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Abstract. We describe a number of methods that have been pursued to develop superconducting nanowire
single-photon detectors (SNSPDs) with attractive overall performance, including three systems that operate
with >70% system detection efficiency and high maximum counting rates at wavelengths near 1550 nm.
The advantages and tradeoffs of various approaches to efficient optical coupling, electrical readout, and
SNSPD design are described and contrasted. Optical interfaces to the detectors have been based on fiber cou-
pling, either directly to the detector or through the substrate, using both single-mode and multimode fibers with
different approaches to alignment. Recent advances in electrical interfaces have focused on the challenges of
scalability and ensuring stable detector operation at high count rates. Prospects for further advances in these
and other methods are also described, which may enable larger arrays and higher-performance SNSPD sys-
tems in the future. Finally, the use of some of these techniques to develop fully packaged SNSPD systems will be
described and the performance available from these recently developed systems will be reviewed. © The Authors.
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1 Introduction
Significant advances have been made in superconducting
nanowire single-photon detectors (SSPDs or SNSPDs) since
their initial demonstration.1 These detectors can enable high-
speed single-photon detection over a wide range of ultravio-
let to infrared wavelengths with high detection efficiency
(DE), low noise, and precise photon timing. In addition to
advances in the device physics, detector design, and appli-
cations,2 progress has also been made in translating high-
performance SNSPD devices into complete systems that
provide users with access to those detector capabilities.3–5

In particular, progress in low-loss optical coupling, improved
readout circuits, and optimized device designs have allowed
the demonstration of detector systems that simultaneously
offer high system DE, high maximum count rates, low
noise, and low timing jitter. A number of different engineer-
ing approaches have been used to overcome these challenges
and each technique offers advantages and tradeoffs in terms
of implementation complexity, performance, and scalability.

This review is divided into three sections that describe a
number of approaches that have been pursued for the optical
and electrical interfaces and some of the high-performance
systems that have been demonstrated. In Sec. 2, techniques
for efficiently coupling light into the detectors are described.
In order to achieve high system DE, this optical coupling
must have low loss and precisely align the desired optical

modes onto the relatively small active area of an SNSPD
(typically 10 to 20 μm in diameter). Furthermore, this optical
coupling must limit the blackbody radiation and other
sources of optical background from heating or generating
noise counts in the detector. In Sec. 3, techniques for
electrical readout are detailed. The electrical interface to
each SNSPD element must provide a (1) high-frequency
impedance that permits the desired detector operation and
reset behavior, (2) low-noise bias current, and (3) high-
speed output that supports the required timing resolution,
signal-to-noise ratio, and count rates. Finally, an overall
system must be developed that integrates a suitably opti-
mized SNSPD or array of SNSPD elements with the desired
optical and electrical interfaces. Section 4 will describe
three systems3–5 that incorporate different SNSPDs and inter-
faces to provide high-performance single-photon detection
systems.

2 Optical Interfaces

2.1 Direct Fiber-Coupling to the Detector

Standard telecommunication single-mode fibers (SMFs) pro-
vide a well-defined and flexible optical input that inherently
filters a large fraction of the room-temperature blackbody
radiation. A method for precisely aligning these fibers to
detectors on silicon substrates using silicon micromachining
and standard optical components was originally developed at
National Institute of Standards and Technology (NIST) for
transition edge sensors6 and has more recently been adapted*Address all correspondence to: Eric A. Dauler, E-mail: edauler@LL.mit.edu
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for SNSPDs by NIST and the Jet Propulsion Laboratory.3

This method allows (1) sub-Kelvin operating temperatures,
(2) no moving parts at low temperatures, (3) fast assembly
with no manual alignment, (4) compact packaging of many
detectors in a limited cryogenic volume, and (5) exploitation
of low-cost commercial, off-the-shelf components.

This technique was used to align single-mode telecommu-
nication fibers to tungsten silicide (WSi) SNSPDs that were
fabricated on thermally oxidized 3-in. Si wafers as described
in Ref. 3. The detectors were embedded in an optical stack to
enhance the absorption of the nanowires. The optical stack
was composed of the following layers from top (illumination
side) to bottom (substrate side): TiO2, SiO2, WSi nanowires,
SiO2, and Au, which required depositing a high-quality,
superconducting WSi film at low temperature on top of
SiO2 and Au. The nanowires were 4 to 5 nm thick, 100
to 200 nm wide, and the fill factor (the ratio between the
width and the pitch of the nanowires) was varied from 50
to 65%. Figure 1(a) shows the active area of a WSi
SNSPD, which was circular and had a diameter of 15 μm.
The last step of the fabrication process of the detectors
was a Bosch dry-etch process, which defined keyhole-
shaped dies through the Si wafer, as shown in Fig. 1(b).
The detectors were placed in the center of the round parts
of the dies that have a diameter that closely matches the
inner diameter (2.5 mm) of the zirconia alignment sleeve.
Figure 1(c) shows the optical alignment assembly: (1) stan-
dard telecommunication SMF terminated with a zirconia
ferrule, (2) zirconia alignment sleeve, (3) device die, and
(4) back-side sapphire ferrule. The alignment of the ∼9-μm-
diameter core of the fiber to the active area of the SNSPD
was ensured by the precise dimensions of the detector
die, the fiber ferrule, and the alignment sleeve. The precision
of this alignment scheme has been estimated to be ∼3 μm.6

The rectangular neck of the detector die routed the device
wiring out of the zirconia alignment sleeve to enable wire
bonding to the machined metal chip holder. The back-side
sapphire ferrule was press-fitted into a machined hole to
capture the sleeve and to provide thermal contact between
the zirconia components and the cooled metal components.
Figure 1(d) shows the assembled detector package, which
had a volume of ∼0.3 cm3.

