2]
-
Q
)
e
()
—
/2]
O
2]
>
=
Q.
o
D
Qo
Q.
<<

AIP
é/_‘. Publishing

RESEARCH ARTICLE | APRIL 15 2021
Broadband waveguide-integrated superconducting single-

photon detectors with high system detection efficiency
Martin A. Wolff; Fabian Beutel; Jonas Schiitte; ... et. al

’ @ Check for updates ‘

Appl. Phys. Lett. 118, 154004 (2021)
https://doi.org/10.1063/5.0046057

. CrossMark
@

View Export
Online  Citation

Articles You May Be Interested In

Light interference detection on-chip by integrated SNSPD counters
AIP Advances (October 2011)

Time-walk and jitter correction in SNSPDs at high count rates

Appl. Phys. Lett. (January 2023)

Superconducting nanowire single-photon detectors: A perspective on evolution, state-of-the-art, future
developments, and applications

Appl. Phys. Lett. (May 2021)

Time to get excited.

Lock-in Amplifiers —from DC to 8.5 GHz

N # Zurich
Z N\ Instruments

d-ajoue/|de/die/Bio diersqndy/:dpy woly papeojumoq

071 ¥00¥S1L/6526YSYL/LG09700°G/E90L 0L /10P/4P!

Jpd-aunu


https://pubs.aip.org/aip/apl/article/118/15/154004/1022626/Broadband-waveguide-integrated-superconducting
https://pubs.aip.org/aip/apl/article/118/15/154004/1022626/Broadband-waveguide-integrated-superconducting?pdfCoverIconEvent=cite
https://pubs.aip.org/aip/apl/article/118/15/154004/1022626/Broadband-waveguide-integrated-superconducting?pdfCoverIconEvent=crossmark
javascript:;
javascript:;
javascript:;
javascript:;
https://doi.org/10.1063/5.0046057
https://pubs.aip.org/aip/adv/article/1/4/042120/21251/Light-interference-detection-on-chip-by-integrated
https://pubs.aip.org/aip/apl/article/122/4/044001/2870246/Time-walk-and-jitter-correction-in-SNSPDs-at-high
https://pubs.aip.org/aip/apl/article/118/19/190502/1062620/Superconducting-nanowire-single-photon-detectors-A
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2068944&setID=592934&channelID=0&CID=756846&banID=521004218&PID=0&textadID=0&tc=1&adSize=1640x440&matches=%5B%22inurl%3A%5C%2Fapl%22%5D&mt=1682088977205894&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fapl%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0046057%2F14549259%2F154004_1_online.pdf&hc=41b61c4e3ae89660c5159f1a9f098de4eecad855&location=

scitation.org/journal/apl

Applied Physics Letters ARTICLE

Broadband waveguide-integrated
superconducting single-photon detectors with
high system detection efficiency

Cite as: Appl. Phys. Lett. 118, 154004 (2021); doi: 10.1063/5.0046057 @ 1 @
Submitted: 31 January 2021 - Accepted: 29 March 2021 - 1
Published Online: 15 April 2021 - Publisher error corrected: 19 April 2021 ViewOning  BpoCiaios  Ersshirk

123 123
I

Martin A. Wolff,"* (%) Fabian Beute Jonas Schutte, Matthias HauBler,"**

Wolfram Pernice,'”” () and Carsten Schuck"**

Helge Gehring,"**

AFFILIATIONS

TInstitute of Physics, University of Miinster, Wilhelm-Klemm-Str. 10, 48149 MUinster, Germany
2CeNTech-Center for Nanotechnology, Heisenbergstr. 11, 48149 Miinster, Germany
3SoN-Center for Soft Nanoscience, Busso-Peus-StraBe 10, 48149 Mlinster, Germany

Note: This paper is part of the APL Special Collection on Non-Classical Light Emitters and Single-Photon Detectors.
3 Author to whom correspondence should be addressed: carsten.schuck@uni-muenster.de

