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Abstract

A number of current approaches to quantum and neuromorphic computing use superconductors as
the basis of their platform or as a measurement component, and will need to operate at cryogenic
temperatures. Semiconductor systems are typically proposed as a top-level control in these
architectures, with low-temperature passive components and intermediary superconducting
electronics acting as the direct interface to the lowest-temperature stages. The architectures,
therefore, require a low-power superconductor-semiconductor interface, which is not currently
available. Here we report a superconducting switch that is capable of translating low-voltage
superconducting inputs directly into semiconductor-compatible (above 1,000 mV) outputs at
kelvin-scale temperatures (1K or 4 K). To illustrate the capabilities in interfacing superconductors
and semiconductors, we use it to drive a light-emitting diode (LED) in a photonic integrated
circuit, generating photons at 1K from a low-voltage input and detecting them with an on-chip
superconducting single-photon detector. We also characterize our device’s timing response (less
than 300 ps turn-on, 15 ns turn-off), output impedance (greater than 1MQ), and energy
requirements (0.18f)/zm?2,3.24mV/nW).

At present, a number of quantum and neuromorphic computing architectures plan to operate
at cryogenic temperatures, using superconductors as the basis of their platform 1:2 or as a
measurement component3-6. In these architectures, semiconductor systems are often
proposed as a top-level control with low-temperature passive components and intermediary
superconducting electronics acting as the direct interface to the lowest-temperature stages /-
this stratification is required because semiconductor-based amplification of small
superconducting signals consumes too much power for extensive use at kelvin-scale
temperatures®-10. As a result, the architectures require a low-power superconductor-
semiconductor interface to, for example, leverage complementary metal-oxide-
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semiconductor (CMOS) coprocessors for classical control of superconducting qubits'!, or as
a means to drive optoelectronics from superconducting detectors. However, the ability to
interface superconductors with semiconductors is a missing component in these advanced
computing ecosystems.

The primary issue with interfacing superconductor electronics with semiconductor
electronics is one of bandgap and impedance mismatch. The average superconductor has a
bandgap almost a thousand times smaller than that of a semiconductor (e.g. 2.8 meV for Nb
versus 1,100 meV for Si). Similarly, the impedances of these systems differ greatly: a typical
transistor element has an effective input impedance in the 104-10° range, whereas a typical
superconducting logic element will have an output impedance in the 0-101 range. Due to
these mismatches, it is extremely difficult to drive the high-impedance inputs of a
semiconductor element to ~ 1,000 mV using ~1 mV superconductor outputs. At present,
there are only two known ways to generate 1,000 mV directly from a superconducting
output: connect many few-millivolt devices (such as Josephson junctions) in series!2, or
allow a superconducting nanowire to latchl3.

The most successful previous attempts at creating a superconductor-to-semiconductor
interface consist of a superconducting preamplifier stage combined with a semiconductor
amplifier stage®1415, This approach is effective at translating signal levels, but is power-
constrained. In particular, using semiconductor transistors in an amplifier configuration
necessarily draws significant static power (~1 mW each), which limits scalability on a
cryogenic stage. In related work, a CMOS-latch input was used after the preamplifier to
limit static powerl8, but this introduced the need for per-channel threshold calibration.
Alternatively, it has been shown that a > 1 V output can be created from a nanowire device
such as the nanocryotronl3, but using the nanocryotron as a means for semiconductor-logic
interfacing has drawbacks: creation of the high-impedance state is a relatively slow hotspot-
growth process along the length of the nanowire (0.25 nm/ps in NbN17); it is hysteretic and
not able to self-reset without external circuitry; and output-input feedback is a concern, as
the input and output terminals are galvanically connected?8.