2.2 Fiber-Coupling Using Fusion-Spliced
Graded Index Lenses

Although the lithographic approach to fiber alignment
described in Sec. 2.1 has many advantages, the near-contact
between the optical fiber and the SNSPD does place con-
straints on the detector structures and layout. These con-
straints include (1) a substrate material suitable for deep
etching, (2) the need for a reflector between the substrate
and the nanowires in order to achieve near-unity absorption
in the detector, and (3) the need to avoid the relatively large
fiber ferrule when routing electrical connections. These three
constraints can be alleviated by coupling light through the
substrate material. However, some combination of a short
optical path length (thin substrate) or a lens to focus the
light is required to couple light into the small area of typical
SNSPDs. In this section, an approach to use compactly
packaged focusing optics is discussed.

A schematic layout is shown in Fig. 2(a) for the fiber-
coupled packaging used to align optical components to a
back-illuminated SNSPD (in which a reflector is fabricated
on top of the nanowire detector and optical illumination is
through the substrate).7 A fiber ferrule was fixed to the
fiber-holding block in advance by using an adhesive so
that the distance from the exit end to the rear surface of
the SNSPD chip was 20 μm. SNSPD chips were mounted

Fig. 1 (a) Scanning electron microscope (SEM) image of the active area and of the nanowires (inset) of
WSi superconducting nanowire single-photon detectors (SNSPDs). (b) Detector wafer. (c) Schematic
representaion of the optical alignment assembly. (d) Assembled detector package.
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on chip-mounting blocks, which had a through hole at the
center of the chip-mounting area to insert a fiber ferrule. The
fiber-holding block was joined to the chip-mounting block
from the rear, and the two blocks were accurately aligned
so that the incident light spot illuminated the center of the
meander area. The dimensions of the packaging blocks
are 15 mm ðlengthÞ × 15 mm ðwidthÞ × 10 mm (thickness),
which are sufficiently compact to install multiple packages
into a Gifford-McMahon (GM) cryocooler system.

To achieve efficient optical coupling, small gradient index
(GRIN) lenses were used to reduce the beam waist at a dis-
tance from the exit-end. To embed lenses into the compact
packages, GRIN lenses with a diameter of 125 μm, which is
equal to the cladding diameter of a single-mode optical
fiber, are directly fusion-spliced to the end of the optical
fiber. Since the fiber-spliced lenses were inserted into the
miniature-unit (MU) fiber ferrule, the shape of the end of
the fiber did not change at all from that without lenses, as
shown in Fig. 2(b). The numerical aperture and length of
the two lenses are chosen so that the working distance is
equal to the optical path length (between the end of the
fiber and the device active area in the package) and the
beam waist becomes as small as possible. For example,
the beam waist (2ω0) at the working distance was estimated
to be 6 to 8 μm for the device on a 400-μm-thick MgO sub-
strate, which is sufficiently small to allow efficient optical
coupling with the meander nanowire area of 15 × 15 μm2.
This GRIN lens assembly technique can be used in combi-
nation with a substrate thinning process or can be used
for front illumination with the advantage of demagnifying
the optical spot down to 4 to 5 μm.

2.3 Optical Coupling Using Small Optics

Rather than using fusion-spliced GRIN lenses, other small
optics have also been employed to focus light through the
substrate. Using small optics provides considerable flexibil-
ity in optimizing the optical arrangement to demagnify the
light from an SMF, multimode fiber, or a free-space optical
beam. However, ensuring precise optical alignment at cryo-
genic temperatures is complicated by the larger optics and
distances involved in this approach.

A straightforward, but burdensome, solution is to use
cryogenic nanopositioners to perform the optical alignment
in situ, based on feedback from the detector count rate. In
a fiber-coupled system, this can be implemented either by
moving an integrated optical assembly that includes the
fiber and the focusing optics or by moving just the fiber

above a rigidly mounted focusing optic designed to image
the optical mode onto the detector, often with some demag-
nification factor. Both approaches have similar complexity
and can focus the light onto a detector that is smaller than
the optical mode of the fiber. This is particularly important
for multimode fibers, which can have core diameters that are
larger than the 10 to 20 μm diameters of typical SNSPDs.
Figure 3 shows an assembly that was used in the design
of a multimode optical receiver.8 Results of a system that
uses this approach for SMF coupling are described in
Sec. 4.2.

Employing a multimode optical fiber for coupling to an
SNSPD (as compared to SMF) confers an advantage for both
classical and quantum optical photon-counting systems. For
the former, it allows for the collection of light that may not
have a uniform or stable phase front due to propagation
through turbulence (as is commonly encountered in free-
space systems) and, thus, cannot be focused to a small spot
without requiring adaptive optics. For quantum optical sys-
tems, using a multimode system can potentially increase
the flux of photons created from entangled or other nonclass-
ical optical sources.

One challenge in coupling multiple spatial modes is to
focus the light onto a small-diameter SNSPD. While one
can employ free-space coupling of light to an SNSPD,
this can be burdensome for most cryogenic systems, whereas
fiber-coupled schemes offer flexible deployment and poten-
tially reduced background light. Employing multimode fiber
in such a system requires a careful tradeoff of the size of
the receiving aperture, the number of modes supported by
the fiber, focusing optics required for the SNSPD detector
collection, and the acceptable background light coupled
into the fiber.