ABSTRACT

Fast and efficient detection of single photons with high timing accuracy is a crucial requirement in most quantum optics experiments and
enables novel sensing and imaging solutions. Superconducting nanowire single-photon detectors (SNSPD) achieve technology-leading
performance in terms of detection efficiency, dark count rate, timing jitter, and detector dead times. However, conventional SNSPDs with
high system detection efficiency typically rely on resonant enhancement of the absorption efficiency, thus only achieving attractive detector
benchmarks over narrow spectral windows. Waveguide-integrated SNSPDs allow for leveraging the wideband material absorption in super-
conducting nanowires by absorbing light in a traveling-wave geometry but have been limited to low system detection efficiencies due to inter-
face losses when coupling to optical fibers. Here, we show how high system detection efficiencies of 22%-73% are realized over a broad
wavelength range from 532 nm to 1640 nm in a single waveguide-integrated SNSPD device. We accomplish efficient coupling between optical
fibers and waveguide-integrated nanowire detectors by employing a 3D interface, produced in direct laser writing, that relies on total internal
reflection for achieving a broad transmission bandwidth. We further find low timing jitter of 25.7 ps and detector decay times of 9.8 ns,
allowing for single-photon counting with high repetition rates up to 100 MHz. Our work paves the way for an efficient single-photon detector
solution that combines the spectral requirements of an extremely wide range of quantum optics experiments in a single device. The coupling
approach and SNSPD-integration with nanophotonic circuits are further well-suited for realizing large-scale detector arrays.

© 2021 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/). https://doi.org/10.1063/5.0046057

Experiments in quantum optics, remote sensing, and ranging, as
well as lifetime-based imaging techniques all rely to a large extent on
the detection of single photons over a wide range of wavelengths, from
the visible into the infrared part of the spectrum, with high detection
efficiency, low dark count rates, and accurate timing. This is particu-
larly important for practical implementations of quantum technology,
exhibiting some of the most stringent performance requirements, as it
is obvious in quantum communication scenarios,” quantum sensing,”
and quantum information processing.” However, no single-photon
detector technology currently delivers consistent performance over a
broad spectral range in a single device. Photomultiplier tubes, silicon
avalanche photo diodes (APD), and indium gallium arsenide APDs

only cover a limited spectral range and, in some cases, suffer from low
efficiency, long dead times, timing inaccuracies, high dark count rates,
and other artifacts, such as afterpulsing.4

Superconducting nanowire single-photon detectors (SNSPDs)
offer performance improvements across all relevant benchmarks, and
their material absorption remains high from the ultra-violet into the
mid-infrared spectral regions. In conventional SNSPDs, detection effi-
ciencies up to 98% were recently demonstrated at 1550 nm wave-
length.” In order to achieve high absorption efficiencies in the few-nm
thin superconducting nanowires under normal incidence from an
optical fiber, however, distributed Bragg-reflectors (DBRs) and Au-
reflector-based resonant structures are typically used.”” Such
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structures can be challenging to fabricate and generally impose band-
width restrictions, thus limiting the wavelength range over which
attractive detector performance is realized to relatively small spectral
windows, typically tailored to one particular application of interest,
e.g., the telecom C-band. In contrast, waveguide-integrated SNSPDs
achieve high absorption efficiencies without the need for optical trap-
ping structures that rely on interference for enhancing the interaction
of a single-photon with the nanowire. Instead, photons are absorbed
along their direction of propagation in a traveling-wave geometry,
employing a superconducting nanowire on top of a nanophotonic
waveguide. Here, the interaction length can be engineered without
imposing any bandwidth restrictions that would compromise the
broadband material absorption capabilities. So far, however,
waveguide-integrated SNSPDs have only yielded very limited system
detection efficiencies and were restricted in bandwidth due to the lim-
ited capabilities of commonly employed fiber-to-chip interfaces,” '’
e.g., grating couplers.

