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Abstract

We present a 14-pixel SNSPD array with a SDE of 90%, able to reach detection rates of

1.5 Gcps with an absolute SDE of 45%. We achieve a 2-photon fidelity of 74% and 57% for a 3-photon
state, which represent state-of-the-art results for fibre-coupled SNSPDs.

Since their inception, single-pixel super-
conducting nanowire single-photon detectors
(SNSPDs) have had a profound impact in the
field of optical quantum information process-
ing and have demonstrated remarkable perfor-
mances®@B. However, a wide range of appli-
cations, from quantum-key distribution (QKD)H,
to integrated single-photon sources®-7, would
greatly benefit from detectors that could provide
a considerably higher detection rate that what
possible with conventional single-pixel SNSPDs,
while maintaining a high efficiency. SNSPDs de-
signs formed by parallel-connected pixels®® and
based on spatial multiplexing have been explored,
but their maximum detection rate is still limited to
around ~100 Mcpst'd. Nonetheless, spatial mul-
tiplexing enables photon-number resolving (PNR)
capabilities, a feature that is becoming increas-
ingly important in several applications.

PNR capability is a critical requirement for
linear optic quantum computing (LOQC)MI
Gaussian boson sampling (GBS)(2M031 quan-
tum networks based on quantum repeaters™
and to achieve quasi-deterministic heralded sin-
gle-photon sources™31.  However, parallel
SNSPDs can only resolve photon numbers with
light pulse durations of up to a few hundred
picoseconds at mostl®, a limitation that could
severely limit the use of such detectors.

Here, we will present an SNSPD array com-
posed on 14 independent pixels, that is able
to be operated in free-running mode and simul-
taneously deliver high performance in terms of
system detection efficiency, jitter, recovery-time
and maximum detection rate. The detector ar-
ray demonstrates the ability to reach detection
rates of 1.5 Geps with an absolute SDE of 45%.
When used in a QKD setup, the array can improve
for the system performance, as it can enhance
the detection count rate, perform quantum sig-

nal tracking tasks, and improve resilience against
blinding attackst'? by monitoring the coincidence
clicks between the pixels™®. A similar array,
that we fabricated and characterized, has already
been exploited to demonstrate high-speed QKD,
with secret-key rates exceeding 60 Mbps over a
distance of 10 kmf¥. Moreover we will present a
full analysis of the PNR capabilities of indepen-
dent multi-pixel arrays and show a demonstration
of operation with long light pulses, which is cru-
cially still lacking in literature.

Results

The multi-pixel SNSPD array covers an area of
roughly 200 um?, and is composed of 14 indepen-
dent pixels arranged in a semi-interleaved geom-
etry in order to guarantee a uniform light distribu-
tion, but also minimize the length of each pixel, as
shown in Fig. 1]

i

Fig. 1: 14-pixel SNSPD array. a, SEM image of the
14-pixel detector array. b, Recolored SEM image
highlighting the path of two adjacent pixels.

We verify the performances of each individual
pixel in terms of efficiency, recovery time, count
rate, and jitter, as shown in Fig. [2l By summing up
the maximum single-pixel efficiencies (presented
in Fig. [2(a)), we estimate a total efficiency for the
entire array of ~ 89%. This estimation was then
verified experimentally, as presented below in the
abstract. Due to our semi-interleaved design,
a slight misalignment between the fiber and the
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Fig. 2: Single-pixels characterization. a, Single-pixel detection efficiencies measured at 1550 nm as a function of
the bias current. b, Recovery time measurement for the 14 individual pixels. The RTygy is lower than 6 ns for all
pixels. ¢, Jitter measurement for the 14 pixels.
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Fig. 3: SDE as a function of detection rate acquired
with all 14 pixels active.
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center of the array resulted in an uneven illumina-
tion of the detector, causing one set of 7 pixels to
present a higher efficiency than the other set, as
can be seen in Fig. [2(a). Since the detector cov-
ers the same area as a conventional single-pixel
SNSPD, the length of each nanowire is greatly re-
duced, and so is its kinetic inductance (L), allow-
ing for much faster operation, as can be seen from
the ultra-fast recovery time (see Fig. [2(b)). Each
pixel shows a full width at half maximum (FWHM)
jitter of 21 ps (without any de-convolution) and an
average full width at 1% maximum (FW1%M) jit-
ter of 62 ps for currents close to I, (see Fig. [2(c)),
which allows the time-precision needed for high-
speed QKD.

