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ABSTRACT

Although superconducting nanowire single-photon detectors (SNSPDs) are a promising technology for quantum optics, metrology, and
astronomy, they currently lack a readout architecture that is scalable to the megapixel regime and beyond. In this work, we have designed
and demonstrated such an architecture for SNSPDs, called the thermally coupled imager (TCI). The TCI uses a combination of time-of-flight
delay lines and thermal coupling to create a scalable architecture that can scale to large array sizes, allows neighboring detectors to operate
independently, and requires only four microwave readout lines to operate no matter the size of the array. We give an overview of how the
architecture functions and demonstrate a proof-of-concept 32� 32 imaging array. The array was able to image a free-space focused spot at
373 nm, count at 9.6 Mcps, and resolve photon location with greater than 99.83% distinguishability.

Published by AIP Publishing. https://doi.org/10.1063/5.0102154

Currently, superconducting-nanowire single-photon detectors
(SNSPDs) are one of the most promising single-photon detection tech-
nologies for quantum applications and metrology. However, many of
the present and future applications for these single-photon detectors
require large arrays, which presently do not exist.1 For example, imaging
multi-photon spatial correlations in quantum optics would greatly bene-
fit from having large, high-efficiency arrays.2 Of particular interest
is also the application of SNSPDs to astronomy, particularly in the
ultraviolet (UV); presently, there are only a few large-scale detector
technologies available in the wavelength range of 90–400nm. Future
high-precision UV astronomy and astrophysics observations require
100-megapixel-scale arrays of detectors, which are single-photon sensi-
tive, solar-blind, and have high detection efficiencies.

To date, there has not been a multiplexing architecture capable of
scaling SNSPD arrays to megapixel sizes and larger. Previous
approaches have pursued a variety of approaches, including row-
column readouts,3 frequency-multiplexing,4,5 SFQ-based readout,6,7

and time-of-flight imaging.8 However, the best array architectures to
date have only managed pixel counts on the order of �1000 pixels,
and their architectures are unlikely to extend beyond the 10 000 pixel
count due to signal-to-noise limitations.9 These limitations are due to

the difficulty of multiplexing the low-amplitude, broadband output of
the individual detectors.1 These types of signals are not easily multi-
plexed onto microwave readout lines and, since the detectors are fun-
damentally cryogenic, there are practical cooling-power limits to how
many readout lines can be used to carry signals from the array to
room-temperature readout electronics. An ideal multiplexing scheme
should be able to (1) scale to large array sizes, (2) allow neighboring
detectors to operate independently (minimize crosstalk), and (3) ide-
ally use only a few readout lines.

Here, we present the “thermally coupled imager” (TCI) multi-
plexing architecture that achieves all of these goals. The unique aspect
of this architecture compared to previous work is that each detector is
independently thermally coupled to a readout bus. By using thermal
coupling instead of electrical coupling, scalability issues due to electri-
cal crosstalk and signal absorption are drastically reduced. Instead, the
trade-off made is one of time; the readout bus uses an electrical time-
of-flight delay mechanism to derive the position of the photon, and
larger array sizes require longer time-of-flight delays. As a result, scal-
ing the array to larger pixel counts does not degrade the distinguish-
ability of individual detectors or reduce signal-to-noise of any
individual detector—it only reduces the maximum readout rate (as is
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the case for most conventional imagers such as CCDs and CMOS sen-
sors). Additionally, reading out an entire array requires only four
microwave lines, regardless of the size of the array.

The most successful SNSPD-multiplexing architecture to date
used passive electrical coupling3 and demonstrated 1024-pixel array
sizes. This style of multiplexing used a resistive network to distribute
output signals row–column readout lines. In this architecture and
related ones, multiplexing is done with passive electrical components,
meaning the coupling from the detector to the readout is necessarily
symmetric to the coupling from the readout to the detector. As a result
of this symmetric coupling, when multiple detectors share a common
readout line, an output signal generated from any one detector is par-
tially absorbed by its neighbors. This absorption limits the ultimate
scalability of this type of architecture; as more neighboring detectors
are added, more of the output signal is inadvertently lost until it even-
tually falls below the noise level of the readout and the output signal
becomes unrecoverable.