Most SNSPDs are sensitive to polarization, and polariza-
tion maintenance in multimode fiber is not readily achieved
in commercially available multimode fibers. To maintain
multimode polarization, to date two approaches have been
employed. The first is to engineer optical fiber—typically
a polymer fiber—with extremely low birefringence.9,10

The second is to employ stress-inducing elements to create
a large birefringence and create orthogonal modes of

Fig. 2 (a) Schematic layout for the fiber-coupled SNSPD package.
(b) Configuration of gradient index lenses connected to the optical
fiber.

Fig. 3 Schematic layout for backside-illuminated SNSPD arrays
using a cryogenic xyz nanopositioner stack with a multimode fiber
coupled optical focusing assembly (only one of four nanopositioner
stacks and focusing assemblies are shown in the figure). The sample
mount holds four SNSPD arrays, and each array can have up to four
SNSPD elements.
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polarization preservation using panda-type stress rods of an
elliptical core.8 Because the various modes experience differ-
ent effective indices of refraction, the extinction will vary
among the modes present in the fiber and its effectiveness
will depend on the requirements of the system.

Finally, an emerging technique for optical coupling is
lithographic alignment of a focusing optic on the opposite
side of the wafer from the detectors. Microlenses that are
etched in the substrate material can offer a relatively high
numerical aperture, particularly in high-index substrate mate-
rials, such as silicon. The combination of the high numerical
aperture and lithographic alignment allows efficient optical
coupling to small-diameter detectors. Additionally, matching
the microlens focal length to the substrate thickness produces
a design that relaxes the alignment tolerances on the optical
input, which could be coupled into the cryostat through
a window or an optical fiber. Depending on the substrate
and desired numerical apertures, microlenses with 50- to
200-μm diameters would likely be employed and could be
arrayed with high fill factor, while providing space for elec-
trical connections between elements of a detector array on
the opposite side of the wafer. Consequently, with further
development, microlenses may overcome the primary disad-
vantage of using a thick substrate by permitting a low-com-
plexity approach to optical alignment.

3 Electrical Interfaces
In the circuit model for SNSPD operation developed in the
early works on these devices,11–13 the detector is represented
as a variable resistor (hotspot) in series with an inductor
(dominated by the kinetic inductance), and the readout cir-
cuit is viewed as a simple, dc-coupled impedance to ground.
This model results in the simple detector dynamics described
in Ref. 11, where the electrical behavior of the detector is
purely inductive outside of the very short period when the
wire has an electrical resistance and Joule heating plays
a role. However, as described in Refs. 14 and 15, in nearly
all SNSPD systems to date, the load seen by the detector is
not simply resistive and independent of frequency as in this
simple model, resulting in an effective nonlinear feedback,
which couples the average count rate with the DE and, at
extremely high count rates, can even drive the detector

into the latched state (where it becomes insensitive to pho-
tons and must be reset by turning the bias current down exter-
nally).15 To avoid this nonlinearity, one must operate at very
low count rates of order ∼20 times slower than τ−1r or below
(where τr is the inductance-limited reset time of the device)
or employ a readout approach that alleviates this undesirable
feedback. Alternatively, higher count rates can be achieved
using multielement SNSPDs,16 which can also enable limited
photon-number resolution and single-photon imaging. One
of the big challenges to realize the multielement SNSPDs
is readout electronics. As the increased number of readout
cables causes a significant heat load to the cryocooler and
increased complexity, it is highly desirable to use cryogenic
signal processing to alleviate the need for a separate cable
for each detector element. In this section, approaches for
removing the count-rate-dependent feedback and electrically
addressing multiple, independent detector elements will both
be described.

3.1 dc-Coupled Electrical Readouts

The circuit of Fig. 4(a) (Refs. 4 and 15) is used to present the
SNSPDs with the most well-defined, wideband, resistive
impedance possible. The gate electrode of a commercial high-
electron-mobility transistor (HEMT) (Eudyna FHX45X)
provides a wideband high impedance, which is shunted with
a resistor RL. The HEMT is operated in the usual common-
source configuration, and its high gain and wide bandwidth
effectively isolate the SNSPD from the electrical environ-
ment on the downstream side of its drain electrode. The
SNSPD is tied to ground at dc, so both the drain and source
of the HEMT must be biased in order to turn its channel on.
Additionally, because the HEMT is a depletion-mode device,
both of these voltages are positive: VD > VS > 0. To provide
additional gain, a second cascaded, common-source stage is
used and it is ac-coupled for ease of biasing. With this simple
preamplifier, the nonlinear effect of Refs. 14 and 15 is com-
pletely removed, and the SNSPD behaves as expected based
on independent measurements of its kinetic inductance and
DE,4,15 as shown in Fig. 4(b).

The isolation provided by the preamplifier from the
50Ω impedance of the subsequent readout electronics also
makes it possible to independently adjust the load impedance

Fig. 4 (a) Electrical schematic of the cryogenic, wideband preamplifier for SNSPD readout that removes
the ac-coupled feedback, which would otherwise prevent operation at high count rates. (b) Experimental
data (squares) and simulated operation (lines) demonstrating proper operation of the SNSPDs at high
count rates using two different values for the shunt resistance RL.
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seen by the SNSPD simply by changing RL. As discussed in
detail in Refs. 13 to 15, increasing RL both decreases the
reset time τR and increases the signal size; however, by
decreasing the reset time, it also stabilizes the latched
state of the detector at lower bias currents. Therefore, the
optimal load impedance is obtained by increasing RL until
the detector is just beginning to latch at Ib ¼ IC (i.e., the
latching current decreases to IC). Further speedup would
make the highest DEs inaccessible, as the device would
begin to latch at bias currents below IC in the region
where the highest DE would otherwise be obtained.

