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Abstract: Modern photon-based technologies are in need for fast detectors with the ability to
detect photons in the near- and mid-IR efficiently. Superconducting nanowire photon detectors,
which use the resistivity change upon photon incidence caused by a state transition from their
superconducting to normal conducting phase, are state-of-the-art detectors. However, detectors
usually suffer from low efficiency in the IR, due to their low intrinsic absorption in this spectral
range. To enhance the detection efficiency, we use a plasmonic perfect absorber geometry,
which utilizes a localized surface plasmon resonance and a spacer/mirror combination. We
present superconducting niobium plasmonic perfect absorber nanostructures, featuring near-unity
absorption, tailorable up to wavelengths of 4 um. Further, we confirm the working principle
of the plasmonic perfect absorber for wavelengths in the near-IR, which manifests itself as a
polarization-dependent detector response. Finally, we demonstrate an approach of coupling the
detector directly to a fiber. This might also enable ultrasensitive sensing application in the near-
and mid-IR in the future.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

Photon-based quantum technologies, such as quantum computing [1], quantum sensing [2], and
quantum cryptography [3] are a growing field of research, which requires fast, efficient and
reliable photon detection. Moreover, there are many applications for small and highly sensitive
IR photodetectors, e.g., for spectroscopy [4], data transmission in the telecom band [5], and IR
space telescopes [6]. Promising candidates that fulfil these requirements are superconducting
photon detectors e.g. superconducting nanowire single photon detectors [7,8] or superconducting
transition edge detectors [9], which change their resistivity under light incidence, due to a phase
transition from the superconducting to the normal conducting state. Depending on the area of
application, commonly used superconducting materials are niobium titanium nitride [10,11,12],
tungsten silicide [13], and niobium nitride (NbN) [14,15].

However, the intrinsic absorption of commonly used superconducting metals, e.g. niobium
(Nb) and NbN is low, especially for wavelengths in the mid-infrared (MIR) spectral range. One
way to enhance the absorption is to aim for a larger active area. However, such a detector
has bigger kinetic inductance and thus, a longer recovery time [14]. Therefore, various other
approaches, such as waveguides [16] and cavities [17] have been developed to enhance this
absorption. Another concept is utilizing plasmonic resonances, which can be found in various
applications [18,19,20]. These resonances feature a high resonant absorption cross-section,
which allows for small active areas with high absorption nonetheless. In contrast to cavities,
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they show an angle of incidence insensitivity [21,22], which opens the possibility for using high
NA focusing optics to reduce the light spot size and therefore make even smaller detector areas
possible.

To enhance the absorption even further, a plasmonic perfect absorber geometry [23,24,25]
can be used. By confining the incident light in the active material, near-unity absorption can
be reached, which has already been demonstrated for various applications, e.g., photodetection
[26,27] or sensing [21,28].

In this work a superconducting nanowire photodetector with a plasmonic perfect absorber
geometry is presented, utilizing Nb as active material, which exhibits a near-unity absorption in
the IR spectral range. The plasmonic enhancement of the detector response to light incidence is
demonstrated by polarization sensitive measurements. Finally, we present an approach to couple
the incident photons more efficiently to the detector, by using 3D-printed microstructures.

2. Design and simulations

Plasmonic perfect absorbers are a special kind of structures, which utilize a localized surface
plasmon resonance to confine incident light and therefore lead to unity absorption. In Fig. 1(a) a
schematic sketch of a perfect absorber geometry is depicted: On top of the substrate a 120 nm
thick gold mirror is placed, followed by a dielectric spacer layer, which is aluminum oxide (Al,O3)
for our samples. The topmost layer consists of a 50 nm thick Nb film, which is nanofabricated
into a nanowire array. The Nb film is hereby sputter-deposited at ambient temperature in a
Pfeiffer 570 at 5x 1078 mbar and at 25 sccm argon gas. If now photons are incident, their
electric field excites an oscillation of the charge carriers in the Nb nanowires, forming a so-called
localized surface plasmon. Due to Coulomb forces an antisymmetric oscillating mirror plasmon
is evolving in the gold layer. We can understand these moving charges as a ring current, which
generates a magnetic mode. This magnetic mode than can interact with the magnetic field of the
incident light. If the geometry is tuned right, i.e., the effective surface impedance Z = (w/e)'/? of
the structure equals the vacuum impedance of Z, = 1, it will result in a reflection of 0, due to
R = [(Zy — Z)/(Zy + Zs)|*. In addition, the thick gold layer suppresses any transmission T in the
IR spectral range. Thus, one ends up with unity absorption A=1-R - T=1 [28]. To obtain this
perfect absorption, the geometry of the perfect absorber can be optimized by adjusting the wire
width, the period, and the thickness of the Al,O3 layer.

