentz
force. This is analogous to the PN diode in which electron-
hole pairs are created in the depletion region due to the
absorbing of radiation in the reverse bias and jump the
output current.

If the total length of JFD along x-axis (L) is proportional
to the wavelength of the incoming radiation, due to
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interference between waves reflected back and forth at the
device’s boundaries, then a standing wave is generated
along the JFD. This standing wave can interact with the
moving fluxons or create them in some specific conditions
which will be addressed later in this article. The location
of oscillation peak in this standing wave is fixed. Though
the oscillations with the peak at the center of JFD can
change the Josephson phase and lead to the breakdown of
JFD in the reverse bias. Hence, in this mode, the device
can ideally respond to the wavelength equal or lower than
twice the length of JFD. By choosing the bias current
near the breakdown current and waiting for the generation
of the vortex-antivortex pairs in the middle of TR, one
can conclude that topmost amplitude of the GHz wave
oscillations should be at the center of JFD to help pair
generation. The corresponding radiation resembles a half
sine standing wave (as depicted in Fig. 1 with a gray dash
line), which breaks the junction and pumps the fluxons.

To gain some insight into the dynamics of the JFD, we
make use of the resistively and capacitively shunted junction
(RCSJ) model [43]. This model describes the sine-Gordon
equation of a long Josephson junction and also JFD, as
well, because they both consist of some distributed lumped
Josephson junctions consecutively. Figure 2 represents this
model [41]. In this model, each JFD’s element, which
is highlighted by dashed boxes, consists of three parts
including the Josephson junction box, transmission line box,
and the input currents box as shown from the bottom to
the top. The lumped Josephson element is represented by
a nonlinear differential inductor LJ, shunted by a capacitor
C and a resistor Rsg per unit length of the junction. The
capacitor element shows the displacement current due to the
geometric shunting capacitance, and the resistive element
defines the subgap resistance below the gap voltage of
the superconducting junction. Differential equation related

to applied bias current density versus the voltage in this
element of RCSJ model is:

J (x) = Jc sin(φ) + V

Rsg
+ C

dV

dt
, (1)

where Jc is the critical current density of the Josephson
junction element.

To model the effect of the transmission lines between
neighboring Josephson elements in the experimental device,
the parallel array of Josephson junctions must be coupled
via a shunted inductor-resistor elements [41]. In this box, the
geometric inductance per unit length of the superconducting
electrode of JFD is shown by Ls, while Rc indicates the
surface resistance of this electrode of the Josephson junction
in the unit length. The dynamic equation describing the
behavior of each unit cell of JFD will be completed with the
application of the bias, control, and RF currents as derived
in [44]:

αφxxt + φtt − φxx + 1√
β
φt + sinφ = ρin

ρin = ρb(x) + ρc(x) + ρω sin�t
(2)

In (2), ϕ(x, t) indicates the phase difference of each
distributed element of JFD in which the corresponding
voltage can be calculated by time derivate of the phase
difference (ϕt). Other parameters are as follows: α is
defined by ωJLs/Rc; ωJ is the Josephson plasma frequency
given by [2πJcR

2
sgC/
0]1/2; 
0 is the flux quantum unit;

βis the Stewart–McCumber parameter which equals to
2πR2

sgC/
0; � is the angular frequency of incoming RF
radiation; ρω is the maximum of induced current by this
radiation; ρc is the applied DC control current; and ρb
is the bias current. For simplicity, all spatial parameters
are scaled in units of the Josephson penetration depth

Fig. 2 This model is used for simulation of the JFD. It includes ideal
Josephson junctions in a series represented by a nonlinear inductor
in parallel with a capacitor C and a resistor Rsg. They are connected
through a parallel combination of an inductor and a resistor. Each ele-
ment (in dashed boxes) is extended around origin “x” in two directions

for n times. The current solution of this model gives us fluxons that
are current vortices, travel along the junction. Here, Ib, Ic, and Iω

are, respectively, the value of applied bias current, control current, and
amplitude of induced RF current in each cell
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(λJ), the temporal parameters are scaled in units of the
inverse Josephson plasma frequency; and current amplitude
is scaled by Jc.

The solution of (2) can be reached by simulating the
equivalent circuit presented in Fig. 2 via the finite difference
method. The applied currents cause the left hand of (2) to be
changed. For simulation purposes, we should determine the
bias, control, and microwave spatial current distribution in
Fig. 1. Based on this configuration which is experimentally
verified [42], the bias current is distributed homogeneously
along the length of JFD. The control current is simulated
by feeding a current directly to the end elements; then this
current is collected from the cells in the transition region
where the built-in current is created. Moreover, based on
the assumption that the length of JFD is about one half
wavelength of microwave irradiation, a sine-standing wave,
sin(πx/L), is induced along the junction in the x-direction.
In practice, it is possible to achieve the T-shaped control line
of JFD which acts as a half-wave antenna.