Another type of passive architecture avoids the symmetric-
coupling problem by assigning each detector a unique frequency.4,5

These RF-multiplexing schemes can make excellent use of the band-
width available on a microwave readout line, but use large amounts of
homodyne readout circuitry at room temperature to sort through the
multiple resonances, and require each resonance to be fine-tuned so
that the homodyne circuitry can operate correctly. There are also
active readout architectures that are potentially scalable, including
nTron-based approaches10 and SFQ-based approaches,11–13 but to
date, the largest arrays shown in these systems have been significantly
smaller than passive approaches.14

The direct antecedents to the TCI architecture are the SNSPI8

and the thermal row-column array.15 The SNSPI used a single nano-
wire to both detect photons and resolve their position via time-of-
flight. This architecture was able to achieve an effective pixel count of
590, but its single-nanowire nature has practical drawbacks that make
it unlikely to be scalable to megapixel regimes. The thermal row-
column array utilizes thermal-coupling to allow a single photon to
trigger two different detectors (a row and column detector) but does
not multiplex the signals in any other way, meaning 2000 microwave
readout lines would be required to achieve a megapixel array. The TCI
architecture utilizes the best advantages from both of these schemes
and avoids many of the pitfalls both as well.

The TCI architecture is composed of three primary components:
(1) individual detectors, (2) thermal couplers, and (3) a time-of-flight
readout bus. The detectors take the form of standard current-biased
SNSPDs. Each thermal coupler consists of a resistive heater-element
that is thermally coupled to (but electrically isolated from) the readout
bus by a thin (25 nm) electrically insulating SiO2 spacer. The heater-
element of the thermal coupler can either be a resistive material or a
weakly superconducting material with a low switching current that
becomes resistive when the current is forced through it.16–18 For the
work presented here, it is the latter. Similar to the SNSPDs, the time-
of-flight readout bus is also a wire made from a superconducting thin-
film that is current-biased.

While the primary results of this work are for a two-dimensional
array, we first explain the operation in one dimension for clarity. As
shown in Fig. 1(a), the detectors are arranged in a line along the length
of the readout bus. At rest, all the SNSPDs and the readout bus are
fully superconducting, current-biased, and produce no voltage

transients, and the entire device is at a uniform cryogenic temperature.
When a photon is detected on one of the SNSPDs, the current is
diverted from the detector into the input of the thermal coupler.

Phonons generated from the Joule heating in the heater-element
are then coupled through the dielectric layer of the thermal coupler
and into the nanowire readout bus, similar to the process described in
Ref. 18. These phonons are then absorbed by the superconducting
readout bus, locally weakening the superconductivity and generating a
resistive hotspot in the bus. Due to the readout bus bias-current Ibus,
the resistive hotspot generated in the readout bus then produces two
counter-propagating readout pulses. As shown in Fig. 1(a), a positive
voltage pulse travels left, while a negative voltage pulse travels right.
Critically, these readout pulses do not interact with any of the neigh-
boring detectors while they propagate; besides a negligible (<1 fF)
capacitance, the only available interaction between the detector and
the readout bus is thermal. As a result, the neighboring detectors on
the readout do not absorb any meaningful quantity of the generated
output signal.

Once the pulses are created on the readout at time tp, the archi-
tecture then uses a time-of-flight method similar to Ref. 8 to determine
the hotspot location. Due to the extremely high kinetic inductance of
the readout superconducting nanowire, these voltage pulses travel the
length L of the readout bus at a velocity v, a small fraction of the speed
of light, until they are detected by the amplifiers at either end of the
readout bus. From these four quantities, we can determine the position
of the pulse origin xp ¼ ððs2 � s1Þvþ LÞ=2 and the time of pulse cre-
ation from tp ¼ ððs2 þ s1Þ � L=vÞ=2. Provided there is sufficient
time-spacing on the bus between adjacent detectors, we can then
determine which detector absorbed the photon. We note, however,
that only one detection is possible per readout time-of-flight period.
The arrival of additional photons while the bus still contains a hotspot
causes two issues: (1) the presence of the hotspot on the bus from the
first photon will reflect the voltage pulses propagating down the bus
from the additional photons, and (2) even in the absence of those hot-
spots, it is not possible to disambiguate the origin of multiple pairs of
voltage pulses.

