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Abstract: The recent development of photon-based technologies such as quantum cryptography
and quantum computing requires high fidelity and fast photodetectors, as well as the ability
to detect single photons. One possibility to achieve these goals are superconducting nanowire
single photon detectors, utilizing the superconducting-to-normal conducting phase transition. To
achieve the required high efficiency, we use resonant plasmonic perfect absorber effects, reaching
over 90% polarization-independent absorbance at our target wavelength of 1140 nm. Moreover,
the target wavelength can be easily tuned by adjusting the geometry of our detectors. Furthermore,
the high absorbance is maintained at oblique incidence, due to the plasmonic perfect absorber
principle, and small active areas can be achieved by the high resonant absorption cross-section
of plasmonic resonances. We fabricated different tunable, polarization independent plasmonic
perfect absorber superconducting nanowire photodetectors and proved their high absorbance and
polarization independent response in the wavelength regime around 1140 nm.
© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1.

Introduction

Highly efficient, precise and fast single photon detectors are required for quantum information
technologies such as quantum computing [1,2] and quantum key distribution [3], to ensure a secure
form of communication. For these reasons, single photon detectors become an interesting and
exiting field of research. The necessary requirements can be fulfilled by so-called Superconducting
Nanowire Single Photo Detectors [4–6] (SNSPDs). Creating small and efficient photodetectors
is challenging, due to the tradeoff between short recovery times, caused by small active-areas,
and high detection efficiencies accomplished by large active-areas [7]. This can be tackled by
utilizing plasmonic resonances with their large resonant absorption cross section.
The general properties of SNSPDs are determined by their material and design, which leads
to a great variety of different detector types made from various superconducting materials
such as niobium titanium nitride [8–10], tungsten silicide [11], and niobium nitride (NbN)
[12–14], featuring differing designs such as optical cavities [15], waveguides [16], and plasmonic
nanostructures [5,17,18].
A typical design is the meander structure. This design is usually sensitive to the polarization
of the incident light, hence the detection efficiency varies for different polarized photons [19,20].
Depending on the application for which the detectors are intended, this is an undesired effect. For
example, when fiber coupling with normal single-mode fibers, the polarization is not preserved,
therefore a high detection efficiency in every polarization direction is important. There are several
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approaches to achieve this goal, such as fractal nanostructures [21], double-layer systems [22],
and spiral nanostructures [23].
Plasmonic nanostructures and their localized surface plasmons [24] are already used in a
variety of different applications [25,26] and additionally, plasmonic enhancement is already
used for other types of infrared photodetectors [27–29]. Depending on their design they offer
polarization-dependent and polarization-independent responses. Moreover, they can provide
small and fast detectors due to the high resonant absorption cross section. This can be enhanced
even further by utilizing the so-called plasmonic perfect absorber principle [30,31], leading
to absorption of up to 100% and strong incident angle independence [32,33]. These type of
plasmonic perfect absorber sensors are already used for other sensing technologies [34].
In this work we present two different tunable polarization-independent plasmonic perfect
absorber superconducting nanowire photodetector designs and prove their high absorbance,
tunability, and polarization independent response in the near infrared spectral range.
2.

Sample fabrication

To ensure the best possible optical properties for our NbN detectors we need to precisely define
our structures. This high quality, precision, and control can be obtained by using electron beam
lithography (EBL) combined with plasma etching techniques. Figure 1 depicts a schematic
sketch of this fabrication process.

Fig. 1. Fabrication of the nanostructures: (a) High resolution photoresist is spin-coated
on top of the sputtered NbN layer. (b) An inverse pattern of the desired nanostructure is
created with electron beam lithography. (c) A Cr layer is evaporated on top of the structured
photoresist. (d) By removing the photoresist only the Cr etching mask of the desired structure
is left. (e) Plasma etching creates the NbN nanostructure. (f) Removing the Cr etching mask.

