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ABSTRACT: Detecting nonclassical light is a central requirement for |  — _________
photonics-based quantum technologies. Unrivaled high efficiencies and low \ -r\
dark counts have positioned superconducting nanowire single-photon
detectors (SNSPDs) as the leading detector technology for integrated
photonic applications. However, a central challenge lies in their integration
within photonic integrated circuits, regardless of material platform or surface
topography. Here, we introduce a method based on transfer printing that
overcomes these constraints and allows for the integration of SNSPDs onto
arbitrary photonic substrates. With a kinetically controlled elastomer stamp, we
transfer suspended SNSPDs onto commercially manufactured silicon and
lithium niobate on insulator integrated photonic circuits. Focused ion beam
metal deposition then wires the detectors to the circuits, thereby allowing us to
monitor photon counts with >7% detection efficiencies. Our method
eliminates detector integration bottlenecks and provides new venues for versatile, accessible, and scalable quantum information
processors.

KEYWORDS: quantum photonics, single-photon detectors, optical quantum technologies, photonic integrated circuits,
superconducting nanowire single-photon detectors

B INTRODUCTION micrometer-scale flip chip processes for integrating SNSPDs
on a wider range of PICs.'® However, successful flip chip
transfers require meticulous handling of the SNSPDs with
equipment, such as tungsten microprobes. Furthermore, this
method requires highly accurate structural features conforming
with those of SNSPDs, not present in the vast majority of PIC
platforms. Both of these drawbacks could prevent deploying
SNSPD flip-chip transfers at scale, thereby warranting a hybrid
integration method that simultaneously overcomes: (i)
fabrication incompatibilities among PIC platforms, with a
prominent example being lithium niobate on insulator (LNOTI)
which require customized SNSPD fabrication flows,">"” ™" (i)
limited device yields,”'” and (iii) lack of control over the PIC
fabrication process, which can be especially common while
integrating with large-scale foundry-processed PICs.”"*'
Here, we address these challenges via the hybrid integration
of SNSPDs on PICs via transfer printing. Our method relies on

Optical quantum technologies are central to quantum
computing,1 communication,” and simulation.® Scaling these
technologies to the system sizes required by quantum
applications has motivated the development of quantum
photonic integrated circuits (PICs),* which leverage stand-
ardized semiconductor manufacturing for producing large-scale
optical systems. A key requirement of such systems is the
detection of single photons for tasks ranging from preparing
and measuring quantum states to implementing quantum
gates.” Superconducting nanowire single-photon detectors
(SNSPDs) are among the best single-photon detectors
available today due to their combination of record high
detection eﬁiciency,6 broadband operation,” low dark counts,”
fast recovery time,” very low timing uncertainty,'’ and
compatibility with photonic reconfiguration.""

A central challenge in the development of quantum PICs
involves integrating SNSPDs within large-scale circuits with (i) :
sufficient fabrication yields and (ii) universal methods that Received:  February 12, 2025 (phidtonics
seamlessly carry over within PIC platforms. Monolithic Revised:  April 14, 2025 ‘
integration can readily provide sufficient yield levels, yet Accepted:  April 16, 2025
often involves process flows hyper-specialized to a particular Published: April 22, 2025
fabrication node.'”'® To address this issue, recent advances in
hybrid quantum PICs'*"> motivated the development of
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Figure 1. Hybrid integrated SNSPD assembly and modeling. (a) Schematics of the hybrid integration process of SNSPDs on foundry PICs. (b)
Optical micrograph of a foundry silicon PIC with integrated SNSPDs. Insets: optical micrograph of an assembled device, and a scanning electron
micrograph of the hairpin detector. (c) Fundamental mode profile of the hybrid mode converter at distances of (i) 0, (ii) 56, (iii) 96, and (iv) 100
pm from the start of the structure’s detector waveguide. These positions respectively correspond to the start of the detector waveguide, the start of
the taper in the PIC waveguide, the end of the taper in the PIC waveguide, and a region where the mode converter uniquely comprises of the

detector waveguide.