In this Article, we report a monolithic switch device that can translate low-voltage
superconducting inputs directly into semiconductor-compatible (>1,000 mV) outputs. The
switch combines a low-impedance resistor input (1-50 Q) with a high-impedance (>1 MQ)
superconducting nanowire-meander switch element. The input element and switching
element are isolated galvanically but coupled thermally by a thin dielectric spacer (25 nm
SiO,). When input current is applied to the resistor, the state of the entire nanowire-meander
is switched from superconducting to normal. The input induces an extremely large
impedance change in the output: from 0 Q to >1 MQ (Fig. 1). The power cost of inducing
this change is surprisingly small when compared to existing methods, and crucially it can be
operated in a non-hysteric (that is, self-resetting) regime. As a demonstration of a
superconductor-semiconductor interface, we have used the switch to drive an LED in a
photonic integrated circuit, generating photons at 1 K from a low-voltage input and detecting
them with an on-chip superconducting single-photon detector.
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High-impedance superconducting switch

Our device consists of a 3-layer stack (Fig. 1b). On the top of the stack is a resistor made
from a thin film of normal metal with a small resistance (1-50 Q). On the bottom of the
stack is a meandered nanowire patterned from a superconducting thin film. The nanowire
layer acts as a high-impedance, phonon-sensitive switch, while the resistor layer is used to
convert electrical energy into Cooper-pair-breaking phonons. Like related low-impedance
thermal devices1920, between these two layers is a dielectric thermal spacer that has two
purposes: thermally coupling the resistor layer to the nanowire layer, and electrically
disconnecting the input (resistor) from the output (nanowire switch). The device has four
terminals total, with two of the terminals connected to the resistor and two of the terminals
connected to the nanowire (Fig. 1). Fabrication details are available in the Methods section.

The device begins in the “off” state where there is no electrical input to the resistor and the
nanowire has a small current-bias. To transition to the “on” state, a voltage or current is
applied to the input terminals of the resistor and thermal phonons are generated. The thin
dielectric carries phonons generated from the resistor to the nanowire. Phonons with energy
>2A break Cooper pairs within the nanowire, destroying the superconducting state of the
nanowire. Once the superconducting state has been completely destroyed in the entire
nanowire, the device is in the on state.

Analogously, this process can be described in terms of an effective temperature: the
dielectric layer is thin enough that the phonon systems between the nanowire and the resistor
are tightly coupled, meaning the phonon temperature in the nanowire is closely tied to the
temperature of the resistor. When enough electrical power is delivered to the resistor, the
nanowire is driven above its critical temperature and becomes normal, jumping from 0 Q to
>1 MQ. Once the device has switched, current is then driven into the high-impedance output
load and a large voltage can be generated.

When characterizing a switch, of primary importance is its on and off resistance. We
measured the steady-state behavior of the switch by applying power to the resistor inputs of
several devices and measuring the nanowire resistance with an AC resistance bridge. As can
be seen in Fig. 1, each device remained at zero resistance until a critical surface power P,
was reached. When more than P, was applied to the resistor, the resistance of the underlying
nanowire increased rapidly, ultimately saturating at the normal-state resistance of the device.
One potential concern was that phonons from the resistor could escape in-plane (e.g. out
through the thick gold leads), resulting in wasted power. This type of edge power loss would
scale with the length of the edge, and so we measured P, for devices of several sizes.
However, by dividing each device’s P, by its active area A, we found that the devices had
critical surface power densities D, = P/A of 21.0 + 0.6nW/um?2. This means power loss
through edge effects (e.g. along the substrate plane or into the gold contacts) did not play a
role at the scale of device measured here. Additionally, through thermal modeling, we also
found that worst-case thermal crosstalk between adjacent devices would be negligible if the
devices were separated by a few micrometers (further details on lateral heat transport and
crosstalk are available in the Supplementary Information). As shown in Fig. 1c, the
resistance of each device continues to increase beyond P-this was likely due to non-uniform
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dissipation within the resistor element creating local temperature variation. Note that
performing this measurement with a low-power measurement technique (such as an AC
resistance bridge) was critical in order to limit Joule heating from current passing through
the nanowire element. In this experiment, we applied a maximum of 10 nA (~100 pW) in
order to guarantee that the nanowire was not heated by the measurement process. The 4.5-
nm-thick tungsten silicide (WSi) film used for the nanowires had a 7,of 3.4 K, and all
measurements were taken at a base temperature of 0.86 K.