lattice

width

0pm

detector

Au

Substrate

Fig. 1. Working principle of the plasmonic perfect absorber and design. (a) Sketch of a
plasmonic perfect absorber structure with Nb as active material. Incident light excites a
plasmon oscillation in the nanowire, which leads to an antisymmetric oscillating mirror
plasmon in the gold layer. The moving charges generate a ring current and induce a
magnetic mode, which interacts with the magnetic field of the incident light. (b,c) Designs
of test-lattice and the final detector.
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However, the perfect absorption only works if the incident light is polarized perpendicular to
the wires (TM polarization). The absorption of the nanowire in TE polarization along the wires
is caused mostly by the intrinsic absorption of the metal.

In Fig. 1(b) and (c) the design of our perfect absorber nanostructures is shown. The design in
(b) will be called a ‘lattice’ in the following and consists of parallel nanowires, forming a square
with an area of (100 x 100) um?. Due to its large size and simplicity, it is used to perform a large
number of absorption measurements, while changing the geometry. In Fig. 1(c) the design of
the actual detector is shown: To form a single, continuous wire, the nanowires are connected at
alternating ends. Moreover, the (30 x 30) um? active area is connected to gold contact pads with a
side length of 250 pm, to which the detector is bonded with gold wires to a standard chip carrier.

Before the actual fabrication of the lattices, simulations are carried out to find the optimal
parameters. To do so, an in-house implementation utilizing the Fourier modal method with a
scattering matrix approach and 225 plane waves is used [29,30]. To make the simulations as
accurate as possible, the refractive index of a 50 nm Nb film is measured with ellipsometry and
extrapolated to higher wavelengths according to the Drude model (see Fig. 6 in Appendix). In
Fig. 2 the resulting simulated absorption spectra are shown for a varying wire width between
500 nm and 1750nm for two different periods (1500 nm (Fig. 2(a)) and 2500 nm (Fig. 2(b)). The
spacer layer consists of 100 nm Al,O3 and the thickness of the Nb film is 50 nm. The simulations
are performed for TM polarization, which is perpendicular to the wires, as depicted in Fig. 2(c).
In the simulated spectra a typical plasmonic resonance with near-unity absorption absorption in
the Nb-wire (proven by the field distribution in Fig. 7 in the Appendix) can be observed. The
resonance is broadband and its spectral position can be shifted over a wide spectral range by
changing the wire width. We can understand this behavior by imagining the nanowire as a dipole
antenna: To be resonant to a certain wavelength, the wave must spatially fit into the nanowire.
However, to sustain the high absorption over the whole range the period needs to be optimized,
too. These results prove that with the concept of the plasmonic perfect absorber one is able to
reach an absorption of almost 100% for wavelengths far into the MIR. For wavelengths beyond
8000 nm the used spacer becomes absorbing due to a phonon resonance, so one needs to replace
the spacer material, for example with germanium, to extend the perfect absorber even further.

Simulation, period = 1500 nm Simulation, period = 2500 nm
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Fig. 2. Simulated absorption of perfect absorber lattices for varying wire widths and periods
of (a) 1500 nm and (b) 2500 nm. The simulation shows near unity absorption, which can
be shifted over a wide spectral range up to wavelengths of 7500 nm with changing the wire
width and adjusting the period. Please note that the period is deep subwavelength, so no
grating effects or Rayleigh-Wood anomalies occur. (c) SEM image of a plasmonic lattice to
depict the used polarization.
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3. Absorption and electric response measurements