To create a 2D imager, then, we overlap two of the 1D arrays at
right angles such that one set of detectors corresponds to rows, and
the other corresponds to columns as shown in Fig. 1(b). Physically, the
row detectors and column detectors are stacked vertically, separated
by 25 nm of SiO2, in a configuration similar to the one presented in
Ref. 15. When a photon arrives, it is absorbed into one detector layer
(e.g., a row detector) and creates a hotspot. The hotspot then creates
phonons that travel a short distance through the dielectric spacer and
impinge upon the other detector layer (e.g., a column detector), trig-
gering it. Thus, two detectors are triggered (one row, one column),
and their respective readout busses are used to determine the row and
column in which the photon was detected. Using this row-column
detector scheme minimizes the number of total detectors required and
additionally reduces the overall length of the readout bus.

We implemented the TCI architecture using WSi-based SNSPDs
and characterized a 32 � 32 array, resolving 1024 pixels. The active
area contains only the two layers of detectors—the ancillary circuitry
needed to perform the multiplexed readout is located along the edges
of the active area. The SNSPDs were 1-lm-wide WSi wires, and the
thermal coupler inputs were 350-nm-wide constrictions made from
WSi. The readout bus was also constructed from a 1.5-um-wide WSi
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wire. The array was measured at 0.98K in a cryostat, and light was
free-space coupled to the array from room temperature through a vac-
uum window. The imaging of a 373nm laser spot is shown in Fig.
1(d). As seen in Fig. 2, we observed modest saturation in the detection
efficiency at 373nm, indicating near-unity quantum efficiency for the
pixels illuminated within that spot. A more thorough investigation will
be required to analyze the quantum efficiency across the whole array.

Note that the photon count rate (PCR) drops quickly near the switch-
ing current due to the configuration of the detecting nanowires—they
are DC-coupled to ground (see Fig. 4) with a relatively low resistance,
meaning they are naturally resistant to latching. Instead of latching,
what occurs is that the detecting nanowires enter a relaxation-
oscillation modality once they reach the switching current. The higher
the bias current above the switching current, the more frequently the
nanowires enter a hotspot state, and correspondingly, the less time
they are photosensitive, resulting in a sharp increase in the dark-count
rate and a decline in the photon-count rate.

During operation, the full-width half-maximum of the readout
jitter was 37.4 ps (a standard deviation r of 15.9 ps), well below the
379 ps time-of-flight spacing between each detector (23:8r separa-
tion). To measure the uniformity of the readout process, we also per-
formed a flood illumination of the array, shown in Fig. 3. Processing
320 000 total counts at a low optical power, we found a lower bound of
99.83% distinguishability between adjacent rows/columns. Given the
23.8-r separation between adjacent detectors in the readout, we sus-
pect this is likely even closer to unity, but external noise may have
unnecessarily corrupted a handful of counts. While flood illuminated,
we increased the optical power and found that the array was capable
of counting at a rate of 9.6 Mcps. This value was likely the upper limit
of the readout speed of the bus, not the detection nanowires—the bus
readout rate was necessarily limited by its length, which was

FIG. 1. Overview of the kilopixel thermally coupled imager(TCI) demonstrated here. (a) Diagram of the TCI array operation in one dimension.(b) Constructing a two-
dimensional imager from two sets of one-dimensional arrays overlapped at right angles. (c) Microscope image of the fabricated 32� 32 imager. The yellow lower-right quad-
rant is the detection area, and the upper-right and lower-left quadrants are the readout circuitry. The upper-left area contains unconnected test structures. (d) and (e) Imaging a
373 nm spot with varying focus.

FIG. 2. Photon count rate (PCR) at 373 nm (blue) and dark count rate (DCR)
(orange) in the 32� 32 array. The PCR curve was measured using the focused
spot shown in Fig. 1(d).
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approximately 20 ns long (including tapers), and any subsequent inter-
nal microwave reflections must die down before it re-biases itself. In
this initial demonstration, the fill factor was very low, approximately
0.5%. In future work, however, this value could be increased to near-

unity, as the only elements within the imaging area are the photosensi-
tive nanowires.