Driving a cryogenic LED

As a means of demonstrating the superconductor-semiconductor interface, we used the
switch to dynamically enable a cryogenic LED in a photonic integrated circuit (PIC) using
only a low-level input voltage. Shown in Fig. 2, the output from the switch was wirebonded
to a PIC that had an LED which was waveguide-coupled to a superconducting nanowire
single-photon detector (SNSPD). The switch translated the 50 mV input (Fig. 2b) signal into
1.12 V at the output, enabling and disabling the LED in a free-running mode. Photons
produced by the LED were coupled via waveguide into the detector, producing clicks on the
detector output (Fig. 2c). The switch was driven with 94.0 yW of input power (55.9 nW/
um?2, well above Dy), generating an on-state resistance of approximately 400 kQ. We note
these particular LEDs had a low overall efficiency (~1078 as characterized in Ref. 21), and so
a large LED input power was necessary to generate the handful of photons per period. The
large LED power requirement necessitated wide nanowires (1 um wide for this experiment)
to carry the requisite current, and so the device area and input power scaled proportionally.
Steady-state behavior of the circuit is shown in Fig. 2d, which characterizes the detector
response with the switch input power above and below the D, threshold. We additionally
verified that the counts measured on the detector were in fact photons generated by the LED-
not false counts due to sample heating or other spurious effects-by reducing the LED bias
below threshold and observing no clicks on the detector output, and also by quadrupling the
switching input power and observing no heating-induced change in count rate.

Transient and sub-threshold response

We also characterized the transient properties of the device when driving high-impedance
loads by placing a 8.7 kQ on-chip resistor at the output of the device. In this experiment, we
applied voltage pulses to the resistor input with a pulse generator and measured the device
output, while applying a current bias to the nanowire either below the retrapping current
(Fig. 3, red data), or near the critical current (Fig. 3, cyan data). As seen in the circuit
diagram of Fig. 3, an output voltage could only be generated when the switch reached a
significant resistance (<<1kQ) allowing us to probe the impedance transition of the device.
The results from this experiment, shown in Fig. 3, showed that the device could turn-on from
its low-impedance state to its high-impedance state below 300 ps, characterized by a power-
delay product on the order of ~100 aJ per square micrometer of device area.

Crucially, the impulse-response also demonstrates that this device can self-reset. As
highlighted in Fig. 3a, when the nanowire is biased below the retrapping current, it becomes
non-hysteretic and returns to the zero-voltage (superconducting) state after the input is
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turned off. The logic follows simply: below the retrapping current, the self-heating caused
by the nanowire bias current does not generate enough power to keep the wire above 7,
Thus, when the additional heating from the resistor is removed, the nanowire is forced back
into the superconducting state-it does not get stuck in the on-state or “latch.” This non-
latching property is in contrast to existing thin-film nanowire devices previously developed,
and is critical to guarantee device reset in unclocked systems where the input bias to the
devices is not periodically turned off. We note that even in this regime, there is still a thermal
recovery time constant for the device to transition from the normal (on) to superconducting
(off) state. We found that fall time was on the order 10 ns, which is consistent with the
thermal recovery time constants previously reported for WSi. Additionally, it should be
noted that although the nanowire fabricated here has a very high kinetic inductance, the L/R
time constant of the switch-that could potentially limit the rise time of the current output-is
not a limiting factor. When the device transitions from low-to high-impedance, the expected
L4/Rsis equal to 0.39 ps.

To better understand the response of the device below the critical surface power density Dy,
we measured the nanowire critical current as a function of power applied to the resistor. The
result of this characterization is shown in Fig. 4. For each datapoint, we applied a fixed
amount of electrical power to the input resistor and measured the critical current of the
nanowire several hundred times, taking the median value as /{P). We then extracted an
effective temperature for the nanowire by numerically inverting the Ginzburg-Landau
relation /,(2) = lo( 1 — t2)32(1 + t2)1/2 where /,5 was the critical current at zero applied
power and t was the normalized temperature of the device 7/7 (for this material, the 7,was
measured to be 3.4 K). Note the non-uniform heating causes the critical current to reach zero
at 8 nW/pm?2-well before the jump in resistivity shown in Fig. 1c at DO, (21 n\W/um?)-
because localized heat can suppress I but the resistivity measurement accounts for the state
of every part of the nanowire. The data in Fig. 4 show that there is a nonlinear relationship
between the nanowire temperature and the applied heating power. We note that these
nanowires are likely constricted due to current crowding?? at the bends, and as a result may
obfuscate changes in Ic at low powers in Fig. 4.

