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A superconducting thin-film nanoswitch for the subterahertz frequency range has been proposed, developed,
fabricated, and tested. The switch makes it possible to modulate the microwave signal or switch it between two
branches of a circuit with low losses and high speed. The switch can be naturally integrated with superconducting high-sensitive detectors. Its application makes it possible to avoid the use of massive slow mechanical modulators and to improve the measurement accuracy in decisive astrophysical experiments such as the investigation of the anisotropy of the cosmic microwave background.
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Many measurements in the subterahertz frequency
range are restricted by the capabilities of waveguide
mechanical switchers and modulators. A switching
speed of no higher than tens of Hertz, direct losses of
about several decibels, switching instability, the large
sizes of devices, and the impossibility of their integration with cryogenic detectors are among such restrictions. Investigation of the polarization of the cosmic
microwave background (relic radiation) can be mentioned among the critical measurements. The ground,
balloon, and space projects Clover [1], EBEX [2],
BICEP [3], etc., in a frequency range of 40–450 GHz
are under development now. The components of the
anisotropy of the radiation are measured in a polarimeter with the switching of the phase difference between
the channels, 0/90° and 0/180°. The application of both
mechanical and magnetic switches based on the Faraday effect in ferrite rods cannot provide the required
measurement accuracy up to 10–4. The application of
pin diodes also does not ensure small losses at these frequencies. At the same time, it seems to be very attractive to use superconducting structures to reduce losses
and to obtain compatibility with superconducting
detectors, bolometers, and mixers.
Let us consider an electromagnetic wave propagating along a planar transmission line across which a
superconducting nanobridge is connected. A required
switch must transmit a signal without losses in the open
state and completely reflect it in the closed state. This
property is ensured if the impedance of the switching
element is much larger than the impedance of the line

in the open state and is much smaller than the impedance of the line in the closed state. The impedance of
the superconducting nanobridge in the closed state, Zoff,
is the sum of the geometric inductance Lg and kinetic
inductance Lk of the superconducting current
Z off = iω ( L g + L k ).
The impedance in the open state, Zon, includes normal
resistance Rn, but does not include kinetic inductance:
Z on = R n + iωL g .
As a result, the normal resistance of a strip must prevail.
The material and geometry must obviously be chosen
so as to maximally ensure the inequality ωLg  Rn. For
a niobium nitride strip 5 µm in length, 500 nm in width,
and 20 nm in thickness with a resistivity of 200 µΩ cm,
the resistance of the bridge is equal to 1 kΩ and the geometric inductance is 3 pH.
The kinetic inductance of a thin film can be calculated by the formula Lk = µ0λ2(l/wt), where µ0 = 1.25 ×
10–6 H/m is the magnetic constant; λ = 200 nm is the
London penetration depth; and l, w, and t are the strip
length, width, and thickness, respectively. The kinetic
inductance of our strip is equal to 13 pH. As a result, the
total inductive resistance at a frequency of 225 GHz is
equal to 22 Ω and partial transmission occurs in the
closed state of the line with Z0 = 70 Ω and the mismatch
factor Kp = 4R0Rs/(R0 + Rs)2 = 0.7. In the case of the full
height waveguide or the line with an impedance of
300 Ω , the mismatch factor is equal to 0.25 in the
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Fig. 1. Optical microscope image of the sample with a finline, which has a length of 5 µm and a width of 0.3 µm, and
smooth transitions to the main-section waveguide. The
structure number (43) is indicated on the left.

at the resonance frequency can be close to zero and be
responsible for total reflection. In our case, capacitances at a frequency of 225 GHz must be equal to
65 fF. The matching band at a level of –15 dB is equal
to 50 GHz. The switch operation band with resonant
capacitors is determined by the quality factor of the resonance tank circuit and can reach 30%.
In order to extend the matching band and to simplify
the design, the strip can be shortened to 1 µm. In this
case, inductances decrease by a factor of 5 and acceptable modulation depth values can be obtained even
without the use of matching capacitances. One can also
use a material with higher resistivity (e.g., high-temperature superconductor) and a line with higher impedance. It is convenient to use the following simple relation for the ratio of the impedances in the open and
closed states
Z on /Z off = ρ/ωµ 0 λ ,
2

1 µm
Fig. 2. Image of the NbN nanobridge located at the center
of the slotline.
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Fig. 3. Atomic-force microscope image of the bridge with a
length of 5 µm, a width of 0.4 µm, and a thickness of 20 nm.