These restrictions can be overcome with 3D polymer coupling
structures produced in direct laser writing (DLW)."" Such 3D coupling
structures achieve highly efficient interfaces with broadband perfor-
mance by total internal reflection (TIR) and near-adiabatic conversion
from optical fibers with large mode field diameter to nanophotonic
waveguides with strong optical confinement.'” Here, we show how
combining such optical interfaces with state-of-the-art waveguide-
integrated SNSPDs provides an efficient single-photon counting
solution for the visible to infrared spectral region in a single device.
The high system detection efficiencies, low dark count rate, and high
timing accuracy our detectors achieve over the 500 nm-1650nnm
wavelength range would, for example, allow for characterizing all
single-photon sources under investigation with the same device.
Rather than resorting to a wide range of radically differing counting
solutions with varying performance, our broadband single-photon
detector would, thus, allow for a one-to-one comparison of critical
performance benchmarks for single-photon sources ranging from sys-
tems as diverse as lead vacancies in diamond (ZPL: 520 nm),"” over
other color centers in diamond (e.g., GeV, NV, SiV, and Sn), arsenide-
and nitride-quantum dots, CdSe(Te)/ZnS- and PbS/CdS-quantum
dots, defects in SiC, CNTs, defects in hBN and other TMDCs (e.g.,
WSe, and MoSe,), G- and W-centers in silicon, rare earth emitters,
single atoms, ions and molecules to implementations of spontaneous
parametric downconversion, and spontaneous four-wave mixing sour-
ces reaching into the telecom C- and L-bands.*"* >

Our device combines a U-shaped SNSPD on top of a SizNy-
waveguide that interfaces with an out-of-plane optical fiber via a 3D
polymer coupling structure, as shown in Fig. 1(a). Optimal alignment
between an optical fiber array and the device is achieved by optimizing
the transmission through a neighboring reference coupling structure,
as shown in Fig. 1(b). The 3D couplers collect the light incident from
an optical fiber with a spherical lens, reflect it off a polymer-air inter-
face slanted for total internal reflection, and near-adiabatically taper
the mode field diameter down to the size of the Si;N,-waveguide. This
coupling approach was previously shown to achieve efficient broad-
band transmission from 500 nm to 1650 nm.""'* Wide-band transpar-
ent Si;Ny-waveguides then route light with negligible loss to the
detector region, where waveguide-integrated SNSPDs fabricated from
niobium titanium nitride (NbTiN) thin films allow for single-photon
detection with internal quantum efficiencies consistent with unity.”
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FIG. 1. (a) lllustration of a waveguide-integrated superconducting nanowire single-
photon detector coupled to a wideband total internal reflection coupler. The U-
shaped NbTiN nanowire (purple) is electronically accessible via radio frequency
(RF) pads (gold) and placed on-top of the Si;N, waveguide (white). Light can be
coupled from a fiber array pending atop the total internal reflection coupler (blue).
Both waveguide and TIR coupler are on-top of a SiO, substrate. In this design, light
of different wavelength is reflected at the TIR plane of the coupler and adiabatically
guided into the waveguide. The light then travels inside the waveguide and is
absorbed by the nanowire atop. (b) Scanning electron micrograph of the power
input coupler to the detector (left) and the two reference couplers (right) connected
via a waveguide for optical alignment inside the cryostat. (c) FEM simulation of the
effective refractive index n (top) of existing TE- and TM-like modes for different
wavelength inside the waveguide, with an absorptive nanowire on top. The cutoff
(green) is defined by the SiO, substrate. The resulting absorption efficiency (bot-
tom) vs wavelength for a detector length of 150 um shows near-unity absorption
efficiency over a >1000 nm wavelength window.

The absorption efficiency, on the other hand, is dependent on photon
wavelength, optical mode distribution inside the waveguide, and detec-
tor length. We perform 2D finite element method (FEM) simulations
(COMSOL) for determining the wavelength dependence of the effec-
tive refractive index for the lowest transverse electric (TE) and
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transverse magnetic (TM) modes in a 1.2 um wide and 330 nm high
SisNy-waveguide, as shown in Fig. 1(c) (see supplementary material
for more details). Near-unity absorption efficiency is, thus, achievable
for most modes when using a detector length of 150 um, which, how-
ever, decreases when approaching wavelengths below 700 nm as more
modes with varying fleld strength at the nanowire positions are
allowed inside the waveguide.

