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Abstract

With a growing demand for detecting light at the single-photon level in various fields,
researchers are focused on optimizing the performance of superconducting single-photon detectors
(SSPDs) using multiple approaches. However, input light coupling for visible light has remained a
challenge in developing efficient SSPDs. To overcome these limitations, we developed a novel system
that integrates NbN superconducting microwire photon detectors (SMPDs) with gap-plasmon
resonators to improve the photon detection efficiency to 98% while preserving all detector
performance features such as polarization insensitivity. The plasmonic SMPDs exhibit a hot-belt effect
that generates a nonlinear photoresponse in the visible range operated at 9 K (~0.64 T¢), resulting in a
233-fold increase in phonon-electron interaction factor (y) compared to pristine SMPDs at resonance
under CW illumination. These findings open up new opportunities for ultra-sensitive single-photon
detection in areas like quantum information processing, quantum optics, imaging, and sensing at
visible wavelengths.
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Plasmonic nanostructures can enhance the absorption and detection of photons, leading to
improved performance of various types of photodetectors'. One promising approach is the use of
gap-plasmon resonances (GPRs), >!° which confine a strong localized electromagnetic field into a
small gap between two metallic materials, resulting in strong light-matter interaction, which has
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various applications in fields such as strong coupling phenomena , control the emission such as

10, 15 11 14, 16

amplified spontaneous emission and nanolasing nanolasers , and sensitive photodetectors
Detecting light at the single-photon level in quantum photonic systems is crucial, thus single-photon
avalanche detectors (SPADs) and superconducting single-photon detectors (SSPDs) play a significant
role in their performance?. SSPDs are highly sensitive and have fast response times, making them

useful in various applications, including quantum key distribution!’, optical quantum computing'® 1%,

20,21 "satellite laser ranging for LIDAR 22, and particle physics 2.

astronomy and dark matter detection
The detection efficiency of SSPDs can be improved by using superconducting nanowires with a typical
width of 100 nm, which generally have better detection efficiency than microwire-based devices .
For optimal detection efficiency and fast response times, the width of the superconducting wire should
be comparable to the size of a single photon-induced hot spot, which is around 40 nm for niobium
nitride 2> 26, However, sacrifices must be made when adopting these solutions, such as polarization
sensitivity?’, suppression of critical current 2, and limited absorption coefficient in the visible light
range. Thus, superconducting microwires are advantageous due to low kinetic inductance and good
fiber coupling efficiency ?°, and plasmonic nanostructures can potentially enhance photon absorption
and detection. Using superconducting microwires in large-area photodetectors can simplify the
manufacturing process with high throughput. To improve the photon response in SSPDs, several
nanophotonic and plasmonic nanostructure designs have been proposed to increase the detection
efficiency of NbN SSPDs!? 14 16.30.31 “including nanomeanders with high filling factors, integration
with distributed Bragg reflectors (DBRs), and plasmonic perfect absorbers 27- 3234, However, these

solutions come with trade-offs, such as reduced critical temperature, increased polarization sensitivity,

and suppression of critical current.



Most SSPDs are optimized for high detection efficiency in the near-infrared range®? 334, To

date, there have yet to be reports on optimizing SSPDs for visible light due to the challenge of input
light coupling for visible light remains an obstacle. To overcome this challenge, we have designed
external gap plasmon nanoresonators using particle-on-film nanocavities, resulting in a giant nonlinear
photoresponse operated at 9 K via GPR. The key idea in this work is using GPR to enhance the light-
matter interaction in the plasmonic photodetectors, resulting in sensitive photon detection at the single-
photon level. To control the plasmonic gap for strong light confinement, we capped NbN
superconducting microwire single-photon detectors (SMPDs) with a 5-nm thick Al,Os layer by atomic
layer deposition and fabricated Ag nanocubes (AgNCs) with a size of 40 nm on top to form gap-
plasmon nanoresonators that have plasmon resonance in the visible region. The plasmonic NbN
SMPDs achieved a 233-fold enhancement in the photoresponse factor (y) compared to pristine NbN
SMPDs under CW illumination at a resonant wavelength of 532 nm. This giant photoresponse
observed in the plasmonic SMPD predominately results from the localized heating induced by gap
plasmons. We further demonstrated that GPRs that enhances the light-matter interaction can
significantly improve the photon detection efficiency of SMPDs to 98% at the single-photon level.
Our results show great potential for the development of ultracompact integrated optoelectronic devices
with low power consumption and low noise for biomedical imaging, quantum optics, quantum
communications, LiDAR, and sensing.