Although this circuit is typically operated under condi-
tions where the power dissipation is only ∼1 mW, it is
still of critical importance to ensure that none of this
power makes it to the SNSPD itself, but is instead removed
by the cryogenic system. The same goes for any heat flux
coming down the coaxial lines, which carry the wideband
detector signals to room temperature. To this end, the circuit
is constructed on an aluminum nitride substrate, with a pat-
terned gold coplanar waveguide for the signal lines, which is
itself reflow-soldered with pure indium to a copper heat
sink. This provides excellent thermal anchoring such that
no heating of the detector is observed (when compared to
a purely passive readout) and a high density of detector chan-
nels can be realized. For example, 16 independent amplifier
channels have been operated simultaneously to readout four
independent four-element arrays, which were packaged in
a single sample mount of ∼5 cm diameter.8 Newer designs
will incorporate arrays of twice this size or larger.

3.2 Semiconductor-Based Electrical Multiplexing

In a typical SNSPD readout circuit, the change in the imped-
ance of the nanowire to several kilohms upon photon

absorption is detected by placing the nanowire in parallel
with an amplifier, as shown schematically in Fig. 5(a).
The critical current of the WSi nanowires is only of the
order of a few microamperes, so it is advantageous (although
not strictly necessary) to use a cryogenic amplifier circuit to
improve the signal-to-noise ratio. As described earlier in this
section, when the amplifier is ac coupled, a nonlinear inter-
action between the detector and the readout circuit gives
rise to an artificially low saturation count rate,14,15 and
it is necessary to implement a dc-coupled amplifier or to pro-
vide an alternative low-frequency current path to ground to
prevent this saturation effect.

A scalable, low-cost cryogenic readout circuit based upon a
commercially available SiGe radio frequency (RF) amplifier
technology has been developed. A schematic is shown in
Fig. 5(b). This circuit is operated at the 40-K stage of a
pulse-tube refrigerator, and its overall in-band noise temper-
ature is 90 K. The overall bandwidth of the circuit ranges from
10MHz to 2 GHz. Note that while the amplifier is ac coupled,
the nanowire is coupled to the amplifier input through a wide-
band 1:1 transformer, which passes the high-frequency com-
ponents of the output pulse to the amplifier while maintaining
a low-frequency current return path to ground. The detector
bias current is added with a resistive network directly at
the amplifier board, simplifying cryostat wiring in the case
of a large number of detectors or a large SNSPD array.

As WSi SNSPDs must be operated below 2 K for opti-
mum performance,3 they are typically operated using a
low-temperature insert, such as a closed-cycle helium-4 or
helium-3 refrigerator or adiabatic demagnetization refriger-
ator. As such systems have limited cooling power (on the
order of 1 mW for a typical He-4 refrigerator), the high-
bandwidth cryogenic interconnects between the nanowires

Fig. 5 (a) High-level schematic of a standard SNSPD readout circuit. The SNSPD is represented by the
variable resistor. (b) Schematic of the transformer-coupled cryogenic amplifier circuit used in the WSi
SNSPD readout. (c) Photograph of the 16-channel flex-print circuit used as a cryogenic interconnect
between the detectors at 1 K and the amplifier circuits at 40 K. (d) Schematic of the monolithically inte-
grated SiGe readout integrated circuit. Clock distribution, retiming, and monitor bus circuitry are not
shown.
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and the 40-K amplifier boards must be designed carefully. A
small number of signal lines can be routed using standard
stainless steel or CuNi coaxial cables, but this approach
becomes unwieldy for large numbers of signals. As an
alternative, a custom flex-print circuit patterned with high-
bandwidth stripline waveguide traces can be used to route
16 SNSPD signals from a detector array at the cold stage
to the amplifier circuits shown in Fig. 5(b). The flex circuits
are based on a polyimide substrate metalized with brass
traces for low thermal conductivity, with a Cu overlay on
the amplifier end and a superconducting PbSn solder overlay
on the detector end to improve the electrical performance.
The total thermal load for 16 traces from 40 to 0.5 K was
measured to be 88 μW. An image of one of the flex circuits
is shown in Fig. 5(c).

For many applications, it is advantageous to combine a
large number of detector signals together to increase the
maximum count rate from the entire system. Performing
this signal combination at cryogenic temperatures greatly
simplifies the cryostat wiring and reduces the complexity
of the room temperature signal processing electronics,
while allowing one to take advantage of low-noise cryogenic
amplification. In collaboration with the University of Mas-
sachusetts, a monolithically integrated cryogenic readout
integrated circuit (ROIC) based on low-power SiGe
technology has been fabricated using the IBM BiCMOS8HP
process. As shown in Fig. 5(d), the ROIC performs low-noise
cryogenic amplification, analog-to-digital conversion, and
eight-channel signal combination on a single chip, clocked
from 2 to 8 GHz on the 40-K stage of a pulse-tube cryo-
cooler. The ROIC has eight input channels for analog
SNSPD signals. Each signal is boosted with a monolithically
integrated cryogenic amplifier with 20 dB of gain and sent to
a comparator with an independently programmable digital-
to-analog converter (DAC) level. A flip-flop is then used to
time the signals to a 2 to 8 GHz clock, and the signals are
combined using a common-mode-logic OR gate. Program-
ming for the DAC levels and DAC monitor bus is provided
with a standard serial peripheral interface bus. Further details
about the ROIC circuitry can be found in Ref. 17.