After characterizing each pixel individually, we
measure the performance of the array in terms of
total system detection efficiency (SDE) and de-
tection rate capability in free running mode, as
shown in Fig. 3] As can be seen in Fig. [3 we
measure a maximum SDE of 89.5% +0.7% for de-
tection rates up to 10 Mcps, with a SDE that re-
mains above 80% up to 400 Mcps. The maximum
count-rate (MCR) is determined as the detection
rate at 50% of the maximum SDE, i.e. 45% abso-
lute efficiency for our detector, and for which we
achieved a MCR of 1.5 Geps. Thanks to the latch-
free operation, we can also operate the detector
at even faster detection rates, and we obtain an

average SDE photon of 27% at 2.1 Geps.

We finally illustrate the potential of our SNSPD
array for use in quantum optics experiments,
when operated as a photon-number resolving
(PNR) detector, by measuring and reconstruct-
ing the photon statistics of long-pulses Poissonian
light. Based on ref.l'® we estimated the photon
fidelities of the array, i.e. the probabilities of cor-
rectly identifying n-photons when n-photons are
sent. The detector has 2-photon and 3-photon
fidelities of 74% and 57%, respectively, which rep-
resents a significant step forward with respect
to the best reported values in literature for fiber-
coupled SNSPDs, e.g. 48% for 2-photon fidelity
and 9% for a 3-photon statel®. As mentioned pre-
viously many promising protocols based on quan-
tum repeaters require the use of heralded single
photon sources along with quantum memories for
storage of entanglementl?Y. These systems re-
quire narrow bandwidth photons, corresponding
to photons with long coherence times up to sev-
eral nanoseconds?'H22l which we refer to as the
long light-pulse regime. Such a regime is also rel-
evant for implementations of LOQC or GBS using
squeezed states of light generated from cavity-
enhanced SPDCI'S) or SFWM sourcest®®. As
such, photon-number resolving detectors which
can extract photon-number information from long
light pulses is likely to become crucial in the im-
plementation of these systems. However, parallel
and series SNSPDs and impedance matching ta-
per SNSPDsl?4 can only operate with short light
pulses (hundreds of picoseconds) due to their in-
trinsic detection mechanism. We tested the per-
formance of our detector in the long light-pulse
regime, by sending coherent light pulses of 10 ns
produced by modulating a 1550 nm CW laser, see
Fig. (a-d). Even in this regime, we were able to
correctly reconstruct the input light statistics for u
up to 3.4, thus enabling the use of PNR SNSPDs
in the long light-pulse regime.
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Fig. 4: Photon-number resolution and state reconstruction with long pulses of light. a Estimated profile
retrieved from the counting histogram of a single pixel for 10 ns light-pulses. b-d Experimental and retrieved
photon-counting statistics under Poissonian light illumination 10 ns light pulses.

Conclusions

Good luck with your submission! In conclusion,
we will present a 14-pixel SNSPD array with a
maximum system detection efficiency (SDE) of
90% that remains above 80% up to 400 Mcps,
and we demonstrate the ability to reach detection
rates of 1.5 Geps with an absolute SDE of 45%.
Furthermore, we will explain how such device has
been integrated in a QKD set-up and enabled
high-speed QKD, with secret-key rates exceed-
ing 60 Mbps over a distance of 10 km¥. Finally we
will show that the detector is able to distinguish
few-photon number states in an optical pulse with
high fidelity, without posing strict limitations on
the shape of the incoming light. We achieve a
2-photon fidelity of 74% and 57% for a 3-photon
state, which represent state-of-the-art results for
fiber-coupled SNSPDs. Such detectors could find
immediate application in LOQC protocols where
the capability to distinguish few photon-number
states is sufficient —that is, either ‘1’ vs ‘more than
1 photons’22+26],
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