By exploiting the unique properties of GPRs, in combination with superconducting materials, a
giant visible-light photoresponse in superconducting phtotodetectors can be achieved. To design GPRs
based plasmonic nanostructures, our device design contains an ultrathin dielectric layer sandwiched
between the NbN microwire and the AgNC as shown in Figure 1a. First, we defined a 15 nm-thick
NbN wire with a length of 10 um and the width of 4 pum by photolithography. Subsequently, a 5 nm-
thick Al2O3 layer was used as the dielectric layer on the NbN microwire. Finally, Plasmonic AgNC
arrays with a period of 100 nm and each AgNC are fabricated 40 nm in length and 30 nm in height on

ALO3/NbN (see Methods and Figure S1). Figure 1b shows the dark-field optical image and scanning
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electron microscopy (SEM) images of AgNCs on the NbN microwire capped with 5 nm-thick Al>Os.
Note that the period between two adjacent AgNCs should be at least 100 nm; the calculated results
reveal that a confined optical field occurs between the two AgNCs if they are too close. To optimize
the plasmonic nanostructures, the GPR mode can be controlled by varying the period of AgNCs and
the thickness of the dielectric gap as shown in Figure S2. The electric field profiles of the GPR modes
with varied thickness of Al,O3 reveals the 5 nm dielectric gap has the strongest localized EM field (see
Figure S3). The material-dependent local electromagnetic field confinement between the metal
nanoparticle (Au, Cu, and Ag) and the NbN film were calculated to optimize the device design
(see Figure S4). Among the three metals, the particle-on-film nanocavities based on Ag NC result in
strong EM field confinement in the gap between the metal particle and the NbN film. As a result, the
dark-field scattering spectrum of the optimized plasmonic SMPD (see Figure 1c), indicates the
plasmonic resonance wavelength is centered at 500 nm. We used the method of a two-point resistance
probe to characterize the GPR-enhanced SMPDs. Figure 1d and Figure 1e show the /V-curves of the
NbN SMPD and plasmonic NbN SMPD in the dark and under illumination at 532 nm with an input
power of 70 nW at 9.2 K, with a fixed width of NbN nanowire (4 um). In this work, the photoresponse
is defined by the ratio of the difference between the critical currents in the dark and under illumination
(Al:) and the critical current in the dark /.9. The critical current is defined as the intersection of the
linear extrapolation of the superconducting state and transition state currents, as shown in Figure 1e.
We found that the plasmonic NbN SMPD exhibited excellent detection performance, which is directly
related to the photoinduced critical current change with a Al/I.p of 0.27; however, the NbN SMPD
shows no variation in response, whether it is illuminated or not.

As illustrated in Figure 2a, quasi-epitaxial NbN films are grown by radio frequency reactive
magnetron sputter on a MgO (100) substrate*?. We controlled the sputtering parameters with an Ar/N»
gas flow rate ratio at a substrate temperature of 800 °C to optimize the film quality with both good
optically metallic properties and superconductivity. The material properties were characterized by

variable angle spectroscopic ellipsometry and a superconducting quantum interference device
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(SQUID). The complex permittivity & of NbN films on MgO (100) and sapphire (0001) are described
well by the Drude model and Lorentz model (see Table S1 and Table S2). Although the NbN films
with a fixed thickness of 15 nm on both substrates show optically metallic properties in the visible
range, the NbN film on MgO has a more negative real part of permittivity and a higher 7¢ (7c~ 13.2
K) than that on the sapphire substrate (7.~ 4 K). This is due to the lattice constant of MgO (4.21 A)
being closer to that of NbN than that of sapphire (4.78 A). According to transmission electron
microscopy (TEM) images of NbN films on MgO and sapphire (see Figure 2b), the TEM image shows
a clear cubic structure with a lattice constant of 4.44 A in the quasi-epitaxial NbN film on MgO. In
addition, the X-ray diffraction pattern, as shown in Figure 2¢, discloses the feature of 5-NbN on MgO,
which usually has higher 7. among all types of NbN (see Figure S5 and S6)*. The surface morphology
is obtained by atomic force microscopy (AFM), as shown in Figure 2d, and it exhibits an ultralow
root-mean-square (RMS) roughness of 2.5 A. This roughness plays a key role in the subsequent
nanofabrication of NbN nanowires because we plan to fabricate many nanostructures on large and flat
films. Figure 2e shows the 7. values with various NbN thicknesses on MgO. We fitted 7. as a function
of the inverse of thickness, d, by the Simonin model: 7c = T¢ sk (1 — dc/d), and we find that the critical
temperature of the bulk Tt pukis 16.4 K and that the critical thickness d. is 2.7 nm*. The suppression
of 7. as the thickness decreases can be attributed to the defects and granularity in thinner NbN films
45