In Fig. 3 measurement results of fabricated perfect absorber lattices with varying period, wire
width, and spacer thickness are displayed. The spectra are obtained with a Fourier-transform
infrared spectrometer (FTIR) measurement (Bruker Vertex 80 microscope Hyperion 3000) under
normal incidence. As a reference, the gold mirror with the Al,O3 layer next to the lattice structure
is used. In Fig. 3(a) we plot the absorption in dependence of the wavelength for different wire
widths between 350 and 1000 nm in TM polarization. For the three smaller widths the period of
the lattice is 1000 nm and the spacer thickness is 100 nm; for the largest wire width we use a
period of 1600 nm and a spacer thickness of 140 nm. The data depict a plasmonic resonance with
an absorption of 97%, whose center wavelength is tunable over a wide spectral range from 2000
to 4000 nm by adjusting the width of the nanowires. In the figure, we also illustrate the measured
absorption in TE polarization along the wires for the lattice with 1000 nm wire width. In this
polarization the IR light cannot excite any plasmons, thus, only the intrinsic absorption of the Nb
layer remains and contributes to the low absorption of 15% at 4000 nm wavelength. Compared to
the absorption in TM polarization we therefore reach a plasmonic enhancement factor of over six.
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Fig. 3. Measured absorption of perfect absorber lattices. (a) The spectra show broadband,
near-unity absorption, which can be tuned over a wide spectral range far into the mid-IR.
Moreover, the absorption in TE polarization is shown. Due to the lack of plasmon excitations,
the absorption is smaller. (b) SEM image of one of the used lattices with polarization
definitions. (c-f) Heatmaps of the maximally achieved absorption (c,e) as well as the
resonance wavelength (d,f) in dependence of the wire width and the period of the lattice.
For (c) and (d) the spacer thickness is 100 nm and for (e) and (f) it is 140 nm. The pictures
demonstrate that the resonance wavelength is only dependent on the wire width, while for
near unity absorption the period and spacer thickness need to be optimized.

For the data displayed in Fig. 3(c)-(f) we extracted the maximal obtained absorption (c,e)
as well as the resonance wavelength (d,f) from measured spectra for various wire widths and
periods and plot them as interpolated heatmaps. For Fig. 3(c) and (d) we use a spacer thickness
of 100 nm and for Fig. 3(e) and (f) a thickness of 140 nm. Figure 3(d) and (f) illustrate the same
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behavior as in (a), namely a widely spectrally tunable resonance. Increasing the wire width will
hereby also increase the resonance wavelength of the plasmonic perfect absorber. The plot also
proves that the influence of changing the period or the spacer layer thickness on the spectral
position of the resonance is negligible. However, they do have an influence on the strength of the
resonance, i.e., the maximum absorption, which is demonstrated in Fig. 3(c) and (e): Resonances
at lower wavelengths (e.g., 2500 nm) require a smaller period and a thinner spacer layer to exhibit
high absorption. For higher wavelengths the perfect absorber geometry needs to be scaled up.

To test the benefits of the plasmonic perfect absorber for photon detection, we fabricate a
detector and test its response to photon incidence under cryogenic conditions. Following the
results in Fig. 3 we manufacture the detector with a period of 900 nm and a wire width of 410 nm,
which results in a resonance with 90% absorption at our target wavelength of around 2000nm in
TM polarization, as depicted in Fig. 4(a). Moreover, we benefit from a second resonance at a
wavelength of around 1200 nm, which lets us test the plasmonic behavior at a smaller wavelength
first, before measuring at our target wavelength. In the plot, we also show the absorption in TE,
which represents the intrinsic absorption of the Nb wires. Compared to the absorption spectra of
the lattices, the TM as well as the TE absorption curve show a good match. In Fig. 4(b,c) the
response of the detector to light incidence is shown. In the experiment the detector was cooled
down in a cryostat to around 2 K, a bias current was applied with a Keithley 2611B current source
and the change of the voltage drop under light incidence was measured. This response can be
understood as follows: If incident photons are absorbed by the Nb nanowire, their energy causes
a breaking of the Cooper-pairs in a small hot-spot region, which becomes normal conducting.
Due to its higher resistivity, the bias current is forced to flow around that hot-spot. This exceeds
the critical current density in the area surrounding the hot-spot and leads to breaking of the
Cooper-pairs there as well. This avalanche-like effect then continues and one can measure a
non-vanishing resistivity.