(i) standardized SNSPD fabrication'' to avoid incompatibil-
ities with PIC fabrication, (ii) preliminary screening allowing
us to selectively transfer functioning devices and overcome
yield limitations in monolithic PIC platforms, and (iii)
structures compatible with arbitrary PICs that do not require
flip chip bonding. We demonstrate the versatility of our
method by integrating SNSPDs onto large-scale foundry
silicon PICs and LNOI PICs, thereby confirming its
compatibility with PIC platforms ranging from commercially
manufactured systems to those that otherwise require
substantially tailored SNSPD integration processes.

B DETECTOR FABRICATION

Our device fabrication consists of (i) fabricating suspended
silicon nitride waveguides topped with hairpin SNSPDs, (ii)
detector screening via room-temperature resistance measure-
ments, (iii) transfer printing, and (iv) wiring to ensure
electrical connectivity. The fabrication of our detectors draws
on a process developed for MEMS-actuated PICs with
SNSPDs.'" As outlined in Supporting Section 1, the process
produces suspended silicon nitride photonic waveguides
topped with a NbTIiN hairpin detector. Prior to transfer
printing these devices, we measured their resistance at room
temperature for screening purposes and selected devices
exhibiting a finite resistance between 1 and 2 M for transfer.
Supporting Section 1 provides statistics on the measured
resistances.

Drawing on established integration methods for on-chip
light sources,””** we rely on a kinetically controlled elastomer
stamp to transfer these SNSPDs on PICs. An optical
microscopy apparatus loaded with a 0.41 numerical aperture
objective allows us to monitor this transfer to preserve a
sufficient level of alignment between the PIC and the
detectors. Figure la provides schematics of this integration
process. The resulting devices feature hybrid optical mode
converters formed by the PIC’s native and the SNSPD’s nitride
waveguides, thereby enabling optical connectivity between the
PIC and the transferred devices. To ensure electrical read-out
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from the SNSPD, we connect it to the PIC’s electrical lines.
This is done via in situ focused-ion-beam (FIB) chemical vapor
deposition of tungsten wires (see Figure 1b and Supporting
Section 2 for more information).

We then tested the hybrid SNSPD-PIC structures in a closed
loop cryostat with a base temperature of 0.78 K. Further details
on the experimental setup are available in Supporting Section
3. We confirm our detectors’ ability to monitor photon counts
by flood illuminating our chip before measuring their on-chip
detection efficiency (ODE).

B INTEGRATION ON FOUNDRY SILICON
PHOTONICS

We first integrate our SNSPDs on PICs commercially
manufactured using a 193 nm deep-ultraviolet water-
immersion lithography silicon photonic process.”’ Figure 1b
provides optical and scanning electron micrographs of the
assembled structure. We design the resulting hybrid device for
detection of the PIC waveguide’s TEO mode and adopt a mode
converter to route this mode into the SNSPD. Figure 1c shows
the resulting hybrid TE mode’s profile at various points across
the converter. As further elaborated in Supporting Section 4,
the PIC consists of single mode silicon waveguides operating at
the O and C+L bands. FEM simulations suggest an optical
absorption of 30.3% at 1570 nm wavelengths, ie., given the
adopted device geometry shown in Figures 1b,c, we expect a
maximum ODE of 30.3% even if most of the light in the PIC
waveguide’s TEO mode transfers into the detector waveguide at
the end of the tapered PIC waveguide. This figure also
incorporates the loss arising from a 92.5% TEO mode
transmission efficiency at the end of the PIC taper. However,
we expect an observed angular offset between the PIC and
detector waveguides to reduce our detection efficiency to 8.7%

We cryogenically test the hybrid SNSPD-silicon PIC device
to confirm superconducting behavior, measuring a switching
current of 7.1 pA (see Supporting Section S for the I-V
curves). We measure their ODE at C+L- and O-band
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telecommunication wavelengths compatible with the silicon
waveguides of our PIC. We send 1570 and 1312 nm light from
tunable external cavity diode lasers through a variable optical
attenuator followed by a UHNAIL optical fiber array before
going in the PIC by means of edge couplers at the chip’s facet.
We measure the optical transmission through the various
stages of this fiber line (see Supporting Table 2 for these
precharacterized values). We then confirm that the device can
monitor counts by measuring a characteristic output pulse
from the SNSPD under illumination through the PIC (see
Supporting Figure 11(b)).