Based on the abovementioned current distribution, the
feeding current for the first and last elements of JFD is:

ρin|x=±L/2 = ρb(x) − ρc(x), (3)

where ρc(L/2) = Ic/2 and Ic = ∫ ρc(x)dx. The condition
of the corresponding elements in the transition region is
affected by serving bias and control current plus the rf-
induced current contributions:

ρin|x=T R = ρb(x) + ρc(x) + ρω sin(
πx

L
) sin�t, (4)

And the other elements only include the bias current impact
and RF contributions, so

ρin|x �=±L/2,x �=T R = ρb(x) + ρω sin(
πx

L
) sin�t, (5)

In order to investigate how the standing wave creates
fluxons, 1000 unit cells (including 300 elements for TR),
with the condition specified in (2)–(5) are simulated in
MATLAB.

For each node along the x-axis, the solution of the voltage
and consequently ϕ (see (2)) are obtained at the steady state
in which dϕ/dxsuggests the magnetic vortices travel along
the length of JFD. The time-evolution results of creation
and pumping of vortices as well as anti-vortices under the
application of a GHz excitation, are presented in Fig. 3.

The conditions at which this simulation is carried out are
as follows: L = 1000 μm (each cell has 1 μm length), β

= 10, time step = 0.05 pSec, total simulation time = 500
pSec, Rsg = 0.86 �/μm, Rc = 0.44 �/μm, Ls = 0.0025
pH/μm, and C = 0.0035 pF/μm, the angular frequency of
RF irradiation is equal to 0.1 ωJ, ρc = 0.15, and JFD is
biased closed to the breakdown in the reverse bias with ρω =
0.01. Full animation of this evolution is provided in Online
Resource 1.

Fig. 3 The time evolution of creation and pumping of vortexes and
anti-vortexes along the length of JFD is extracted using dϕ/dx. The
device is biased closed to the breakdown point in the reverse bias under
application of half-wave gigahertz excitation with the amplitude of ρω

= 0.01 (as depicted in Fig. 1). Other parameters are as follows: L =
1000 μm, β = 10, the angular frequency of RF irradiation is equal to
0.1 ωJ and ρc = 0.15. The first picture depicts the condition in which
no excitation is applied and the junction is blocked in a way that no
fluxons can be generated. Continuously, one vortex-antivortex pair is
created by gigahertz excitation in the middle of the junction and pushed
away to the boundaries (shown by a dashed circle around them which
indicate their movement direction)

3 Experimental Test

Fabricated JFD is based on Nb/AlOx /Nb trilayer process
on a Si wafer with a thickness of 500 nm SiO2. This
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layer has been grown by the wet oxidation process. The
Nb and Al layers are DC-magnetron sputtered in the argon
atmosphere. Also, the dry oxidation of the Al is performed
in pure oxygen. The thicknesses for the base electrode,
Al layer, and the top electrode are about 200, 6, and 100
nm, respectively. Also, JFD’s outline is patterned using
the standard photolithography techniques to form the final
devices. So, the patterned length of the junction measured
about 1000 μm with 40 μm width and the transition region
of 300 μm. The electrical test of the fabricated device
with the emphasis on DC biasing with spectrum response
analysis and setup the GHz imager is done after.

In practice, when the sum of the built-in current and
the reverse bias current exceeds the local critical current
of the single junction at any space, vortices and anti-
vortices pair can generate from the corresponding cell. It
is because the local ϕ(x) of the junction slips by 2π . The
consequent generation and movement of these pairs cause a
sudden change in the output voltage. In reality, the incoming
radiation can be coupled to the JFD’s control or bias line or
both of them [40]. To reach the best sensitivity, the JFD is

Fig. 4 a Experimental DC IV curves of the reverse bias JFD with 4
mA control current. For the gigahertz imaging, the device is biased at
the point “A” and the radiation causes a jump into the voltage in point
“B.” The length of the fabricated JFD is about 1000 μm with 40 μm
width and the transition region of 300 μm. b The simulated delivered
power to control line (red circles) and measured readout voltage drop
across JFD’s electrodes by pumping RF radiation

DC biased near the breakdown to detect incoming radiation
properly. The measured DC IV curve for fabricated JFD
at 4 K in its reverse bias mode with control current of 4
mA is provided in Fig. 4a. As can be seen, the maximum
zero-voltage current which is the breakdown point, is equal
to 15 mA. It is less than the critical current of the device,
30 mA that was measured by a small Josephson junction,
fabricated near the JFD. It is observed that it decreases
with increasing control current which is in agreement with
theory [45].