closed state. However, the mismatch factor in the open
state is equal to 0.7; i.e., the direct losses of a signal are
equal to 70%.
Capacitive matching can be used in order to increase
attenuation in the closed state. In this case, the nanobridge is connected to the transmission line through capacitors forming a resonance tank circuit with the inductances
of the bridge. The impedance in the closed state
Z off = iω ( L g + L k ) + 2/iωC = ( 2 – ω LC )/iωC
2

which is independent of the strip geometry.
We also point to the small power consumption of
such a switch type, P = V2/Rn. In this case, the dissipation power is equal to 2 µW and can be easily reduced
by reducing the bridge volume.
As a test structure, we used a slotline with Z0 = 70 Ω
with smooth transitions to the total height of the main
section waveguide, a so-called finline (see Fig. 1). The
structure was formed through electron lithography by
the ion etching method on a quartz substrate with a
thickness of 200 µm. The niobium nitride film was
deposited by the magnetron sputtering method of the
niobium cathode on a heated substrate in a plasma in
the argon–nitrogen mixture. Then, the bilayer photoresist was deposited and the pattern of the electrodes and
slotline was formed. After development and cleaning, a
50-nm gold film with chromium sublayer for better
adhesion was deposited by thermal sputtering. Then,
the resist is lifted off. The next stage is electron lithography for the formation of the niobium nitride nanobridge. Then, reactive ion etching was performed in the
CF4 plasma. As a result, a narrow long bridge was
formed (see Fig. 2), whose detailed structure is seen in
the atomic force microscope image (see Fig. 3).
After fabrication, the samples were dc tested at liquid helium temperature. Figures 4 and 5 show the current–voltage characteristics and switching characteristics, respectively. Below 100 kHz, we observe only a
small delay at a level of about 0.5 µs, which is associated with the measuring circuit time constant.
Then, the wafers are cut by a high-speed diamond
saw to the size corresponding to the groove size in the
waveguide unit with the waveguide 0.55 × 1.1 mm in
cross section. An OB-65 backward-wave oscillator was
used as a radiation source for measurements near
230 GHz. We manufactured a cryogenic insert with a
circular oversized waveguide, where the waveguide
unit with a nanoswitch and a detector based on a highJETP LETTERS
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temperature Josephson junction were located. The measurement of the current–voltage characteristic of the
Josephson junction allows the determination of the signal level at the output of our switch. Figure 6 shows the
current–voltage characteristics in the absence of a signal, with the turned-on generator and closed and open
keys. It is seen that a small transmission of the signal
occurs in the closed position and the level in the open
position increases by a factor of 5, i.e., by 14 dB.

Fig. 4. Current–voltage characteristic of the bridge with a
width of 800 nm, a resistance of 200 Ω, and a critical current of 300 µA.

Fig. 5. Switching characteristics of the bridge. Lines I and
V are the time dependences of a bias current and the measured voltage, respectively.

The resulting modulation depth is somewhat lower
than that expected for the completely matched switch
(100%), but it is higher than that for a simple superconducting strip without resonance tuning (30%). In our
waveguide design, capacitors formed by the edges of
the slotline entering into a groove in the waveguide
(nonemitting slot) severe as tuning capacitors. The corresponding capacitance is determined as C = ε0εlw/t =
4 × 8.85 × 10–12 × 4 × 10–3 = 140 fF in terms of the relative permittivity of the wafer, ε = 4, length l = 4 mm,
width w = 0.2 mm, and thickness t = 0.2 mm. In order
to satisfy the requirements for a particular switch, it can
be shortened with an increase in the resistance (by a
decrease in thickness); or the impedance of the line can
be increased; or integrated on chip capacitors can be
used; or other materials, including high-temperature
superconductors, can be used. Note that the limiting
speed of such a switch can be comparable with an estimate of less than 36 ps or up to 16 GHz made for a similar topology in an NbN hot-electron bolometer [4].
A new fast planar subterahertz superconducting
switch based on a niobium nitride nanobridge has been
proposed, developed, produced, and investigated. The
switching characteristics have been measured at frequencies up to 100 kHz. The modulation depth in the
waveguide mount at a frequency of 230 GHz is larger
than 14 dB. In order to satisfy the requirements for a
particular experiment, the characteristics can be
improved by using additional resonant capacitors or
superconductors with higher normal-state resistivity.
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Fig. 6. Current–voltage characteristics of the Josephson
detector. The lines marked as open, closed, and off are for
an open key, closed key, and turned-off radiation source.
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