Figure 2 plots the resulting photon and dark counts
monitored by the detector, showing clear plateaus at both
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Figure 2. Detection efficiency. On-chip count rates acquired over 100
ms counting times of hybrid integrated SNSPDs for photons
propagating through the waveguides of a silicon PIC.

wavelengths that indicate a high internal detection efficiency
with low dark counts. We attribute the discrete and atypical
appearance of our dark count data to the 100 ms integration
time of our apparatus. This short integration setting also makes
systematic fluctuations in our measurement apparatus more
noticeable, which otherwise become negligible while recording
photon counts. While biasing the detector with currents of 6.6
#A/6.2 pA, we measured photon count rates of 1.300 MHz/
509 kHz for input wavelengths of 1570 nm/1312 nm. As

shown in Supporting Section S, we confirm that these count-
rates linearly drop with the intensity of our input light. The
detector features a dark count rate of 40 Hz. We compute the
ODE by taking the ratio between the detector’s photon counts
and the photon flux, ®, in the silicon waveguide. Based on our
apparatus, we define this metric as

1 _
® = _[Pin‘lo (dBf+dBc+dan)/1o]
hv (1)

where dBg is the measured loss in dB through the fiber fed into
the cryostat, dB, is the measured loss through the edge coupler,
and dB,, is the setting of the variable attenuator. P, is the
power supplied by the laser and hv is the input photon energy.
As discussed in Supporting Section 6, we measure dB_ with an
integrated loopback waveguide near the one coupled to the
examined SNSPD. The extracted coupling efficiency value
assumes identical optical coupling among the considered fiber-
edge coupler pairs and also perfect alignment between the fiber
array and the PIC. Based on this estimate, our device showed a
waveguide-coupled ODE of 7.6 + 0.2% at 1570 nm and 7.0 +
0.1% at 1312 nm at bias currents of 6.6 and 6.2 uA,
respectively (see Supporting Section 7 for error calculations).
These values share the same order of magnitude as our
numerical estimates.

B INTEGRATION ON LITHIUM NIOBATE PHOTONICS

We next illustrate the compatibility of our method with LNOI
photonics. Direct SNSPD fabrication on such devices has
proven challenging given the need for customized super-
conductor thin film deposition compatible with lithium niobate
that avoids excessive substrate heating.ls’”_19 Furthermore,
adequate precautions must protect photonic waveguides
during the detector fabrication'”"” or alternatively the
detectors during the waveguide fabrication.'® Our approach
overcomes these issues by fabricating the detectors and
waveguides on separate substrates, thereby motivating its
integration into other PIC platforms facing similar fabrication
challenges. Figure 3a shows the transferred SNSPDs on the
LNOI PICs. The LN waveguides consist of 200 nm thick
straight waveguides surrounded by a 100 nm ridge. They have
a width of 150 nm and a sidewall angle of 55°. We characterize
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Figure 3. Integration of SNSPDs on LNOL (a) Optical micrograph of a lithium niobate PIC with three integrated SNSPDs. Inset: schematics of
the PIC’s LNOI waveguides. (b) On-chip count rates for the three detectors shown in (a). The reported data is for the detection of light with a 650
nm wavelength while sending light in the waveguide leading to detector D2. (c) Relative count rates of the three detectors vs the relative
displacement of the optical fiber sending light into the PIC. The data considers values relative to the position yielding optimal coupling into
detector D2. The considered displacement lies along the out-of-plane axis of the micrograph shown in (a).
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these devices at optical wavelengths of 650 nm with the same
methodology used for the silicon PICs, thereby demonstrating
low dark counts at saturation and efficiencies of 0.30 + 0.03%,
42 + 0.2%, and 9 + 2% for detectors D1, D2, and D3, as
shown in Figure 3b, respectively. We attribute these differing
values to factors that are absent in our silicon PIC. These
factors include fabrication process instabilities leading to
unaccounted variations in edge coupler or splitter loss, the
excitation of higher order modes in the detector waveguide due
to misalignment, and differing parasitic counts due to stray
light, as expected from the varying yet close proximity of the
edge couplers to the detectors. As mentioned in Supporting
Section 7, the lithium niobate chip’s current configuration
prevents us from directly isolating the contributions of these
effects, which likely justifies why the variation in the three
reported efficiencies exceeds their uncertainty. As indicated in
the Supporting Section 5, we measure a detector jitter of 242
ps. We then monitored the counts from the three on-chip
detectors to gauge the relative influence between waveguide-
coupled and stray photons on detected counts. In Figure 3b,
we provide the corresponding photon and dark counts while
sending light in the edge coupler leading to detector D2. To
highlight the different efficiencies of each detector, we
normalized the counts to the measured detector efficiencies.
Figure 3c plots these counts at saturation, while normalized to
the highest counts monitored on detector D2.