Thermal transport modeling

A complete model of the dynamics of the device requires an investigation of the
nonequilibrium dynamics of the electron and phonon systems of the heater, dielectric spacer,
and nanowires. While a full description is beyond the scope of this paper, we find that an
approximation using ballistic phonon transport is sufficient for describing the main
experimental results. Given that the bulk mean-free-path of phonons in SiO, is on the order
of 1 um at 2.5 K, we assume that phonons escaping from the heater travel through the
dielectric without scattering and either interact with the nanowire or continue unimpeded to
the substrate23. Within this model and under the simplifying assumption of equilibrated
electron and phonon systems in the nanowire at temperature 7,y;, the energy balance
equation of the nanowire is given by
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where Ce (Tyys)) is the BCS electron heat capacity, Cp, (71ys)) is the lattice heat capacity, d
is the nanowire thickness, fis the nanowire fill factor, x 45 is the fraction of energy incident
on the nanowire which is absorbed, % describes the magnitude of phonon energy flux from
the nanowire to the substrate per unit area, and £y, is the power dissipated by the heater per
unit area. For a WSi device with d= 4.5 nm, 7= 0.5, sheet resistance pg, = 590Q/sq, 7,= 3.4
K, and using values from the literature 2425 for the diffusion coefficient ©=0.74 cm?/s and
specific heat ratio Co (7;) /Cpp (T¢) ~ 1, the parameters x zpsand Z are chosen to fit the turn-
on delay vs dissipated power results of Fig. 3b. The calculated curves show the turn-on delay
for temperature thresholds of 2.5 K and 3K, where temperature threshold refers to the
minimum temperature required at a given bias current to switch the device. The two
remaining free parameters were fitted to be x z4s=0.02, and £ = 0.7 W/mZ2K4. This value of
2. corresponds to nonbolometric phonon bottlenecking at the WSI/SiO, interface with a
conversion time from the non-escaping to escaping group of phonons with a magnitude over
1 ns, which is consistent with experiment 24, For comparison, the estimation of the
parameter + 55 based on the solution of ballistic phonon transport in the nanowire is
provided in the Supplementary Information.

While the basic principle of operation is applicable to materials with higher critical
temperatures, the details of the heat transfer between heater and superconductor would
change. The heat capacity of materials increases with temperature, so more energy will be
required to heat the superconductor to its current dependent critical temperature. With a
larger superconducting gap A, higher-energy phonons are required to break Cooper pairs. At
the same time, higher temperature operation means that phonons from the heater will have
higher energies, and shorter mean-free-paths in the dielectric, which will lead to additional
scattering and absorption. It is currently unclear if this will make heat transfer less efficient
due to the additional scattering, or more efficient by keeping energy trapped in the local area
of the nanowire.

A useful figure of merit for these devices is Ay, the output voltage generated per unit input
power while the switch is on. Due to proportionalities between the device resistance and
area, and also between nanowire width and /, this figure of merit is area-and shape-
independent-it depends only on the materials used and the nanowire configuration. We
calculated P, by first noting that the power required to heat the full area A of a given device
was D A. For a device with nanowires of width w; thickness t, and fill-factor 7 the amount
of switching resistance generated in that area is RsfA/M2, where Ry is the nanowire normal-
state sheet resistance. For the WSi material used here, the bias current density Jwas 1.6x10°
A/m?2 (non-latching) or 7.2x10° A/m? (latching), and R was 590 Q/sq. The resulting voltage
generated per unit power is then R /2D, (thus, independent of device area), and so for the
devices characterized in Fig. 1, A, was 0.72 mV/nW (non-latching) or 3.24 mV/nW
(latching).
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One potential area of concern when using this device as a switch is the power usage from
current-biasing the device. Typically, a current-bias capable of driving high voltages require
a large amount static energy dissipation: when using a resistor or MOSFET-based current
source as a current bias, to achieve a maximum voltage of Vs Will generally require

I Vimax Of static power. However, for these devices a better approach will be to use inductive
biasing to generate the high-impedance current bias. Superconducting thin films such as the
one used here lend themselves particularly well to the generation of large inductances in
compact areas, due to their large kinetic inductance. For instance, to generate a 200 mV
swing on a CMOS input capacitance of 5 fF requires a bias current of 50 pA being carried
by an 160 nH inductor-a trivial amount of inductance to generate with a superconducting
nanowire. More importantly, the inductor can be charged only when needed, using a low-
voltage superconducting element such as a Josephson junction.