We realize our waveguide-integrated SNSPDs using state-of-the-
art thin film processing techniques in a top-down approach from a
NDbTiN/SizN4/SiO,-on-Si layer stack. Nanowires of 100 nm width are
patterned in electron-beam lithography using HSQ resist and CF4-
based reactive ion etching out of an approximately 4 nm thin NbTiN
film that was deposited at room-temperature.”’ The waveguides are
realized in a subsequent electron-beam lithography step employing
AR-N resist as a mask during CHF3/O, plasma etching. In a last fabri-
cation step, we use 3D direct laser writing to produce the coupling
structures using IP Dip (Nanoscribe) as a resist, which are precisely
aligned to a tapered waveguide region using local reference markers
for alignment.

The device is mounted inside a closed-cycle cryostat that allows
for continuous operation at 1.4 K. We use a three-axis translation stage
(attocube) inside the cryostat for bringing the chip into electrical con-
tact with a radio frequency probe and aligning the device to an optical
fiber array and optimize the transmission through the reference device
[see Fig. 1(b)], as explained in previous work.”*

We determine the system detection efficiency, SDE, for our devi-
ces by comparing the count rate recorded with the SNSPD, R, to the
predetermined photon flux ®@;, inside the fiber going into the cryostat

R — Ry

SDE = .
q)in

Ry here denotes the dark count rate, which we measure when block-
ing all input to the fiber guiding light to the device. In this way, the
SDE includes all optical losses induced by both fiber and waveguide
as well as misalignment between fiber and device or other coupling
losses.

In order to test the detector over a broad wavelength range, we
use several laser sources covering the 1461-1640 nm (Toptica CTL-
1500 and Santec TSL-710) and 700-1000 nm (Spectra Physics Mai Tai
HP) wavelength ranges, a diode pumped solid state laser at 532 nm
(Laserglow), a HeNe-laser at 633nm (Lasos), and diode lasers at
1055 nm, 1271 nm, 1300 nm, and 1393 nm. We use calibrated power
sensor modules (HP 81530A for 533 nm-1000 nm and HP 81635A for
1055nm-1640 nm) for determining the optical power at the input
facet of the fiber and for monitoring the stability of the laser output.
For the wavelength range of 900 nm-1640 nm, we use two optical
attenuator units operated in series (2x HP 8156A) to obtain photon
fluxes of 10°-10° photons per second. For wavelength ranges where
the optical attenuators (and intermediate fibers) cannot readily be
assumed to operate in the single-mode regime anymore, we add
appropriate single-mode fibers as mode filters between the attenuator
units, thereby eliminating inter-dependence between the two units
(see supplementary material for more details). Each SDE measurement
is then obtained by manually switching fibers from the power sensor
to the input fiber of the SNSPD and setting the attenuation levels for a
desired photon flux. The input fiber to the SNSPDs that connects the
outside of the cryostat to the detector is part of an optical fiber array

ARTICLE scitation.org/journal/apl

consisting of standard telecom single-mode fibers. For the wavelength
range below 900nm, where no calibrated optical attenuators were
available to us, we instead work with a higher input flux of up to 10
photons per second, which allows for calibration with the power meter
set to the highest sensitivity range. We note that the high input photon
flux leads to slightly underestimating the detection efficiency due to
the dead time of the device. We further use polarization controllers for
maximizing the recorded count rate because the SDE of our SNSPD is
polarization dependent for some of the considered wavelengths.

In Fig. 2, we show the normalized count rate as a function of bias
current supplied to the SNSPD. We determine the latching point of
the detector at (15.2 = 0.3) uA when no light is incident. We observe
saturating count rates for all wavelengths between 532nm and
1640 nm and find that the onset of saturation shifts to lower bias cur-
rents as the photon wavelength (energy) decreases (increases). In
agreement with previous reports,”” we observe that the bias current, at
which the count rate reaches a given fraction of its maximum value,
depends nonlinearly on the photon energy (Fig. 2, inset) and asymp-
totically approaches a minimal bias current value as the photon energy
increases. The nature of this dependence is a matter of ongoing
studies.”” **

The saturation behavior of the photon count rate further indi-
cates that the detector can be operated in a bias current range <9 uA,
where <25 dark counts per second are recorded, rising to 350 dark
counts per second at 14 uA. While these are generally attracting per-
formance characteristics, they particularly benefit the detection of pho-
tons with <1000 nm wavelength.