Under optimal fiber to PIC coupling conditions, we observe
a 40 dB extinction ratio between the coupled, D2, and
uncoupled, D1 and D3, SNSPDs, or equivalently, between the
device’s waveguide-coupled and stray photons. When the fiber
is below the waveguiding layer, i.e., for negative fiber position
offsets, scattered light propagating through the buried oxide
layer toward the detectors leads to 10 dB higher relative counts
for D1 and D3.

Bl DISCUSSION

As outlined in Supporting Section 4, various approaches to
codesigning the PIC and detector waveguides can increase
detection efficiencies above our 7.6% metric. For instance,
extending the length of the detector waveguide can increase
the SNSPD’s ODE to values near 99%. Furthermore, adopting
measures such as distinct superconducting materials, better
waveguide coupling, and reductions in kinetic inductance can
lead to detectors with low jitter,”* compatibility with longer
optical wavelengths,” and shorter reset times.” The angular
alignment accuracy also affects mode conversion between the
adiabatically tapered substrate and SNSPD waveguides (see
Supporting Section 4). Prior hybrid integration work of
quantum photonic components on foundry PICs suggest that
average offsets of 0.59° are statistically achievable under
optimized transfer conditions.”> From simulations, we expect
detectors with this offset to feature a similar ODE to that of a
perfectly aligned device. Alternatively, relying on mode
converter geometries that are more tolerant to misalignment
could provide a path toward increasing the optical power
transferred to the hybrid SNSPD.*

As in the case of prior hybrid approaches to SNSPD
integration, our approach allows for screening faulty devices to
overcome device yield limitations. In addition, our use of
elastomer stamps and detector-to-chip wiring gives us access to
the full scaling potential of transfer-printing based technolo-
gies,zz’23 which, in industrial settings, can reach transfer rates of
up to two billion devices per hour with microscope-limited

2328

alignment tolerances.”® Though stamp-based printing provides
a means for a high-rate and automated detector transfer, its
integration still requires the deposition of electrical contact
lines. Our tungsten FIB-CVD deposition method conveniently
wires the chip to the detectors without damaging them, yet it
can be time-intensive. Alternative methods of electrically
interfacing detectors, such as optical lithography followed by
metal deposition or high precision printing of silver nanoinks
can reliably produce our required low resistivity and micron-
scale contacts.”’

In summary, we demonstrated a hybrid integration method
for the interfacing of SNSPDs with arbitrary photonic
substrates. As surveyed in Supporting Section 8, our method
allows for SNSPD integration on PICs regardless of its material
platform, chip size, and surface topography. Using transfer
printing and FIB-CVD on silicon PICs, we attain detector
efficiencies of 7.6% in the C+L band and 7.0% in the O-band
along with dark counts of less than 100 Hz. In addition, we
transferred devices onto LNOI chips and observed efficiencies
of 0.3%, 4.2%, and 8.6%, thereby demonstrating the versatility
of our technique in regard to the PIC’s material platform. Our
results underscore SNSPD integration onto arbitrary PICs
ranging from those manufactured at scale in a commercial
foundry””*"** to those where monolithic detector fabrication
can compromise the integrity of the PIC."”'”~'” Enabling
accessible integration of state-of-the-art single-photon detec-
tors onto scalably manufacturable PICs implemented in
arbitrary material platforms opens the door to fully integrated
quantum technologies for applications ran%ing from quantum
communications with quantum repeaters2 to measurement-
based quantum computing,”” quantum sensing,”’ and comput-
ing with trapped ions.”’
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