In addition, the plasmonic NbN SMPD reveals strong wavelength-dependent photodetection, as
shown in Figure 3a and Figure S7. We used continuous wave (CW) lasers with focused spot sizes of
1 um at wavelengths of 405 nm, 532 nm and 637 nm as visible light sources; these lasers are normally
incident on the microwire and are focused through a 100x objective lens. The imperfection of the
nanofabrication process would result in a slight difference in critical current (/o) between plasmonic
NbN SMPD and pristine NbN SMPD without illumination. Thus, we use photoinduced critical current
change (Al/l0), which directly relates to the detection performance for discussing the effect of adding

plasmonic nanoparticles. GPR-enhanced photodetection can be observed at all visible wavelengths,
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which leads to a drastic photoresponse Al./I.o at 532 nm with the lowest detectable power of 4.4 nW.
When the power is approximately 220 nW, the plasmonic NbN SMPD has maximal Al./I.o values of
0.6 at 532 nm, 0.3 at 637 nm, and 0.03 at 405 nm. These results of photoresponse are consistent with
the dark field scattering spectrum in Figure 1¢. The gap-plasmon enhanced photoresponse of A/. can
be fitted by Vodolazov’s hot-belt model *> 47 (see Figure S8), which assumes that heated electrons
have been thermalized with phonons when they reach the edges of the wire and form a hot belt with a
size of approximately wxw. A factor y, which is proportional to the ratio of the specific heat capacities
of the electron and phonon, is used to describe the portion of the photon’s energy that is transferred to
electrons. The gap plasmon mode can enhance the thermalization of heated electrons and lead to a
larger effective y, y.» We found that the wavelength-dependent y.at 405 nm, 532 nm, and 637 nm are
0.2, 14, and 2, respectively, which are significantly larger than y.; of NbN SMPD (ysare 0.018, 0.06,
and 0.08 at 405 nm, 532 nm and 637 nm, respectively).

To elucidate the mechanism by which GPR facilitates enhanced photoresponse, we perform
numerical simulations that characterize the electrodynamic and electrothermal response of the
heterostructure under CW illumination (see Note S2). Figure 3b presents the distribution of electric
field enhancement in a cross-section of the device, obtained by means of finite-difference time-domain
calculations. We observe that the plasmonic NbN film and AgNC support GPR at 532 nm, signified
by a strongly localized electromagnetic field in the Al2O3 layer that enhanced the local absorption of
visible photons. In contrast, illumination at 405 nm and 637 nm is well detuned from the GPR, leading
to relative weak localized fields. Figure 3¢ shows that the calculated GPR spectra vary with the side
width of the AgNCs. The position of the resonance redshifts when s increases and covers the whole
visible region. Crucially, the electric field enhancement is concentrated in only a small spatial region
of the device compared to the larger portion of the structure whose steady-state temperature is
determined by the cryogenic head and input laser power. Indeed, according to our finite-element
heating simulations that explicitly incorporate EM power dissipation in the device (see Note S8), the

plasmon-induced heating under 532 nm illumination leads to steady-state temperature increments on
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the order of a milli-Kelvin or less, as shown in Figure 3d for an intensity of 220 nW/um?. Invoking

the hot-belt model once more*® 47

, assuming a critical temperature of 13.2 K, consistent with the NbN
wire thickness (see Figure 2e), and considering input powers over an equal area of 220 nW and 70
nW, we predict changes to the critical current of approximately 40% and 28%, respectively, in
reasonable agreement with the reported experimental data. Furthermore, it is notable that under a
substantially higher intensity of 1800 nW/um?, our simulations indicate that the NbN wire is heated
beyond its critical temperature (see Figure 3e), suggesting a local breakdown of the superconducting
state entirely and thereby the emergence of a conventionally resistive region.