Further increasing the bias current causes the junction to
go into a flux flow branch whose voltage is a function of
the control current, and in this mode, the pair’s generation
continuously goes on (see Online Resource 1). For testing
the GHz imaging, the device is biased, less than 15 mA with
the selected control current (point A in Fig. 4a). Practically,
as the radiation is pumped to the JFD, the junction jumps
into a voltage state (point B in Fig. 4a). Remarkably, by
removing the radiation, it turns back to its zero-voltage step.

To analyze the spectral responsivity of fabricated JFD,
a source of GHz radiation was used to pump frequencies
from 55 to 110 GHz and record the voltage changes. The
consistent responsivity is also analytically simulated to
compare with the measurement. They are both presented in
Fig. 4b. As it can be seen, the accepted simulation power has
two peaks at 76.5 and 102 GHz (red circles) which is about
− 7.2 and − 5 dB, respectively, and in the other frequencies,
the majority of the power reflected. Measuring the detected
voltage drop on the JFD’s bias terminals follows the same
behavior, but the peak frequencies have been shifted to
lower frequencies (blue squares). This is probably because
the simulated structure does not contain all wiring routes
from the device to the output readout pads and the effective
length is different from its actual length.

The Josephson fluxonic diode detector was successfully
prepared for the imaging mode. From the last results
presented in Fig. 4b, the optimal frequency of imaging
is chosen to be 71 GHz. The system setup is shown in

Fig. 5 Schematic of the gigahertz imaging setup
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Fig. 5. A GHz source of 10–40 GHz with one 3× multiplier
and a W-band horn antenna is used to generate tunable
CW radiation. The fabricated JFD and wiring pads were
mounted on the cold head of cryostat and irradiated with
the aforementioned RF source through a metallic adjustable
shutter window out of the cryostat. Each time a signal
was detected, the shutter is closed to capture the reference

Fig. 6 The captured image of a fresh Solenostemon leaf with a single
JFD at 71 GHz. The optical photo of the sample which was mounted
on a piece of paper and cover with a plastic shelf is also depicted

signal. No optical system or focusing mirrors was used to
concentrate the beam on the detector. For imaging, a fresh
Solenostemon leaf sample was used to face in front of the
detector. By raster scanning the sample using a linear XY
stage positioner, the transmission property of the sample
was taken at 71 GHz. The spot size of the imaging system
was limited to approximately 3 mm using the shutter and
the typical scan resolution was 5 mm. The junction biased
just below maximum zero-voltage and the absolute voltage
changes induced by the incident radiation acquired and
amplified by a preamplifier operated at room temperature.
This was done by a lock-in amplifier synchronized with a 1-
kHz bias current to minimize the noise. This amplifier also
averaged the signal for 3 s, and then the output DC signal
was recorded and processed by a computer to reconstruct
the final image.

Figure 6 displays the result of the captured image by a
single JFD detector at 71 GHz from the sample. Figure 6a
shows the visible image of the Solenostemon leaf mounted
on a piece of paper and covered with the plastic shelf, and
Fig. 6b shows the equivalent 71 GHz transmission image.
The depicted image has been adjusted (with normalizing
the output voltage to the reference voltage, i.e., Vo/Vref) to
show the minimum and maximum signal as the blue and
red colors, respectively. This image was acquired in a frame
of 10 × 10 pixels. The integration time was 3 s/pixel, and
the reference signal was picked up at 1 s/pixel. Despite the
low resolution of this image, it highlights the key feature
of GHz imaging whereby the millimeter wave radiation is
absorbed by the water in the leaf and gives a contrast to
see the sample. However, we believe that an array of such
a device can significantly reduce the scanning time and
further improve the resolution for GHz imaging systems.

4 Conclusion

We have successfully theorized, fabricated, and demon-
strated the GHz imaging using a single Josephson fluxonic
diode on the basis of standing wave pumping of the flux-
ons pair. Biasing the JFD near the maximum zero-voltage
current in the reverse bias potentiate the phase of the Joseph-
son junction in the transition region to be 2π -slipped by a
standing wave proportional to the length of JFD. In millime-
ter length of this device, the range of detectable frequencies
falls into the GHz band. This device with no additional
antenna was constructed to test the ability of capturing an
image at 71 GHz. The final image approved the sensitiv-
ity of JFD to GHz standing wave radiation by absorbing
the water and making a contrast to see the sample. This
work has demonstrated the potential usage of the JFD as a
sensitive GHz detector for LTS imaging array.
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