Conclusions

Our superconducting thermal switch has a number of favourable features as a
communications device between superconducting and semiconducting elements: it provides
switch impedances of more than 1MQ, input-output isolation, low turn-on time, and low-
power operation with zero passive power required. Even with the reset-time limitations
presented by thermal recovery, this switch has particular applicability for driving
optoelectronics on a cryogenic stage such as LEDs or modulators. In applications such as
quantum photonic feed-forward experiments or low-power neuromorphic hardware?®, clicks
from efficient superconducting detectors need to be converted to optoelectronic-compatible
signals, and a nanosecond-scale thermal recovery is acceptable as long as the initial response
is fast. We note for these types of applications, it may be best to configure the device
geometry to minimize propagation delay-the propagation delay for powering an LED to 1 V
will be much smaller if 1 mA is driven across a switch of 1 kQ, rather than driving 1 pA
across 1 MQ. It may also be helpful to drive the device with another superconducting three-
terminal device?’, as this can provide a purely non-resistive superconducting input and be
fabricated in the same step as the nanowire meander.

Looking forward, there are a number of practical methods to enhance the operation of this
device, depending on what tradeoffs are acceptable in a given application. The simplest
would be to use multiple layers of nanowire: the on-resistance could, for example, be
effectively doubled by adding an additional nanowire meander underneath the first (at some
minor turn-on energy cost). If power usage is a concern, the on-state power requirements
could be decreased by placing the device on a membrane. This would greatly increase the
thermal resistance, reducing overall energy cost at the cost of increasing the thermal turn-off
time. For higher operational frequencies, a different nanowire material could be used (for
example, NbN for a ~1 ns thermal reset time 28). Finally, this device does not fundamentally
need to be a thermal device: any method of inducing a phase change in a superconducting
film — for instance, using an electric-field induced superconductor-to-insulator transition 29 —
could be operated equivalently.
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Methods

*  Fabrication details

Fabrication began with a clean thermal oxide wafer (150 nm SiO on Si). WSi was sputtered
uniformly over the entire wafer to a thickness of 4.5 nm, and afterwards-but before breaking
vacuume-a thin capping layer (1-2 nm) of amorphous Si was also sputtered on top. (WSi was
chosen primarily for its high practical fabrication yield in our lab-other highly-resistive thin-
film superconductors should work equivalently, although with potential power/thermal
tradeoffs discussed in the thermal modeling section.) Next, contact pads for the
superconducting layer were patterned using a liftoff process and deposited by evaporating 5
nm Ti /100 nm Au /5 nm Ti. We then patterned and etched the WSi layer to form the
nanowires. Afterwards, we sputtered the whole wafer with 25 nm of SiO,. SiO, was chosen
because of its compatibility with WSi — in past experiments we had found that SiO2
deposition did not negatively impact the superconducting parameters of the WSi layer (7,
1, etc.). Using a liftoff process, we then fabricated the resistor layer by evaporating 15 nm of
PdAu. Lastly, the low-resistance contact pads were deposited using another liftoff process,
evaporating 5 nm Ti followed by 100 nm of Au.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledegements

The authors would like to thank Florent Lecocq for helpful discussions, and Adriana Lita for insight into the
fabrication development. The U.S. Government is authorized to reproduce and distribute reprints for governmental
purposes notwithstanding any copyright annotation thereon. Part of this research was performed at the Jet
Propulsion Laboratory, California Institute of Technology, under contract with the National Aeronautics and Space
Administration. J.P.A. was supported by a NASA Space Technology Research Fellowship. Support for this work
was provided in part by the DARPA Defense Sciences Offices, through the DETECT program.

References

1. Zhang H. et al. Quantized Majorana conductance. Nature 556, 74-79 (2018). 1710.10701. [PubMed:
29590094]

2. King AD et al. Observation of topological phenomena in a programmable lattice of 1,800 qubits.
Nature 560, 456460 (2018). URL http://www.nature.com/articles/s41586-018-0410-x.1803.02047.
[PubMed: 30135527]

3. Wang H. et al. Toward Scalable Boson Sampling with Photon Loss. Phys. Rev. Lett 120, 230502
(2018). URL https://link.aps.org/doi/10.1103/PhysRevL ett.120.230502.