3.3 Superconductor-Based Electrical Multiplexing

A cryogenic readout using an single flux quantum (SFQ)
logic circuit can also electrically address arrays of
SNSPDs in a scalable way because it can operate with high
speed and low power in a cryogenic environment.18 Signal
conversion from the SNSPD outputs to the SFQ pulses has
been demonstrated19 and the signal multiplexing function of
the SFQ circuit has been implemented with the SNSPD in the
same workspace on a 0.1-W GM cryocooler.20 These dem-
onstrations revealed that dc coupling with the SFQ readout is
effective to prevent unstable operation of the SNSPD in the
high bias-current region. Cross-talk-free operation of a four-
element SNSPD array combined with the SFQ signal
processing is shown in Fig. 6.21 The SFQ readout can also
be effective as a preamplifier to reduce the timing jitter of the
SNSPD when the conventional readout approach is limiting
the achievable timing jitter. The current sensitivity of the
SFQ readout circuit reached 8.2 μA, and the resulting timing
jitter via the SFQ preamplifier was 37 ps, while that for the
conventional readout via the bias tee was 67 ps at a bias
current to the SNSPD of 18 μA.22 Since the number of

Josephson junctions required for the SFQ circuit described
above is ∼50 per pixel, the power required to drive an SFQ
circuit is estimated to be a few microwatts per pixel, allowing
signal processing for a few hundred pixels without signifi-
cantly increasing the base temperature of 0.1-W GM
cryocooler.

4 System Design and Performance

4.1 Single-Element NbTiN SNSPD System

The NbTiN SNSPD device structure is shown schematically
in Fig. 7(a). The device consists of a 5-nm-thick, 100-nm-
wide, and 60-nm spaced NbTiN meandering nanowire
that covered a square area of 15 × 15 μm. The nanowire was
fabricated on a 270-nm-thick thermally oxidized SiO2 layer
and covered by a 250-nm-thick SiO layer and a 100-nm-
thick Ag mirror to enhance the absorption efficiency. The
thickness of both the SiO2 and the SiO layers were chosen
to be λ∕4 of 1550 nm, respectively.

This SNSPD device was installed in a GM cryocooler sys-
tem using the optical interface described in Sec. 2.2 and an
electrical interface consisting of a bias tee, low-noise current
source, and a room-temperature amplifier, with and without
a shunting resistor between the detector and the bias tee.5

The system DE, dark count rate (DCR), and full width at
half maximum (FWHM) timing jitter of this packaged detec-
tor system is shown in Fig. 7(b). The Isw of the device
was 19.2 μA, which was sufficient to achieve stable opera-
tion and short timing jitter. Although the system DE reached
a maximum value of 77.3% when the bias current was set
near Isw, this bias condition may not be suitable for practical
use because the DCR increased to >104 c∕s [Fig. 7(b)].
However, the device could achieve high system DE,
low DCR, and short timing jitter simultaneously for lower
values of bias current. For example, the device showed
a system DE of 74.0%, DCR of 100 c∕s, and timing jitter
of 68 ps [Fig. 7(c)] at a bias current of 18.0 μA. The timing
jitter values in the figure were observed with two

Fig. 6 Histogram of the time-correlated counts from the SFQ circuit
when integrated with a four-element SNSPD (elements were
arranged in a linear array, as shown in the inset, and, consequently,
illuminated with different optical powers). Colored bar graphs indicate
the histogram of the SFQ output when each element was biased
individually. Black lines indicate the histogram for all elements when
they were biased simultaneously. Electrical delays were intentionally
introduced between the detector outputs to differentiate the four
elements after multiplexing.
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conventional readout configurations: one had a 50-Ω resistor
connected in parallel to the device and the other had no
shunting resistor. The shortest timing jitter observed was
51 ps at a bias current of 16 μAwithout a shunting resistor.
However, for higher values of bias current without the shunt-
ing resistor, the device latched into the normal state and
stopped functioning. Although the 50-Ω shunting resistor
is, thus, indispensable to achieve high system DEs in this con-
ventional readout configuration, new approaches to the read-
out electronics that were discussed in Sec. 3 are designed to
avoid the latching in the high bias-current region and would be
effective in eliminating the need for the 50-Ω shunting
resistor.

4.2 Multielement NbN SNSPD System

A second approach to operating SNSPDs with high system
DE and high count rates used four-element NbN SNSPDs in
two different types of closed-cycle cryogenic refrigerators.
The first used a small-cooling-capacity GM cryocooler
with a single SMF-28 input to a four-element SNSPD,4

and the second used a larger-capacity pulse-tube cryocooler
with four multimode optical fibers (30 μm core, parabolic-
graded index with a maximum NA of 0.2) coupled to four
independent four-element SNSPDs. The larger-capacity cry-
ocooler was designed for the ground receiver in the NASA-
sponsored Lunar Laser Communication Demonstration to
support data rates up to 622 Mb∕s.8,23

The design of the detectors used in both systems were
identical and were fabricated from 5-nm-thick NbN films
sputtered on a silicon wafer with a 260-nm-thick thermally
grown SiO2 coating, as shown in Fig. 8. The NbN film was
patterned into detectors with 80-nm-wide wires on a pitch of
140 nm. A 250-nm-thick SiOx spacer and a gold mirror were

deposited on top of the patterned NbN detector. The oxide
layer thicknesses were chosen to optimize the absorption of
1550nm wavelength light in the SNSPD.