Figure 4a compares two plasmonic NbN SMPDs with different widths of 2 pm and 4 pm,
respectively. It is worth noting that the wider plasmonic NbN SMPD has relatively high sensitivity,
which is quite different from the case of standard SMPDs. This is because illuminating the wider
plasmonic NbN SMPD can excite more gap-plasmon resonators. Even though the focused spot has a
diameter of 1 pm, which is smaller than the width of both detectors, nearly all the photons (99.99%)
are spread out within an area of 3 um in diameter. This means that the plasmonic NbN SMPD, which
is only 2-pm wide, might not be able to catch all the photons because they're scattered over a wider
area. Therefore, some photons may not be detected by the 2-um wide detector. Additionally, the wide
plasmonic SMPD has other advantages. Numerous reports indicate that reducing the size of the device
leads to the suppression of superconductivity?”- 4> 48, However, T. can be maintained in a microwire
with the same value in bulk. On the other hand, the wider plasmonic SMPD implies that the device
has a higher critical current, which can increase the signal-to-noise ratio. Finally, the kinetic inductance,
Li~ l/(wd), of the device itself determines its rising time, 7 ise=Li /(Rsmn+Rn); and falling time, =L
/Rsnunt, where [ is the total length of the wire.?4%-3! Therefore, fabricating the SMPD with a reasonable
detection area with broader and shorter microwire can result in a fast switching time. Figure 4b shows
that the photodetection of the GPR-enhanced SMPD is independent of the angle, ¢ between the

polarization of light and the direction of the microwire, where the incident light has a wavelength of

637 nm and a power of 116 uW with the cryogenic temperature set at 9 K. Because the width of the
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microwire is larger than the wavelength of visible light and AgNCs are symmetric in geometry, there
is no difference in the /-V curve for any polarization.

Compared to the nanowire meander structure of SNSPDs, the absorption characteristics of
SNSPDs determine that the intrinsic sensitivity depends on the polarization states of incident light %7,
which can lead to restrictions in certain applications. For example, the information of the QKD depends
on the phase difference between two nearby photons and is not related to the polarization of photons.
However, the polarization state may fluctuate during the process of fiber-optic transmissions, which
results in an unpredictable bit-error rate in the readout of an SNSPD 233, This fact shows the potential
for our plasmonic NbN SMPD to detect photons because the quantum efficiency remains the same
regardless of which polarization of light is used for illumination.

To determine the photon-detection efficiency of single visible photons, a pulsed laser with a
wavelength of 532 nm, a pulse width of 100 ps, and a repetition rate of 2.5 MHz was used, and the
input power was attenuated to the few-photon level (see Note S9). Figure 4¢ shows the measured
photon detection efficiency (DE) and dark count rate (DCR) versus the normalized bias current Iv/Ico
for both plasmonic SMPD and pristine SMPD. Note that the optical response we observed is not related
to the DCR. It's worth mentioning that the pristine SMPD exhibits a measured detection efficiency of
66%. This is due to the fact that individual visible photons possess sufficient energy to disrupt Cooper
pairs within a superconductor, consequently leading to the breakdown of the superconducting state.
Thus, by integrating gap plasmon nanostructures to enhance the detection capabilities of the detectors,
an impressive detection efficiency of 98% for visible photons in the plasmonic SMPD can be achieved.
This optimized detection efficiency can be attributed to the strong electromagnetic field confinement
within the gap Al>O3 layer that enhances the light-matter interaction. Hence, an investigation of non-
equilibrium dynamics is forthcoming, given the apparent breakdown of the superconducting state
under a low-powered pulsed laser with a pulse width of 100 ps.

In conclusion, our results demonstrate a significant improvement in the performance of

plasmonic NbN SMPDs by using GPRs to enhance the light-matter interaction in the visible. The
8



particle-on-film nanocavities created by arrays of AgNCs on an atomically smooth NbN microstrip
capped with 5-nm thick Al,O3 have resulted in a giant photoresponse enhancement of 233 compared
to pristine NbN SMPDs under CW illumination. The enhancement factor of photoresponse is defined
by v, which is an order of magnitude higher than recently reported SSPDs through diverse structural
optimizations (see Table S4)3% 338  This enhancement predominately results from the localized
heating induced by gap plasmons, causing a transition from the superconducting state to the normal
state. In addition, the designed plasmonic NbN SMPDs have multiple advantages, including
polarization independence, low kinetic inductance, large active area, and high photoresponse in the
visible spectrum. Furthermore, it's worth noting that the plasmonic SMPD can achieve an impressive
detection efficiency of 98% for visible photons at a single-photon level under pulsed laser illumination.
Since the time scale of plasmon-photon interaction is much shorter than the thermalization, the
optimized detection efficiency can be attributed to the gap plasmon mode that enhances the light-
matter interaction, leading to the efficient disruption of Cooper pairs and the consequent breakdown
of the superconducting state. Therefore, we expect these plasmonic SMPDs to have a lower dark count
rate, time jitter, and higher single-photon detection efficiency for visible-light detection, making them

a promising candidate for various applications.