The sample consists of a glass substrate, followed by a 5 nm thick titanium sticking layer
and the perfect absorber substrate which consist of two parts, a 120 nm thick gold film and a
100 nm thick aluminum oxide (Al2 O3 ) dielectric spacer. To obtain a clean and smooth surface
the metallic parts are evaporated via electron gun and the Al2 O3 via atomic layer deposition
(R-200 Advanced, Picosun).
The 20 nm thick plasmonic NbN film was sputter-deposited onto the prepared perfect absorber
substrate using radio-frequency magnetron sputtering, with a NbN target, a deposition temperature
of 800°C, a chamber pressure of < 6 × 10−8 torr, a nitrogen/argon flow rate ratio of 1/24 and
a power of 120 W. We note that the properties of the NbN film can be varied with different
parameters [35,36]. In the end, the chamber is vented with nitrogen at room temperature. These
growth parameters ensure the highest possible critical temperature.
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Afterwards a high resolution positive photoresist (AR-P 6200.04 CSAR62, Allresist), and
Espacer (Showa Denko) is spin-coated on top, as shown in Fig. 1(a). To create an inverse pattern
of our desired nanostructure we expose the photoresist via electron beam patterning (eLine Plus,
Raith), as depicted in Fig. 1(b). Figure 1(c) and (d) illustrate the evaporation and lift-off of
the 50 nm thick Chromium (Cr) etching mask. First we cover the entire film with Cr, which is
evaporated via electron gun evaporation and remove the undesired Cr with a lift-off process,
using a n-ethyl-2-pyrrolidon based remover (Allresist), leaving the finished Cr etching mask
on the NbN film. The uncovered NbN is removed via plasma etching, see Fig. 1(e). The last
step is to remove the Cr via a commercial Cr remover, shown in Fig. 1(f). This process yields
high-quality nanostructures. Moreover, it allows us to simply change the design and geometry of
our detectors and therefore tune the plasmonic resonance and the absorption of our detectors to
desired wavelengths.
3.
3.1.

Detector design, absorption, and response
Plasmonic perfect absorber

Figure 2 depicts the working principle and substrate design of the NbN plasmonic perfect absorber
samples.

Fig. 2. Working principle and substrate design of the NbN plasmonic perfect absorber.
Left: Representation of the plasmonic perfect absorber principle. The incoming light leads
to a plasmon oscillation in the NbN wire on the top. Thus, an antiphase oscillating mirror
plasmon is created in the gold mirror below. Their interaction creates a circular current and
a magnetic response. Right: Schematic structure of our NbN perfect absorber samples.

The plasmonic perfect absorber principle enables us to reach high absorbance at our desired
wavelengths. There are two different ways to explain this phenomenon. The first explanation is
shown in Fig. 2 on the left side. When light, which is polarized perpendicular to the NbN wire,
hits the nanostructure it excites a localized surface plasmon. Due to this oscillating plasmon
an antiphase oscillating mirror plasmon is generated in the gold mirror below. The interaction
between these two plasmons initiates a circular current, resulting in a magnetic response, which
interacts with the magnetic field of the incoming light.
The second method is a mathematical model, where we can describe the sample as a medium
with the electric permittivity ε(λ) und the magnetic permeability µ(λ). By impedance matching
between the surface impedance of our structure Zs = (µ/ε)1/2 and the vacuum impedance Zv = 1,
we can suppress the reflectance R = |(Zv – Zs )/(Zv + Zs )| 2 of the sample. Impedance matching is
optimized by the geometric parameters such as periodicity, spacer thickness, and wire width.
To find the starting parameter for these optimizations we carry out electromagnetic simulations,
using an in-house implementation of the Fourier modal method, utilizing a scattering matrix
approach and 255 plane waves [37,38]. The simulations are performed with air as upper material
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and the perfect absorber layer as substrate. In addition, to reach the 100% absorbance, we need
to block the transmission (T). In the infrared spectral range the incident light is blocked due to
the thick gold mirror. The combination between suppressed reflection and blocked transmission
leads to an absorbance A = 1 – R – T = 1 in the optimized spectral range [18,31,32].
Our samples are optimized for the near infrared spectral range around 1140 nm. The resulting
geometric parameters are depicted in Fig. 2, on the right side. The periodicity is 500 nm, the
Al2 O3 dielectric spacer has a thickness of 100 nm, and the thickness of the gold mirror is 120 nm.
The plasmonic structures consist of 20 nm thick NbN with variable wire widths to tune their
fundamental dipole resonance [39] and thus the maximum absorbance to our desired wavelengths.
3.2.

