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ABSTRACT

We use dispersion engineering to control the signal propagation speed in the feed lines of superconducting single-photon detectors. Using this
technique, we demonstrate time-division-multiplexing of two-pixel detectors connected with a slow-RF transmission line, all realized using
planar geometry requiring a single lithographic step. Through studying the arrival time of detection events in each pixel vs the fabricated slow-
RF coplanar waveguide length, we extract a delay of 1.7 ps per 1 ym of propagation, corresponding to detection signal speeds of ~0.0019c.
Our results open an important avenue to explore the rich ideas of dispersion engineering and metamaterials for superconducting detector

applications.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/).

Superconducting nanowire single-photon detectors (SNSPDs)
with their close-to-unity detection efficiencies, wide operating-
wavelength range, ~ sub-3-ps timing resolution,” and versatile inte-
gration with different photonic platforms ° are central resources
for quantum information technologies.”” Extensive work has been
done to optimize SNSPDs’ operation and understanding the physi-
cal limits of their performance, additionally photon-number resolu-
tion was demonstrated through parallel connections of SNSPDs,
and by engineering the detector transmission line for impedance
matching. '~ More recently, an important goal is to realize large-
scale systems making use of their attractive detection characteris-
tics” while achieving high reproducibility and control over their
performance.” In order to integrate multiple detectors on a sin-
gle chip, a straightforward approach would be to include inde-
pendent RF feed lines for each individual detector. This might
be viable for systems with a small number of detectors ™ but
becomes increasingly challenging when aiming for large-scale
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integration. The thermal budget in such circumstances becomes very
important, * both the passive and active thermal loads for the detec-
tors set a practical limit for the number of detectors. As an example,
the total thermal load for 50 superconducting qubit systems is close
to 150 mW at the 4 K stage.” Although superconducting detec-
tors are less involved than operating a qubit in terms of electrical
connections and readout, similar heat load challenges would limit
realizing large-scale systems. Moreover, cost becomes important for
implementing electronic readout and biasing circuits for every sin-
gle channel. Additionally, data processing becomes nontrivial when
aiming for 1000s of detectors operating at GHz speeds. More sophis-
ticated approaches for multi-pixel integration include frequency-,

amplitude-, and time-multiplexing; each technique has its
own advantages and drawbacks. Frequency multiplexing requires
precise tone generation to address individual SNSPDs, coupled with
the stringent requirement to fine-tune the resonance circuits of indi-
vidual detectors (or the driving frequency). This places practical
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limits on the complexity and number of detectors that can be
addressed, in addition to modulation of the detection efficiency with
the driving signal. Amplitude multiplexing, on the other hand, pro-
vides a simpler alternative but is more susceptible to noise and
errors, which can limit the number of identifiable logic levels; such
a limitation is a common feature to amplitude modulation tech-
niques.”’ Time multiplexing has an advantage in terms of operation
simplicity, but two main challenges must be addressed as follows:
(1) an individual detector jitter needs to be minimized, setting a
lower limit on time-bin size, and (2) the high on-chip RF propa-
gation velocity places practical limits on the devices’ dimensions to
achieve the needed delay for time multiplexing.”’ Recent demonstra-
tions'”*"** show the possibility to reduce the group velocity of detec-
tion pulses on a chip. A multi-layer integration approach can set
limits on the device design and integration, especially co-integration
with planar photonic integrated circuits. Moreover, further reduc-
tion in the detection pulse speed in planar geometries is important
for dense integration of multiple pixels. Here, we apply the power-
ful technique of waveguide dlspersmn engineering, commonly used
for dlelectrlc photonic circuits,” to superconducting transmission
lines.” By operating in the slow-RF regime, we can address two
detectors with a single transmission line, all using planar circuit
geometry requiring only one lithographic step.