4. Shainline JM, Buckley SM, Mirin RP & Nam SW Superconducting Optoelectronic Circuits for
Neuromorphic Computing. Phys. Rev. Appl 7, 034013 (2017). URL https://link.aps.org/doi/
10.1103/PhysRevApplied.7.034013.

5. Slichter DH et al. UV-sensitive superconducting nanowire single photon detectors for integration in
an ion trap. Opt. Express 25, 8705 (2017). URL https://www.osapublishing.org/abstract.cfm?
URI=0e-25-8-8705. [PubMed: 28437948]

6. Silverstone JW, Bonneau D, O’Brien JL & Thompson MG Silicon Quantum Photonics. IEEE J. Sel.
Top. Quantum Electron 22, 390-402 (2016). URL

7. McDermott R. et al. Quantum-classical interface based on single flux quantum digital logic. Quant.
Sci. Tech 3, 024004 (2018). URL http://stacks.iop.org/2058-9565/3/i=2/a=024004?
key=crossref.f32d8c6d972ce9ef536933805h41a92e.1710.04645.

Nat Electron. Author manuscript; available in PMC 2020 February 28.


http://www.nature.com/articles/s41586-018-0410-x.1803.02047
https://link.aps.org/doi/10.1103/PhysRevLett.120.230502
https://link.aps.org/doi/10.1103/PhysRevApplied.7.034013
https://link.aps.org/doi/10.1103/PhysRevApplied.7.034013
https://www.osapublishing.org/abstract.cfm?URI=oe-25-8-8705
https://www.osapublishing.org/abstract.cfm?URI=oe-25-8-8705
http://stacks.iop.org/2058-9565/3/i=2/a=024004?key=crossref.f32d8c6d972ce9ef536933805b41a92e.1710.04645
http://stacks.iop.org/2058-9565/3/i=2/a=024004?key=crossref.f32d8c6d972ce9ef536933805b41a92e.1710.04645

1duosnue Joyiny 1SIN 1duosnue Joyiny 1SIN

1duosnuey Joyiny 1SIN

McCaughan et al.

Page 9

8. Patra B. et al. Cryo-CMOS Circuits and Systems for Quantum Computing Applications. IEEE J.
Solid-State Circuits 53, 309-321 (2018). URL https://ieeexplore.ieee.org/document/8036394/.

9. Ortlepp T, Whiteley SR, Zheng L, Meng X & Van Duzer T. High-speed hybrid superconductor-to-
semiconductor interface circuit with ultra-low power consumption. IEEE Trans. Appl. Supercond
23, 1-4 (2013).

10. Homulle H. et al. A reconfigurable cryogenic platform for the classical control of quantum

processors. Rev. Sci. Inst 88, 045103 (2017). URL http://aip.scitation.org/doi/
10.1063/1.4979611.1602.05786.

11. Reilly DJ Engineering the quantum-classical interface of solid-state qubits. npj Quantum Inf. 1, 1-
10 (2015). URL 10.1038/npjqi.2015.11.

12. Benz SP et al. One-\olt Josephson Arbitrary Waveform Synthesizer. IEEE Trans. Appl. Supercond
25, 1-8 (2015). URL http://ieeexplore.ieee.org/Ipdocs/epic03/wrapper.htm?arnumber=6901252.

13. McCaughan AN & Berggren KK A Superconducting-Nanowire Three-Terminal Electrothermal
Device. Nano Letters 14, 5748-5753 (2014). URL http://pubs.acs.org/doi/abs/10.1021/n1502629x.
[PubMed: 25233488]

14. Feng Y] et al. Josephson-CMOS hybrid memory with ultra-high-speed interface circuit. IEEE
Trans. Appl. Supercond 13,467-470 (2003).

15. Van Duzer T & Kumar S. Semiconductor-superconductor hybrid electronics. Cryogenics 30, 1014—
1023 (1990). URL http://linkinghub.elsevier.com/retrieve/pii/001122759090201M.