The current was distributed to individual detectors via an on-
chip resistive distribution network using 12.2 X/sq gold-palladium for
the resistors and 90-nm-thick niobium for the wiring. As shown in
Fig. 4, each detector has a support circuit with series resistor
Rseries¼ 130.1 X, shunt resistor Rsh¼ 24.4 X, and thermal coupler
resistor Rtc¼ 24.4 X. For the results shown in Fig. 1(d), a total of
740lA current was injected into the 32 row-detectors, and a total of
1250lA current was injected into the 32 row-detectors. The difference
in current between the row and column detectors was due to mis-
matches in the superconducting properties between the upper (row)
and lower (column) WSi films, likely due to changes in the deposition
process during fabrication. The detectors were not biased fully near
saturation due to latching issues with the readout, likely caused by
impedance mismatches in the tapered readout.

To guarantee operation, we performed extensive tests on the
readout circuitry during the design phase. Measurement of thermal-
coupler test structures indicated that only 240 eV of electrical energy
was required on the thermal coupler to trigger the output from the
readout bus. In the array, this thermal-coupling energy was stored in
large kinetic-inductance-based nanowire series inductors (Lseries in
Fig. 4). When a photon first created a resistive hotspot in a detector
nanowire, Lseries acted as a stiff current-source, guaranteeing that most
of the current from the detector was forced into the thermal coupler
and did not parasitically leak into neighboring detectors through the
resistive bias network. Testing showed that a Lseries value of 1 lH was
sufficient to guarantee that, for every photon detection, enough cur-
rent was diverted into the thermal coupler to generate a corresponding
output on the readout.

The pulses that came out of the readout bus did not show any
noticeable signal degradation, even in test structures where we scaled
the number of detectors to 516. Due to the large kinetic inductance of

FIG. 4. Circuit diagram showing the configuration and approximate layout of the
ancillary support-circuitry used in the TCI.

FIG. 3. Measuring the distinguishability of the readout mechanism by uniform illumination of the 32� 32 array. (a) Scatter plot of the measured differential time-delay (s1�s2)
for the row and column readout busses for 320 000 counts. Shown on the sides are histograms for the row and column busses. (b) Summation of all column histogram bins,
modulo 379 ps, into a single histogram showing a standard deviation of 15.9 ps. (c) Zoom-in of the differential time-delay scatterplot.
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the nanowire, the propagation velocity along the readout bus was
0.0069c (2.07 um/ps). Hecken tapers19 were placed on the ends of the
readout bus to prevent internal reflection of the fast rising edge from
the readout pulses.8

In summary, we have designed and demonstrated an SNSPD
architecture that is scalable to the megapixel and beyond. The imager
design was targeted for UV-astronomy and showed single-photon sen-
sitivity and unity internal quantum efficiency across 1024 pixels at
373 nm. Crucially, the architecture itself is wavelength-agnostic and
should be applicable to any wavelength SNSPDs that are capable of
detecting (UV3 to mid-IR.20)

However, several areas for improvement remain. The most press-
ing next step is to build bigger arrays and demonstrate a true single-
photon megapixel imager. Also, in the present design, the array only
has a 0.5% fill factor, which is far too low for many astronomical and
quantum-optical applications. Fortunately, because all the readout cir-
cuitry can be located outside of the imaging area, the architecture has
a direct path to achieving unity fill-factors. Other steps forward include
further analysis of count-rate limitations to scalability, since the size of
the array affects the dead time between consecutive photon detections.
We note the addition of multiple readout busses allow for a favorable
quadratic scaling effect to the count-rate—for instance, by doubling
the number of readout busses, the number of detectors (and thus
length of each bus) is reduced by half and the number of photons that
can be readout per dead time is doubled. The addition of multiple
readout busses will also allow for the detection of multi-photon coinci-
dences on a single imager, as the busses will operate independently.
Finally, although the TCI architecture is wavelength-agnostic, consid-
erations must be made for longer-wavelength operation such as the
near-infrared or mid-infrared. In particular, nanowires that are sensi-
tive to longer-wavelength photons generally have lower switching cur-
rents, meaning there will be less stored inductive energy available to
drive the heater. Fortunately, our tests have shown that we currently
have a significant excess of bus-heating energy with the current design,
so modest reduction in the nanowire switching currents should be eas-
ily tolerated even with these parameters. Additionally, the stored
energy reduction could also be counterbalanced by adding additional
series inductance Lseries.
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