) and 1(b) show a circuit diagram and a schematic
of the coplanar transmission line connecting multiple pixels on the
same chip. The waveguide consists of a distributed kinetic induc-
tance of the superconducting wire capacitively coupled to ground.
The velocity of the electromagnetic wave in the transmission line is
inversely proportional to /LC, where C and L are the capacitance
and inductance per unit length.”® C can be designed using a coplanar
circuit technology to control the speed of propagation. By engineer-
ing the capacitance value and its periodicity, a bandgap of forbidden
frequencies can be introduced in the w-k dispersion relation. Oper-
ating near the band edge yields vanishingly small group velocities,
approaching zero at the band edge accompanied by a sharp increase
in the reflected signal. The transmission line is designed and tested
numerically through the method of moments, using the commercial
3D microwave simulation tool Sonnet.” The main transmission line
is a 1 yum wide NbTiN wire, with a kinetic inductance of 40 pH/sq.”*
Superconducting wires with the same width extend on both sides of
the main transmission line, each having a length of 1 mm. The side
wires repeat every 13 ym; together with the ground plane, they form
an interdigitated capacitor with a 1 ym gap. The simulated trans-
mission line has six unit cells between the input and output ports.
The width of the simulation region is 2 mm around the interdigi-
tated capacitor, while the height is 2 mm including the silicon wafer
thickness of 500 ym and an air layer. Figure 1(c) shows the scat-
tering matrix parameters S11 and S12. The transmission shows a
clear low-frequency pass by design (blue shaded), covering the area
of interest of the SNSPD operation. The amplifier bandwidth of the
driving circuit in the experimental setup is 1.2 GHz, and the device
shows an almost flat low group velocity regime below this limit.
Close to 5 GHz, our simulations show that the group delay of the
RF signal increases drastically, as shown in Fig. 1(d). Although the
detection signal can be significantly slowed in that regime, it also
suffers from high group velocity dispersion and low transmission;
thus, by design, the transmission-line resonance is placed beyond
the amplifier bandwidth.

Figures 1(a
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FIG. 1. (a) Circuit diagram of the transmission line. (b) Schematic of a capacitively
coupled transmission line to ground, shown in yellow. The transmission line con-
nects superconducting detectors in series. (c) Scattering parameters, S11 (red)
and S12 (blue), between port 1 and port 2 in the simulated devices. The band-
pass region is blue shaded, while the rejection band higher than the band edge is
red-shaded. (d) Simulated group delay as a function of propagation frequency.

The circuits were fabricated based on the simulation design
parameters. The fabrication involves sputtering 9 nm NbTiN films
on a silicon wafer with a 180 nm thermal oxide superficial layer.””’
The circuits were patterned using diluted electron-beam resist ma-N
2403:mrT 1090 (1:1) and a 50 keV Raith e-beam lithography system.
The pattern was transferred to the superconducting film by CF4-
based reactive ion etching. A single pixel is shown in Fig. 2(a), con-
sisting of a 100 nm constriction in the superconductlng wire, thus
limiting detection events to this area. Two pixels were connected
with a transmission line consisting of N side capacitors, as shown in
Fig. 2(b). A closer look at the capacitively coupled transmission line
is shown in Fig. 2(c), with dimensions chosen to directly match the
simulated structure. The experimental setup for testing the devices
is shown schematically in Fig. 2(d). The sample is illuminated with
a 780 nm 3-ps laser, with an 80 MHz repetition rate. The SNSPDs
are cooled to a temperature of 2.5 K in a closed-cycle cryostat, con-
siderably lower than their critical temperature. The critical temper-
ature of the films is 10 K.”*’ 2.5 K operation is required; higher
temperatures reduce the detection efficiency especially for IR pho-
tons,” in addition to the overall lower critical current, which reduces

the detection timing-resolution.”’ A room temperature bias-T
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FIG. 2. (a) Scanning electron microscope image of a single 100 nm wide pixel,
scale bar 1 um. (b) Complete device with a slow-RF transmission line connecting
two pixels highlighted by a red dot, scale bar 250 um. In the shown device, the
side capacitor length is reduced to easily visualize the complete circuit with the
contacts. (c) Magnified view of the slow-RF coplanar transmission line, scale bar
13 um. (d) Schematic of the experimental setup.

and an amplifier with a bandwidth of 1.2 GHz are used for cur-
rent biasing of the detector and amplification of the detection pulses,
respectively.