16. Wei D. et al. New Josephson-CMOS Interface Amplifier. IEEE Trans. Appi. Supercond 21, 805-
808 (2011). URL http://ieeexplore.ieee.org/document/5640693/.

17. Berggren KK et al. A superconducting nanowire can be modeled by using SPICE. Super Sci. Tech
31, 055010 (2018). URL http://stacks.iop.org/0953-2048/31/i=5/a=055010?
key=crossref.e299815h79e74c3d1342941¢c1910d012.

18. Zhao Q-Y, McCaughan AN, Dane AE, Berggren KK & Or-tlepp T. A nanocryotron comparator can
connect single-flux-quantum circuits to conventional electronics. Super Sci. Tech 30, 044002
(2017). URL http://stacks.iop.org/0953-2048/30/i=4/a=044002?
key=crossref.8ad22df8c97765adf2b0cfa81a324376.1610.09349.

19. Lee S-B, Hutchinson GD, Williams D. a., Hasko DG & Ahmed H. Superconducting nanotransistor
based digital logic gates. Nanotechnology 14, 188-191 (2003). URL http://stacks.iop.org/
0957-4484/14/i=2/a=3177?key=crossref.3194705780a15cf78f010e1c751521e3.

20. Zhao Q-Y et al. A compact superconducting nanowire memory element operated by nanowire
cryotrons. Super Sci. Tech 31, 035009 (2018). URL http://stacks.iop.org/0953-2048/31/i=3/
a=035009?key=crossref.ea4cfObb00756db80ca2173c7e389ach6.

21. Buckley S. et al. All-silicon light-emitting diodes waveguide-integrated with superconducting
single-photon detectors. Appl. Phys. Lett 111, 141101 (2017). URL http://aip.scitation.org/doi/
10.1063/1.4994692.1708.07101.

22. Clem J & Berggren K. Geometry-dependent critical currents in superconducting nanocircuits.
Phys. Rev. B 84, 1-27 (2011). URL http://link.aps.org/doi/10.1103/PhysRevB.84.174510.

23. Allmaras JP et al. Thin-Film Thermal Conductivity Measurements Using Superconducting
Nanowires. J. Low Temp. Phys 193, 380-386 (2018). URL

24. Sidorova MV et al. Nonbolometric bottleneck in electron-phonon relaxation in ultrathin WSi films.
Phys. Rev. B 97, 184512 (2018). URL https://link.aps.org/doi/10.1103/PhysRevB.97.184512.

25. Marsili F. et al. Hotspot relaxation dynamics in a current-carrying superconductor. Phys. Rev. B 93,
094518 (2016). URL https://link.aps.org/doi/10.1103/PhysRevB.93.094518.

26. Shainline JM et al. Circuit designs for superconducting optoelectronic loop neurons. J. Appl. Phys
124, 152130 (2018).URL http://aip.scitation.org/doi/10.106321.5038031.

27. McCaughan AN, Abebe NS, Zhao Q-Y & Berggren KK Using Geometry To Sense Current. Nano
Letters 16, 7626-7631 (2016). URL http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.6b03593.
[PubMed: 27960481]

28. Kerman A, Yang J, Molnar R, Dauler E & Berggren K. Electrothermal feedback in
superconducting nanowire single-photon detectors. Phys. Rev. B 79, 1-4 (2009). URL http://
link.aps.org/doi/10.1103/PhysRevB.79.100509.

Nat Electron. Author manuscript; available in PMC 2020 February 28.