Polarization dependence and absorption

In Fig. 3 we point out the polarization sensitivity for the incident light of three different detector
structures.

Fig. 3. Schematic drawing of different detector designs and their plasmonic polarization
dependencies for TM and TE polarization.

The detector structure, shown in Fig. 3(a), is a typical grid-like meander used for a variety of
detectors. In our case this structure shows a strong polarization dependence, due to the fact that
plasmons are only excited when the polarization of the incoming light is perpendicular to the
NbN wires [18]. Therefore, the perfect absorber principle can be applied for the TM polarization,
and for the TE polarization only the intrinsic absorbance of the material is causing a detector
response.
The structure, depicted in Fig. 3(b), is a combination of perpendicularly arranged meander-like
structures. Thanks to this arrangement it covers TM as well as TE polarizations. This advantage
comes with the drawback of halving the active-area for each polarization, due to the fact that only
half of the structure can efficiently absorb one polarization, leading to a slight decrease in the
absorbance and the detection efficiency.
In Fig. 3(c) a circular detector is shown. From the middle of this structure, the incoming light
sees a steady plasmonic lattice in every direction, leading to polarization independence and high
absorption for both polarizations. Thanks to the strong angle of incidence independence of the
plasmonic perfect absorber substrate [18,32] the incident light can be focused in the middle
without losing detection efficiency. One way to achieve this is fiber coupling with high-NA
micro-optics at the end of optical fibers [40–42]. Moreover, this enables extremely small active
areas, leading to small kinetic inductances and short recovery times. A typical optical fiber, for
the infrared spectral range, has a core diameter of 6–8 µm, leading to minimum useful active
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areas of 6 × 6 µm2 . With precise 3D printing application and high-NA micro-optics, even 3 × 3
µm2 active areas could be achieved [40], with our detectors. Decreasing the minimum active
area by at least a factor of 4. Taking this into account and comparing the recovery time with
literature, we expect recovery times in the lower nanosecond regime [43,44].
In Fig. 4 we present scanning electron microscope (SEM) images of the two finished
polarization-independent detectors and their absorption spectra. In addition, we demonstrate
the wavelength tunability of the absorbance by presenting structures of the same type, but with
different wire widths. Figure 4(a) shows the SEM image of the meander-type and Fig. 4(b)
depicts the SEM image of the circular-type detector, consisting of a 20 nm thick NbN detector
structure, with a wire width of 215 nm, a period of 500 nm, and an active-area of 30 × 30 µm2 .

Fig. 4. (a) SEM image of the meander-type, polarization independent, 20 nm thick NbN
detector structure, with a wire width of 215 nm and a period of 500 nm. The different
horizontal and vertical wires react to different polarizations. (b) SEM image of the circular
polarization independent, 20 nm thick NbN detector structure, with a wire width of 215 nm
and a period of 500 nm. The center of the structure forms a symmetrical grid in all directions.
(c) Absorption spectra of the 20 nm thick NbN meander-type detector, with a period of
500 nm, different wire thicknesses and an active area of 30 × 30 µm2 . The inset depicts the
comparison of different polarizations. (d) Absorption spectra of the 20 nm thick circular
NbN detector, with a period of 500 nm, different wire thicknesses and an active area of
30 × 30 µm2 . The inset depicts the comparison of different polarizations.