Several devices with different numbers of side capacitors were
fabricated. A direct measurement of the group velocity of the trans-
mission lines as a function of frequency is hard to measure exper-
imentally as it requires a low temperature measurement of the fre-
quency response of the transmission line, coupled with a frequency
domain analysis of the detection pulse; the supplementary material
provides numerical simulations of the transmission line. However,
experimentally, we can investigate the effect of an increase in the
length of the slow-RF transmission line on the arrival time of detec-
tion events from the two pixels, while keeping the physical distance
between the two pixels fixed. Figure 3(a) shows the IV characteristic
of a 60 side capacitor device. This two-pixel detector has a criti-
cal current of 13 pA, with signature of internal efficiency saturation
under illumination from the laser. All the devices were biased at 90%
of their critical currents. The detection pulses were correlated with
an 80 MHz sync signal from the laser to build a histogram of the
arrival time of detection events in each pixel. A single-side readout
scheme was employed, with pixel 1 connected to the signal termi-
nal, while pixel 2 and the interdigitated capacitor were connected
to ground. The correlation measurements were recorded with a fast
digital oscilloscope (Lecroy WaveRunner 640Zi, with 4 GHz band-
width). Figure 3(b) shows four histograms for devices with 0, 30, 60,
and 80 side capacitors. All the traces are plotted in reference to the
arrival time of detection events in pixel 1. We clearly see an increase
in the arrival time of detection events from pixel 2 as the number
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FIG. 3. (a) IV characteristic and detection counts for a 60 side capacitor device
under illumination with 3-ps laser pulses at a wavelength of 780 nm. (b) Detection
pulse arrival time of pixels 1 and 2 for devices with N = 0, 30, 60, and 80 side
capacitors. The data are plotted with pixel 1 placed at zero delay as a reference.
(c) Extracted delay for devices with different numbers of side capacitors on each
side, linearly fitted to a straight line. The slope of the linear fit is 0.26 + 0.03 ns
per 10 side capacitors. The error bars present the timing jitter of the arrival time of
the detection pulse. The inset shows the timing jitter of detection events for each
device.

of side capacitors is increased. We extracted the measured tempo-
ral delay between the two pixels vs number of side capacitors, as
shown in Fig. 3(c), with a linear fit of the data. The linear fit provides
two parameters: an intercept that accounts for a fixed delay between
the pixels for all the devices due to the device geometry, and a slope
that describes the delay change with the number of side capacitors.
The experimentally measured group delay between the two pixels is
extracted from the slope of the fit to be 0.26 + 0.03 ns per 10 side
capacitors. The maximum measured delay in the 100 side capacitor
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device corresponds to a group velocity of 0.19% of the speed of light
in vacuum (1.7 ps delay per 1 ym of propagation), which is an order
of magnitude smaller than the reported group velocities in single and
multi-layered structures.'””'

The device is operated in a low group velocity dispersion
regime, which can reduce the timing resolution due to detection
pulse distortion. To quantify this effect, we extracted the timing
jitter of the detection pulse vs the number of side capacitors, as
shown in the inset of Fig. 3(c). To minimize the measurement error,
25000 events were recorded. The linear fit intercept describes the
inherent timing jitter in the system for all two-pixel devices. We
focus on the slope that accounts for the rate at which the jitter
changes with an increase in the number of side capacitors. The
FWHM of the detection-pulse arrival-time histogram increases by
5.9 + 2 ps per 10 side capacitors. An important figure of merit for
time multiplexing superconducting single-photon detectors is the
ratio of the delay between pixels in a time-domain to the FWHM
of each time-bin. This sets a limit on the number of pixels multi-
plexed for a given delay. To provide a lower limit for the perfor-
mance, the 100 side capacitor device showed the highest FWHM
timing jitter of 147 ps (2.3550). The demonstrated delay between
pixel 1 and pixel 2 for the same device is 3 ns, 48 times larger
than the timing-jitter 0. It is worth mentioning that the jitter can
be further reduced using cryogenic amplifiers, boosting the figure
of merit even further. This will also allow for reducing the foot-
print of the device since only a few periods of the side capacitors
are needed to distinguish between detection events on the same
transmission line.