The overall SDE as a function of photon wavelength is shown in
Fig. 3. We find a maximum SDE of (73 = 5) % at 1271 nm, efficiencies
above 58% for all wavelengths between 1055nm and 1640 nm, and
above 28% for all wavelengths between 633 nm and 1000 nm, which
drops to (22 % 6) % at 532 nm. The error bars of the SDE in Fig. 3
account for the uncertainty of the power meter, the attenuators, the
laser stability, as well as statistical fluctuations over multiple measure-
ments. We note that the measurement uncertainties are significantly
larger at lower wavelengths, as increasing numbers of higher-order

1.04 e
£ 7 4

5 ° 532 nm
084 x LY 633 nm
g N r1o 700 nm
5 . 800 nm
3 = AN le —— 850 nm
=064 g S —— 900 nm
5 ® hN —— 950 nm
S = . . _ek6 —— 1000 nm
3 1.0 15 20 —— 1055 nm
= Photon Energy (eV) —— 1271 nm
£ 04 —— 1300 nm
2 — 1393nm
—— 1461 nm
—— 1480 nm
0.2 —— 1500 nm
—— 1550 nm
—— 1569 nm
y —— 1600 nm
0.0 < — 1640 nm

0 2 4 6 8 10 12 14

Bias current /I, (HA)

FIG. 2. Normalized count rate vs bias current. The onset of saturation of the count
rate (and therewith also SDE) shifts to lower bias currents as the photon wave-
length (energy) decreases (increases). Inset: bias current of the detector at 90% of
the maximum count rate, indicated by the dashed line in the main figure.
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FIG. 3. Left axis: system detection efficiency dependence on photon wavelengths.
The efficiency includes all losses from the input facet of the fiber going into the
cryostat and was measured at bias currents where 98% of the respective maximal
count rate is reached. Right axis: measured transmission through two 3D polymer
couplers connected by a 180° bent waveguide. Inset: polarization dependence of
the detector in the infrared range. The extinction ratio is measured by setting the
count rates to their respective minimum and maximum values using a fiber polariza-
tion controller. Connecting lines are a guide for the eye.

modes in the fibers and photonic devices lead to larger calibration
uncertainties of the attenuators, and the power sensors show larger
uncertainties at the low input powers that were required for measure-
ments of wavelengths shorter than 900 nm.

Woavelength-dependent variations of the SDE reflect the trans-
mission characteristics of the fiber-to-chip interface and the depen-
dency of the absorption efficiency in the nanowire on the optical field
distribution in the waveguide. For the latter, we expect near-unity
absorption of all photons with wavelengths greater than 900 nm in the
150 pm long SNSPD, where FEM simulations show that only the low-
est TE and TM modes with significant field strength at the nanowire
location need to be considered [see Fig. 1(c)]. At lower wavelengths,
the absorption efficiency remains above 90% for most modes, which
combines with near-unity internal quantum efficiency, as evident
from the pronounced saturation behavior in the bias current depen-
dence of the recorded detector count rates (see Fig. 2).” Consequently,
and in agreement with previously reported high on-chip detection effi-
ciencies,”***** we infer that the overall SDE is most strongly depen-
dent on the transmission and alignment through the 3D fiber-to-
waveguide coupler. We substantiate this in transmission measure-
ments through a reference device comprising two 3D couplers con-
nected by a short waveguide [see Fig. 1(b)]. The transmitted power,
shown in Fig. 3 (right axis), qualitatively follows a similar behavior as
the SDE data set over the considered wavelength range. We note that a
direct comparison of both data sets is limited as the couplers can only
be characterized in pairs, which requires an additional waveguide
bend and leads to a higher sensitivity to fabrication variations as well
as positional and rotational alignment of the fiber array relative to the
chip. A comparison with stand-alone detector technologies as well as
waveguide-integrated detectors that do not require resonant optical
structures, as shown in Table I, highlights the benefits of our
approach.””’

ARTICLE scitation.org/journal/apl

TABLE 1. Comparison of the system detection efficiency and coupling method in
cavity-free waveguide-integrated SNSPDs.