Light was coupled to the detectors through the back of the
silicon substrate using an antireflection-coated optical fiber
and an aspheric lens. For the SMF-28 fiber, the aspheric lens
was fixed to the detector mount yielding a demagnification
of 2. For the multimode fiber, a two-asphere lens assembly
was fixed to the optical fiber providing a demagnification of
∼4. In both cases, the optical fiber was manipulated with

Fig. 7 (a) Schematic configuration of an NbTiN SNSPD on a thermally oxidized Si substrate. (b) System
detection efficiency, dark count rate (DCR), and full width at half maximum timing jitter as a function of
bias current for a device with 100-nm-wide and 60-nm spaced meandering nanowires installed into
a Gifford-McMahon cryocooler system. (c) Histogram of timing jitter at a bias current of 18.0 μA with
a 50-Ω shunting resistor [circled point in Fig. 2(b)].

Fig. 8 Schematic of the NbN SNSPD cavity structure as illuminated
through the silicon substrate, including a quarter-wave section of
SiO2 that acts as an antireflection coating, 230-μm-thick silicon sub-
strate, another quarter-wave layer of SiO2, the patterned, ∼5-nm-thick
NbN nanowires, a 250-nm-thick SiOx layer, and a 120-nm-thick Au
reflector.
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an xyz nanopositioning stack (Attocube ANPx101/RES and
ANPz101/RES) mounted inside the cryocooler on the
second cooling stage to focus light onto the detector, as
described in Sec. 2.3. The device consisted of an array of
four interleaved SNSPDs patterned into a circle ∼14 μm
in diameter as shown in Fig. 9. Use of a detector array
enabled a higher count rate for the given area, and the inter-
leaved design ensured that all wires sampled the same opti-
cal mode. Note that at low counting rates, the interleaved
array provided an approximate photon number resolution
up to n ¼ 4.16

The electrical signals from each of the four detector chan-
nels were read out using dc-coupled active cryogenic pream-
plifiers, described in Sec. 3.1, which enabled counting at
rates for each wire approaching the inverse of the recovery
time of a few nanoseconds4 (determined by the wires’ kinetic
inductance and the 160-Ω input impedance of the amplifiers,

the maximum value for these particular wires that did not
induce detector latching below the critical current). The
device performance for the small cryogenic systems with
SMF-28 fiber coupling is shown in Fig. 10. The system
DE can be further increased by (1) adding a better antireflec-
tion coating to the back side of the chip to eliminate the
remaining ∼7% reflectance from this surface, (2) increasing
the absorption in the nanowires by optimizing the optical
layers in the cavity and the NbN nanowire thickness and
fill factor, and (3) using narrower or thinner nanowires to
improve the internal efficiency in converting absorbed
photons into detection events. Experimental studies and
empirical models provide insight and have allowed progress
in understanding the dependence that several parameters,
including bias current, nanowire width, thickness, and super-
conducting material, have on this internal efficiency, but
challenges remain in developing a more predictive and quan-
titatively accurate model based on independently measured
material properties.

4.3 Si SNSPD System

A final recent SNSPD system exhibiting high DE is based on
fiber-coupled amorphous WSi nanowires.3 A system detec-
tion efficiency (SDE), including optical-coupling losses,
>90% was demonstrated in the wavelength range of λ ¼
1520 to 1610 nm; device DCR (DDCR, measured with
the device shielded from any background radiation) ≈1 cps;
system background count rate (SBCR, measured when
the input fiber to the system was blocked by a shutter)
≈1 kcps (primarily due to blackbody radiation); timing jitter
≈150 ps FWHM; and reset time ≈40 ns.

Figure 11(a) shows the dependence of the SDE at
λ ¼ 1550 nm of the detector system reported in Ref. 3 on

Fig. 9 Scanning electron micrograph of the interleaved four-element
SNSPD pattern where the nanowire width was 80 nm with 60-nm
spacing and the meander pattern covered a 14-μm-diameter circular
area; inset shows the four interleaved nanowires that are colored to
indicate the four electrically independent detectors.

Fig. 10 (a) Total system detection efficiency (SDE) summed over all four detector channels. Variations of
efficiency between devices were minimal, so only the sum is shown for clarity. The SDE exhibits a weak
saturation near the critical current, implying high internal detection efficiency (note that this saturation is
visible with the detection efficiency plotted on a linear scale). (b) DCR. The colored lines indicate the DCR
per device, and the heavy black line is the total DCR summed over the four channels. The DCR decreases
quickly away from the critical current and then displays a weaker bias-current dependence at lower cur-
rents. This behavior was also observed in Ref. 24–25, where the weaker dependence at lower currents
arises from the fact that in this regime the DCR is dominated by background photons rather than true dark
counts. (c) Timing resolution as a function of bias current for each of the four channels. The line colors
correspond to the same detector channels as for part (b) of the figure. The timing jitter degrades as the bias
current is lowered, which may be due to either a change in the timescales governing destruction of the
superconducting state or the lower signal-to-noise ratio, or both. Variations in one or both of these is likely
responsible for the difference in jitter between different channels. The inset shows a histogram of the elec-
trical pulse arrival time relative to the optical pulse for one of the devices, where the absolute value on the
horizontal axis has been (arbitrarily) centered on the measured distribution (adapted from Ref. 4).
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the system background count rate for the polarization that
minimized (SDEmin) and maximized (SDEmax) the count
rate. Both the SDEmax and the SDEmin curves saturated
at SDEmax ≈ 93% and SDEmin ≈ 80% for the system back-
ground count rate in the range 900 cps <SBCR <1400 cps.
The measured value of SDEmax was lower than the design
value of the absorption of the SNSPDs (>99%), which we
attribute to several possible causes (see Ref. 3 for details):
(1) fabrication imperfections; (2) our imperfect knowledge
of the refractive index of the materials used in the optical
stack; (3) coupling losses; and (4) the nonunity internal
DE of the SNSPDs. Figure 11(b) shows the bias current
(IB) dependence of the DDCR and of the SBCR. The
SBCR versus IB curve had a sigmoidal shape similar to
the SDE versus IB curves and saturated at SBCR ≈1 kcps.
The DDCR was ≤1cps for most of the bias range, which was