https://ieeexplore.ieee.org/document/8036394/
http://aip.scitation.org/doi/10.1063/1.4979611.1602.05786
http://aip.scitation.org/doi/10.1063/1.4979611.1602.05786
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=6901252
http://pubs.acs.org/doi/abs/10.1021/nl502629x
http://linkinghub.elsevier.com/retrieve/pii/001122759090201M
http://ieeexplore.ieee.org/document/5640693/
http://stacks.iop.org/0953-2048/31/i=5/a=055010?key=crossref.e299815b79e74c3d1342941c1910d012
http://stacks.iop.org/0953-2048/31/i=5/a=055010?key=crossref.e299815b79e74c3d1342941c1910d012
http://stacks.iop.org/0953-2048/30/i=4/a=044002?key=crossref.8ad22df8c97765adf2b0cfa81a324376.1610.09349
http://stacks.iop.org/0953-2048/30/i=4/a=044002?key=crossref.8ad22df8c97765adf2b0cfa81a324376.1610.09349
http://stacks.iop.org/0957-4484/14/i=2/a=317?key=crossref.3194705780a15cf78f010e1c751521e3
http://stacks.iop.org/0957-4484/14/i=2/a=317?key=crossref.3194705780a15cf78f010e1c751521e3
http://stacks.iop.org/0953-2048/31/i=3/a=035009?key=crossref.ea4cf0bb00756db80ca2173c7e389ac6
http://stacks.iop.org/0953-2048/31/i=3/a=035009?key=crossref.ea4cf0bb00756db80ca2173c7e389ac6
http://aip.scitation.org/doi/10.1063/1.4994692.1708.07101
http://aip.scitation.org/doi/10.1063/1.4994692.1708.07101
http://link.aps.org/doi/10.1103/PhysRevB.84.174510
https://link.aps.org/doi/10.1103/PhysRevB.97.184512
https://link.aps.org/doi/10.1103/PhysRevB.93.094518
http://aip.scitation.org/doi/10.1063Z1.5038031
http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.6b03593
http://link.aps.org/doi/10.1103/PhysRevB.79.100509
http://link.aps.org/doi/10.1103/PhysRevB.79.100509

1duosnue Joyiny 1SIN 1duosnue Joyiny 1SIN

1duosnuey Joyiny 1SIN

McCaughan et al.

Page 10

29. Ueno K. et al. Electric-field-induced superconductivity in an insulator. Nature Materials 7, 855—
858 (2008). URL http://www.nature.com/articles/nmat2298.1503.06066. [PubMed: 18849974]

Nat Electron. Author manuscript; available in PMC 2020 February 28.


http://www.nature.com/articles/nmat2298
http://1503.06066

1duosnue Joyiny 1SIN 1duosnue Joyiny 1SIN

1duosnuey Joyiny 1SIN

McCaughan et al.

Page 11

—— 0.57 yW

Current (pA)
o
\\

2.0
c 4
1.5 3
g 2
=104, % 27R
m B
0.5 - Device 1
0.0
. -7 .6 .5 . -4
10 10 10 10 10
Power Vili, (W)
d
2 4 — 0.0uwW

Figure 1.
High-impedance superconducting switch overview. (a) Scanning electron micrograph of one

device (inset) closeup of the nanowire meander. (b) Schematic illustration of the device,
showing the three primary layers (resistor, dielectric, and nanowire) as well as contact pad
geometry. (c) Resistance data versus input power for several devices and circuit schematic
for resistance measurement. Maximum resistance is proportional to device area, with devices
1-4 having areas 44, 68, 92, and 116 um2. (d) I-V curve of one device for three different
input powers.
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Figure 2.
Driving a photonic integrated circuit at 1 K. (a) Schematic and circuit setup for powering a

cryogenic LED with the switch and reading out the generated light using a waveguide-
coupled single-photon detector. (b,c) Switch input and detector output versus time. When v;,
is high, photons generated by the LED are transmitted via waveguide to a superconducting
nanowire single-photon detector, producing detection pulses. (inset) Zoom-in of the detector
output pulses. (d) Detector count rates for the experiment with the LED on (red) and off
(blue).
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Driving an 8.7 kQ load using the switch. (a) Output produced by a 10-ns-wide square pulse
to the heater with input surface power density £ =50 nW/um?, highlighting the latching and
non-latching regimes. Trace data taken with a 1 GHz bandwidth-limited amplifiers and
oscilloscope. (b) Turn-on delay z o, versus applied input power when the nanowire is biased
below the retrapping current (blue) and near /. (red). The solid lines are fits generated by the
ballistic phonon transport modeling, and the dotted lines are constant-energy per unit area
curves corresponding to 0.18 fJ/um? (blue) and 0.10 fJ/um? (red).
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Critical current and inferred temperature versus input power density. As the input power
density is increased, the effective temperature of the meander rises, and its critical current is
reduced. The small discontinuity is an experimental artifact from measuring very small

critical current values.
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