Following the last point on the footprint of the devices, we
investigated the effect of reducing the length of the side capacitor
on the achieved delay. Figure 4(a) shows IV characteristic of two
devices fabricated on the same chip. Each device consists of two pix-
els connected with a transmission line consisting of 100 capacitors
on each side, but with two different side capacitor lengths, 600 ym
and 1000 ym, respectively. The two devices have critical currents of
11.9 pA and 10.3 pA and are biased at 90% of their critical currents.
Figure 4(b) shows the recorded detection event histogram of the
two devices, using the same experimental configurations described
earlier. The 1000 ym device shows only a 20% increase in the exper-
imentally measured delay compared to the 600 ym device, despite
the overall increase of 66% in the area between the two. To provide
more insight into the behavior, both structures were simulated in
Sonnet.”” The simulation results of the ratio between group delays of
different frequencies for the two devices are shown in Fig. 4(c). We
see an increase of 20% in the group delay within the amplifier of 3 dB
bandwidth, closely matching the experimental results. The increase
in the shunt capacitance to ground by extending the length of the
side wires moves the resonance frequency of the transmission line
to lower frequencies. This results in an increase in the group delay
ratio between the two devices as we approach the 1000 ym device
band edge. Optimally, the device is designed to operate in the flat
regime of the dispersion relation, far from the resonance frequency
of the transmission line.

Figure 5 shows an envisioned application for the slow-RF
superconducting transmission line. The device computes the Fourier
transform of light signals on a chip; photons propagating in the
waveguide from the forward and backward directions interfere at
the center of the device; then, the standing wave pattern can be

APL Photon. 5, 111301 (2020); doi: 10.1063/5.0019734
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FIG. 4. (a) IV characteristic of two-pixel detectors having side capacitor lengths of
600 ym and 1000 um. (b) Histogram of the detection events of the two devices,
both referenced to detection events in pixel 1. (c) 3D microwave simulation of the
ratio between group delays at different frequencies of the two devices.

sampled at the single-photon level using SNSPDs. The detector is
classified as a stationary-wave integrated Fourier transform spec-
trometer (SWIFT).”"* In order to reconstruct the spectrum of the
input signal, the Nyquist-Shannon criteria must be satisfied. This
requires several numbers of independently operated detectors on
the same chip, each with its own readout. We envision using the
engineering of the superconducting single-photon detectors’ trans-
mission line to enable time-division-multiplexing of single-photon
detectors on the same transmission line, thus using a single biasing
and readout circuit for the multiple detectors. Moreover, the same
technique can be used to demonstrate 2D imaging using SNSPD
arrays connected through a single coaxial line.”" The frame count
rate for such devices is typically limited by the kinetic inductance of
the detector;”' thus, reducing the device dimensions would enable
higher count rates.”

5, 111301-4
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FIG. 5. Schematic of a SWIFT detector. Each pixel samples the standing wave
pattern of the light signal interfering with itself in an interferometer. The device uses
a single transmission line for readout, and pixels are multiplexed in a time-domain.

In summary, we employed the concepts of slow-light to super-
conducting transmission lines for time-division-multiplexing of
SNSPDs. The slow-RF transmission line delivers a large on-chip
delay of 1.7 ps per 1 ym of propagation. The demonstrated devices
provide an excellent figure of merit for time-division-multiplexing.
Although the physical distance between pixels can be reduced due
to the smaller group velocity, the presented devices have a draw-
back of an overall larger area compared to other multiplexing
approaches.'”*"”> We believe that this is not a fundamental limit,
and dispersion engineering can also be used to complement previous
demonstrations, adding another level of control over the waveguide
dispersion. Moreover, this work focused on the capacitive aspect of
the periodic load of the transmission line, but the inductive part is as
important to modify the overall line impedance for excellent match-
ing to coaxial lines.'"'* Our results open a wide range of possibili-
ties to apply the already established field of dispersion engineering
for a complex superconducting detector circuitry, which is critical
for large-scale quantum photonic applications. In addition to the
potential usage for on- ch1p feedback-control and synchronization of
detection events on a chip,” we envision more advanced applications
for matching photonic and microwave velocities in traveling struc-
tures’* and metamaterial-based transmission lines for size reduction

and bandwidth enhancement.””””

The supplementary material provides a numerical simulation
of the group velocity for a periodically loaded transmission line.
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