approximately two orders of magnitude lower than the
DDCR of NbN SNSPDs of similar active area and fill
factor.25 The jitter of the detector system reported in
Ref. 3 was 150 ps FWHM, which is higher than the values
of 30 to 50 ps typically reported for NbN and NbTiN
SNSPDs.2 However, the system jitter was dominated by
the electrical noise of the read-out circuit, rather than the
intrinsic jitter of WSi SNSPDs. To improve the system jitter,
WSi SNSPDs were recently fabricated with higher signal-to-
noise ratio (SNR, the ratio of the amplitude of the photores-
ponse pulse and the FWHM of the electrical noise of the
read-out) than that of the detector of Ref. 3. The SNR of
WSi SNSPDs was increased by adopting larger and thicker
nanowires and minimizing the current crowding at the bends
of the meander,26 increasing the switching current (ISW,
which was defined as the maximum current the device could

Fig. 11 (a) SDE versus system background count rate (SBCR) for two different polarizations of the light
at λ ¼ 1550 nm. The SNSPD used was based on 4.5-nm-thick, 120-nm-wide WSi nanowires with 200-
nm pitch. The SNSPD covered a square area of 15 μm × 15 μm. (b) SBCR and device DDCR versus IB
for the same device. The dashed lines indicate the cut-off current (Ico, which was defined as the bias
current at the inflection point of the SDE versus IB curve) and the switching current (ISW, which was
defined as the maximum current the device could be biased at without switching to the normal, nonsu-
perconducting state) of the device. (c) SDEmax versus IB for the high-SNRWSi SNSPD (green curve) and
the SNSPD of Ref. 3 at λ ¼ 1550 nm. The high-SNR WSi SNSPD was based on 5-nm-thick, 135-nm-
wide nanowires with 400-nm pitch. The active area of the SNSPD was circular with a diameter of 18 μm.
(d) Instrument response function (IRF) of the high-SNRWSi SNSPD biased at IB ¼ 8.1 μA (green curve)
and of the SNSPD of Ref. 3 biased at IB ¼ 3.9 μA (red curve). The IRF at a particular IB was obtained by
calculating the histogram of the time delay (tD ) between the rising edge of the synchronization pulse of a
mode-locked laser and the rising edge of the response pulse of the SNSPD. Each IRF was normalized by
its maximum value.
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be biased at without switching to the normal, nonsupercon-
ducting state) of the detector and, consequently, the ampli-
tude of the photoresponse pulses. Figure 11(c) shows the
SDEmax versus IB curves of the high-SNR WSi SNSPD
(SDE ≈ 88%, ISW ≈ 8.2 μA) and of the device of Ref. 3
(SDE ≈ 93%, ISW ≈ 4 μA). The plateau in the SDEmax ver-
sus IB curves is due to the saturation of the internal DE of
the detector. Figure 11(d) shows the instrument response
function (IRF) measured with the high-SNR WSi SNSPD
(green curve) and with the device of Ref. 3 (red curve). The
system jitter (defined as the FWHM of the IRF) improved
from ∼150 ps FWHM with the detector of Ref. 3 to ∼60 ps
FWHM with the high-SNR WSi SNSPD, which is compa-
rable to the performance of NbN SNSPDs.

The DE of SNSPDs depends on polarization27 and the
degree of polarization dependence depends on the geometry
and material properties of the nanowire. Quantitative mod-
eling of the nanowire absorption suggests that the change
in efficiency with polarization is predominately due to
changes in absorption with polarization, and not due to
a polarization dependence of the detection process itself

once a photon has been absorbed.27 To further investigate
the polarization dependence of the DE, the SNSPDs were
embedded in an optical stack designed to have polariza-
tion-insensitive absorption at one particular wavelength.
The polarization and wavelength dependence of SDE of
these SNSPDs was characterized by mapping SDE onto
the Poincaré sphere in the wavelength range of λ ¼ 1510
to 1630 nm. Figures 12(a) and 12(b) show SDE (in color
scale) as a function of the inclination (2θP) and azimuth
(2εB) angles of the polarization vector on the Poincaré sphere
(we call this plot a Poincaré map of SDE) at λ ¼ 1520 nm
[Fig. 12(a)] and λ ¼ 1620 nm [Fig. 12(b)]. The positions of
the maxima and minima of the Poincaré maps were inverted
at the two wavelengths, which implies that the SDE
was polarization independent at a particular wavelength in
the wavelength range of λ ¼ 1520 to 1620 nm. Figure 12
(c) shows the wavelength dependence of SDE at the polari-
zation that maximized (orange squares) and minimized
(violet squares) the SDE at λ ¼ 1520 nm [Fig. 12(a)],
which we named parallel and perpendicular polarization
in analogy with Ref. 27. As shown in Fig. 12(c), the ratio