Methods

Device fabrication. The complete fabrication process is described in Supporting Information. The
structure of the NbN microwire is defined by a direct writer (Heidelberg, INSTRUMENTS); then, 30
nm-thick chromium is used as a hard mask and dry etched by CF4. Then, 5 nm-thick Al,Os is deposited
by atomic layer deposition (ALD, a custom-designed system produced by the local company Syskey
Technology). Finally, we utilize electron-beam lithography (ELS-7000 (ELIONIX)) combined with
electron-beam evaporation (ULVAC E-beam Evaporator, Peva-400E) to fabricate a 40 nm-long and

30 nm-high AgNC array on Al>Os.



Characterization of the photodetector at cryogenic temperatures. The measured resistance of the
metallic NbN microwire (Ry) is 250 Q at room temperature. At 9 K, a Keithley 2400 was used as a
current source to provide a sweeping current that flows through the NbN microwire and a shunt resistor
(Rsmunt) of 32 Q, and we measured the voltage difference between the two ends using the Keithley 2400.
The device was measured by using a confocal laser scanning microscope system equipped with a

vibration-free, closed-cycle cryostat (Attodry 800, Attocube).
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Figure 1. Gap-plasmon-enhanced photodetection in an NbN superconducting microwire

photodetector (SMPD). (a) Schematic of the plasmonic SMPD, featuring AgNCs on NbN microwire

photodetectors capped with 5-nm Al,Os. (b) Dark-field light scattering image and SEM image of the

designed plasmonic device. (¢) Dark-field scattering spectrum of the gap-plasmon resonance mode

from the designed gap-plasmon resonators. (d) and (e) IV curves measured from pristine SMPD and

plasmonic SMPD at 9 K, where /. represents the critical current for the dark state, and Al. represents

the difference in critical current, serving as a factor indicating the photoresponse.
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Figure 2. Optimized superconducting properties of quasi-epitaxial NbN films on MgO (100). (a)
Dielectric Permittivity and critical temperature of NbN films deposited at 800 °C on MgO and c-
sapphire substrates. (b) High-resolution cross-sectional transmission electron microscopy (TEM)
images show the rock-salt-type lattice structure (3-NbN) of the NbN film on MgO. (¢) X-ray diffraction
intensity diagram and (d) Atomic force microscopy (AFM) image reveal the atomically smooth surface
of the crystalline NbN film on MgO. (e) The critical temperature (7¢) of superconductivity is measured
as a function of film thickness (d), with black points representing 7. measured by SQUID and a red

line indicating the fitting model.
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Figure 3. Working principle of giant nonlinear photoresponse in superconducting microwire
photodetector (SMPD) with gap-plasmon resonators. (a) The photoinduced change in critical
current as a function of incident power with different wavelengths (405 nm, 532 nm, and 637 nm) is
measured at 9 K, revealing a significant nonlinear photoresponse in NbN SMPD with gap-plasmon
resonances (solid line). The dashed line represents the photoresponse from pristine NbN SMPD. (b)
Simulated electric-field enhancement for the plasmonic nanostructures at a different wavelength,
demonstrating the wavelength-dependent plasmonic coupling between the Ag NC and the NbN film.
(¢) The color map of numerically calculated |E[*/|Eg|* spectra as a function of the size of the AgNC
with a fixed periodicity of 100 nm. The peak of the gap plasmon resonances undergoes a spectral
redshift with increasing the size of AgNC. (d) Steady-state temperature distribution for a two-
dimensional cross-section of the plasmonic SMPD under an illumination intensity of 220 nW/um?. (e)
The NbN wire is heated beyond its critical temperature (approximately 13.2 K) under an illumination

intensity of 1800 nW/um?.
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Figure 4. Device performance of NbN SMPDs with gap-plasmon resonators. (a) The change in

critical current induced by incident power was measured at 9 K for different photodetectors with

varying widths of NbN microwire, using incident light with a wavelength of 532 nm. (b) The angle-

dependent change in critical current measured at 9 K revealed polarization-independent photodetection

signatures, where ¢ represents the angle between the nanowire and polarized light with a wavelength

of 637 nm. (¢) Normalized bias-current dependence of photon detection efficiency (DE) of plasmonic

SMPD, pristine SMPD, and their dark count rate (DCR). The plasmonic SMPD demonstrated

exceptional performance, achieving 98% detection efficiency when detecting visible photons at a

single-photon level.
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