To investigate the absorption behavior of the different structures we have measured the
reflectance with a Fourier-transform infrared spectroscopy spectrometer (Bruker Vertex 80
microscope Hyperion 3000) and calculated the absorbance with A = 1 – R – T, with T = 0.
Figure 4(c) plots the absorption spectra of the 20 nm thick NbN meander-type detector, with a
period of 500 nm, different wire thicknesses, and an active-area of 30 × 30 µm2 . The absorption
for this design reaches over 80% at the desired wavelength over a broad spectral range. For
wider wire widths the maximum shifts red and the absorption becomes broader, due to the larger
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dipole moments of the electron oscillations. The inset confirms the polarization independence.
Figure 4(d) depicts the absorption spectra of the 20 nm thick circular NbN detector, with a period
of 500 nm, different wire thicknesses, and an active area of 30 × 30 µm2 . The absorption of this
kind of detectors reaches over 90% for both polarizations, confirmed by the inset. The absorption
shifts red for larger wire widths and becomes broader. In addition, by comparing the measured
absorption with the absorption of other NbN SNSPDs, we would estimate a detection efficiency
of over 75% [13,14]. Moreover, typical jitter times for SNSPDs made out of NbN are in the low
picosecond regime and we estimate a similar behavior for our structures [12,14,45].
As discussed above, the absorption for the circular structures reach higher values when
compared with the meander-type structure, due the almost complete symmetrical plasmonic
lattice in every direction. There is still a small displacement in the center due to the fact that the
structure has to form a continues wire. A perfect plasmonic lattice detector utilizing the plasmonic
perfect absorber principle reaches absorption values of almost 100%, which we demonstrated
and discussed in [18].
3.3.

Detector response

To demonstrate the functionality of our detectors we expose them to an external light source
under cryogenic conditions while applying a bias current and measure their detector response,
manifested as a voltage drop.
A response is measured when a photon hits the superconducting nanostructure, leading to
the creation of a so-called local hot spot caused by disturbance and heating of Cooper pairs.
This results in an increase of the resistance, which will force the supercurrent to flow around the
hot spot region. Exceeding the critical current density causes the structure to switch from its
superconducting to its normal conducting state in the illuminated area.
Figure 5 depicts the normalized detector response for the three different structure designs, over
various laser powers, represented as a voltage drop. The measurements were performed at 3.5
K with a laser light source (Topica ECDL Pro) at 1140 nm. To measure the detector response,
we have used a four-point resistant measurement with a KEITHLY 2611B current source and a
KEITHLY 2182A nanovoltmeter.
The responses represented in Fig. 5(a) and (b) confirm the functionality of our detectors. They
show the same response for both polarizations, confirming polarization independence of the
structures at 3.5 K. Moreover, no response above their critical temperature at 20 K is measurable,
confirming the superconducting working principle of our detectors.
As reference, in Fig. 5(c) we show a structure which was characterized before [18]. This detector
exhibits a strong polarization dependence, because plasmons are only exited in TM polarization.
Due to the higher absorption in TM polarization the response of this light polarization is stronger.
For powers above 80 µW the responses for both polarizations are indistinguishable due to the
heating and subsequent loss of superconductivity induced by the high laser power.
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Fig. 5. Measured normalized detector response represented by a voltage drop for different
polarizations at a wavelength of 1140 nm at 3.5 K and 20 K. (a) Measured detector response
for the meander-type polarization-independent detector structure. No difference can be seen
for the different polarizations. (b) Measured detector response for the circular polarizationindependent detector structure. No difference can be observed for the different polarizations.
(c) Measured detector response for the polarization-dependent detector structure. A clear
difference can be identified for the different polarizations, because plasmons are only excited
in TM polarization. Adapted with permission from [18] © The Optical Society.

4.

Conclusion

In summary, we fabricated and demonstrated different superconducting NbN nanowire detectors
for polarization-independent infrared photodetection. We used a plasmonic perfect absorber
circular detector structure to reach over 90% polarization-independent absorbance, due to the
almost complete symmetrical plasmonic lattice in every direction and compared it to a perfect
plasmonic lattice detector, reaching nearly the same high performance. Moreover, it exhibits
an angle of incidence independence [18] and a tunability to desired wavelengths, by adjusting
the detector geometry. The functionality of our detectors was demonstrated by exposing them
to an external light source under cryogenic conditions, confirming a polarization-independent
response. The perfect absorber detectors will help create smaller and hence faster detectors by
coupling the photon directly in the detectors with fibers and high-NA objectives [40].
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