Fig. 12 (a) and (b) SDE (in color scale) versus the inclination (2θP ) and azimuth (2εB) angles of the
polarization vector on the Poincaré sphere at (a) λ ¼ 1520 nm and (b) λ ¼ 1620 nm. (c) Wavelength
dependence of SDE for parallel (SDEjj, orange squares) and perpendicular polarization (SDE⊥, violet
squares), and of the ratio R ¼ SDEjj∕SDE⊥ (black triangles).
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between the SDE for the parallel and perpendicular polariza-
tions (R ¼ SDEjj∕SDE⊥, black triangles) changed from R ¼
1.16 at λ ¼ 1510 nm to R ¼ 0.93 at λ ¼ 1630 nm, which
suggests that SDE was polarization independent at a wave-
length of 1580 nm <λ <1590 nm.

For many applications, it is desirable to have a detector
that is polarization insensitive over a certain spectral
range. One approach to removing the polarization depend-
ence over a certain wavelength range, while simulta-
neously increasing the signal-to-noise ratio of conventional
SNSPDs, is by vertically stacking two WSi SNSPDs and
electrically connecting them in parallel, forming a three-
dimensional superconducting nanowire avalanche photo-
detector (3-D SNAP).28–30

While in prior work the sections of an SNAP were inte-
grated side-by-side on a planar substrate,28,29 the sections of
a 2-SNAP were more recently stacked vertically on top of
each other.30 Furthermore, because the two sections could be
patterned independently, the nanowires in each section were
patterned so that they were oriented at orthogonal angles

with respect to one another. The vertical stacking of orthogo-
nal nanowire meanders connected electrically in parallel
allowed us to achieve (1) a factor of ∼2 higher signal-to-
noise ratio than previously reported with WSi SNSPDs;
(2) polarization-independent system detection efficiency
over a ∼100-nm-wide wavelength range; and (3) system
DEs >85%, comparable to the best results achieved to
date with a planar WSi SNSPD.3

Figure 13(a) shows a diagram of the 3-D SNAP geometry,
while Figs. 13(b) and 13(c) show scanning electron micro-
scope images of the stacked nanowire meanders. The two
nanowire meanders were separated by a 30 μm × 30 μm,
75-nm-thick square pad of hydrogen silsesquioxane, which
served as the electrical insulator between the two SNSPDs.
To increase the DE, the 3-D SNAP was embedded in
a stack of dielectric materials to optimize absorption at
λ ¼ 1550 nm.

Figure 14(a) shows a plot of the dependence of the SDE at
λ ¼ 1550 nm of a 3-D SNAP on the system background
count rate. This device was measured to have an SDE ¼

Fig. 13 (a) Three-dimensional (3-D) sketch of the 3-D superconducting nanowire avalanche photo-
detector (SNAP) (not to scale). The two meanders are connected electrically on the left and right
sides of the sketch. The top and bottom layers of WSi are colored in blue and red, respectively, for clarity.
The inset shows the electrical equivalent circuit diagram. The series inductor (LS) is fabricated on-chip in
the top layer (blue) of WSi away from the detector area and is not illustrated in the sketch. Each SNSPD
has an inductance L0. IB represents the bias current and RL the load resistance. (b) SEM image of the
3-D SNAP. Wires (white-colored areas) in the top layer are oriented vertically, while wires in the bottom
layer are oriented horizontally. The thin SiOx insulating layer between meanders is transparent enough
that the underlying wire layer can be resolved. (c) Higher magnification SEM image of the active area of
the device.
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85.7� 0.6% together with an SBCR of ∼400 cps. As
expected, for two detectors connected in parallel, the switch-
ing current of 9.8 μA is approximately twice the switching
current of a typical single-layer SNSPD (∼5 μA).

Although the larger signal-to-noise ratio is a benefit of
the SNAP architecture, the primary motivation for stacking
the two sections of the 3-D SNAP at orthogonal angles
was to eliminate the polarization dependence of the SDE.
Figure 14(b) shows a Poincaré map of SDE for the 3-D
SNAP at a wavelength of 1560 nm. Variation of the SDE
for the 3-D SNAP over the Poincaré sphere is <2% and is
wavelength independent over an ∼100-nm range.

The extension of the SNAP nanowire architecture into
three-dimensions represents a significant advancement in
single-photon detector technology. The reduction of the
polarization dependence of the SDE will enhance the overall
DE in experiments where the light is unpolarized and will
eliminate the need for polarization controllers and wave-
plates in experiments where the light is strongly polarized.
Finally, stacking more than two layers may provide a route to
obtaining DEs approaching 100% that are less wavelength
dependent, which may be important for applications requir-
ing high DE over a broad range of wavelengths.

5 Summary
In recent years, SNSPDs have matured from a promising
detector technology to fully packaged systems that are
being used in both research and deployed systems. This tran-
sition required a number of advances in both the optical and
electrical interfaces as well as the overall design of the detec-
tor system. Many of the existing and emerging approaches to
the optical and electrical interfaces have been described and
contrasted to provide a broad view of the complexity and
scalability of these techniques. Finally, a number of recently
demonstrated high-performance systems were described to
provide insight into the existing tradeoffs and the excellent
performance that is achievable for applications requiring
short-wave infrared single-photon detectors.
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