System detection efficiency

(peak) (%) Coupling method References
2.19 (1550 nm) Grating coupler 10
4.3 (1550 nm) Grating coupler 8
~10 (1550 nm) Butt coupling 35
32 (~1530 nm-1565 nm) Butt coupling 9
73 (1271 nm), 60 (1550 nm) DLW coupler This work

We further study the polarization dependence of the detector sys-
tem, which we show for the 1055-1640 nm spectral range in Fig. 3
(inset). The extinction ratio for each wavelength is determined from
the minimum and maximum count rates achievable through manipu-
lation with a fiber polarization controller. We find 27.7 dB extinction
at 1640 nm and 14.4 dB at 1550 nm wavelength, which reduces toward
shorter wavelengths as higher order TE and TM modes are allowed
inside the waveguide [see Fig. 1(c)].

To determine the timing properties of our detector, we use an
oscilloscope for measuring the dynamic device response when detect-
ing a 1550 nm photon. Figure 4(a) shows the average of 1k signal
traces yielding a decay time (1/e value) of ©=9.8 ns from a fit to the
data using a ae~/* functional behavior. The decay time is closely
related to the detector dead time,”" thus indicating the feasibility of up
to 100 MHz detection rates with our device. We further analyze the
output signal traces in order to assess the jitter performance of our
detector. Electronic contributions to the overall jitter can be calculated

32
as

jelec = p/37

where p denotes the voltage noise and s is the slew rate (first deriva-
tive) of the output signal trace. We extract a slew rate of 0.68 mV/ps at
the trigger level [see Fig. 4(a) inset] and 15.9mV (FWHM) of voltage
noise, resulting in an electronic jitter contribution of jee. = 23.4 ps.
The overall jitter is measured using a start-stop measurement with a
pulsed 1550 nm wavelength laser of 40 MHz repetition rate. The mea-
sured jitter for our detector is presented in Fig. 4(b). Here, we use a
Gaussian distribution as a fit to the data to extract the jitter as jmeas
= 25.7 ps from the full width at half maximum. We note that the
measured jitter value comprises contributions from the aforemen-
tioned electronic jitter jec, the intrinsic detector jitter jger, and the ref-
erence jitter jir of the pulsed laser and detection system as
jmeasz = jclet2 +jelec2 +jref2~

We determined the jitter of the laser and detection system in a previ-
ous experiment to 1.5 ps.”” This yields an overall intrinsic detector
jitter of jger = 10.5 ps, which is comparable to literature values achieved
with cryogenic amplifier systems.””*

In conclusion, we present a single-photon detector system with
high system detection efficiency over a broad wavelength range from
532nm to 1640 nm. Our device leverages the material absorption
capabilities of superconducting nanowires in traveling wave geometry
by providing efficient fiber-to-waveguide interfaces realized as 3D
polymer structures produced in direct laser writing. Together with
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FIG. 4. (a) Dynamic timing response of the superconducting nanowire single-
photon detector after the absorption of a 1550 nm wavelength photon. The decay
time over an average of 1k traces (blue) yields a value of = 9.8 ns extracted from
an exponential fit. The FWHM noise on a single trace (blue) was determined to be
15.9mV. Inset: zoom-in of the rise time of the detector, plotted with its first deriva-
tive, the slew rate. The slew rate (red) at the trigger level (t=0) shows a value of
0.68 mV/ps. (b) Histogram data (blue) of the time difference of the arrival of a pho-
ton and the detection of the photon at the electrical readout (jitter). The measured
jitter jmeas = 25.7 ps, extracted from the FWHM of a Gaussian fit (red), contains the
jitter contributions of the electronic jitter, optical jitter, reference jitter, and the intrin-
sic jitter.

excellent timing resolution and small decay times, the architecture pre-
sented herein constitutes a major step toward the use of single-photon
detectors in real-world applications such as the characterization of
single-photon emitters, lifetime imaging, and quantum communica-
tion over a broad spectral range. Realizing attractive detector perfor-
mance over such wide bandwidth will further benefit standardization
efforts in single-photon counting,

See the supplementary material for details on simulation data,
photon flux calibration, uncertainty estimation, and dark counts.
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