For the measurements in Fig. 4(b) and (c) the sample is illuminated in a free-space setup
through a cryostat window. The alignment and focusing of the laser spot onto the detector is
carried out with the help of a CCD camera. In Fig. 4(b) we use a cw-laser with a wavelength
of 1140 nm, apply a bias current of 700 pA and plot the signal over the power of the attenuated
laser. The data exhibit a bigger signal in TM polarization than in TE polarization, due to a higher
absorption. This is especially true for low laser powers below 5 uW, as depicted in the inset. In
this power range, the detector response was almost doubled in TM polarization, because the
plasmonically enhanced absorption increases the detection efficiency. One should also notice that
in TM polarization a laser power as small as 1 uW could be detected, which was not possible in
TE polarization. Currently, detector responses below approx. 0.01 puV are not detectible with the
used setup, due to electric noise, e.g., external noise from unshielded cables and noise from the
electric devices. We are working on improving the setup, so in the future smaller signals could
be detected. For high laser powers above 75 uW the response becomes polarization-independent,
since the power is so large that we are heating the detector above the critical temperature and
therefore do not benefit from the plasmonically enhanced absorption anymore. Moreover, at
these high powers, the measured response curve saturated, because the detector is now mostly
normal conducting and the probability that all photons are absorbed in a superconducting area is
reduced. In Fig. 4(c) the light source is switched to a pulsed laser (Stuttgart Instruments Alpha
HP) with 2000nm wavelength, a repetition rate of 20 MHz, and 200 uW average power. We plot
the signal in dependence of the applied bias current. Due to the long wavelength, alignment with
the CCD-camera is not possible and therefore the correct position and focus cannot be confirmed
easily. The measured signal exhibits a maximum at a bias current of 800 pA. If the bias current
is lower, the energy of the incident photon is not big enough to trigger the state transition over the
entire wire width, due to the lack of the avalanche-like effect. If it is too high, part of the detector
is already normal conducting even without photon incidence, due to defects in the nanowires.
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Fig. 4. Absorption and electric response of a (30 x 30) ;.1m2 detector with a period of
900 nm and a wire width of 410 nm, illuminated via free-space. (a) Polarization-dependent
absorption spectra of the detector. In TM polarization the data indicate a resonance with
95% absorption at 2000nm as well as a second smaller resonance at 1200 nm. (b) Measured
signal, manifested as a voltage change uppon light incidence, in dependence of the laser
power and polarization at a wavelength of 1140nm. The bias current was 700 pA. The
detector exhibits a larger response in TM polarization caused by the plasmonically enhanced
absorption. (c) Voltage change in dependence of the applied bias current for TM and TE
polarization at 2000nm wavelength. In this measurement the laser power is set to 200 uW.
The maximum detector response arises at 800 HA. At lower currents the state transition of
the detector is not triggered, and at larger currents some parts are already normal conducting
without photon incidence. The picture confirms a polarization dependent detector response
which proves the plasmonic enhancement in MIR. (d) SEM image of a detector with marked
polarizations.

Both will lead to a decreased detector response. The data display a bigger response in TM
polarization while the identical laser power was applied, resulting in an excitation ratio of 1. This
proves that the concept of the plasmonic perfect absorber works fine at higher wavelengths.

4. Fiber-coupled detectors

Precise free-space alignment between laser spot and detector is challenging for larger IR
wavelengths, since one has to use thermal imaging devices. To enhance the coupling efficiency
by improving this alignment, we couple the detector directly to a single-mode fiber. Figure 5(a)
shows a schematic sketch of how this is achieved: On top of the finished detector, we 3D-printed
(Nanoscribe Professional GT 3D printer) a fiber chuck [31]. Figure 5(b) depicts a microscope
image of the chuck. In the image the detector and the connections to the contact pads are also
visible. Afterwards, a fiber is cleaved and inserted into the central hole of the fiber chuck. Finally,
fiber and chuck are glued together with UV glue (Norland optical adhesive 63). An image of the
finished sample with an attached fiber is depicted in Fig. 5(c).

In Fig. 5(d) we plot the measured response over the average laser power at a wavelength of
2000nm with the fiber-coupled detector. The inset shows the response in dependence of the
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Fig. 5. Fiber-coupled detector. (a) Drawing of the hollow fiber chuck with the fiber inserted.
After aligning, the fiber is glued with UV-glue. (b) Microscope image of the fiber chuck. (c)
Image of a finished fiber-coupled detector device on the sample holder. In the figure, the
fiber chuck with the attached fiber is shown. Moreover, the bonding wires and the bonding
pads are visible. (d) Measured voltage change in dependence of applied laser power at a
wavelength of 2000nm and a bias current of 11 mA. Due to better focusing and aligning, a
substantial signal increase was achieved when compared to the free-space-setup. (inset) For
obtaining the optimal bias current, we plot the voltage change over the bias current while
using a laser power of 8§ uW.

applied bias current for a laser power of 8 pW. For this measurement, a bias current of 11 mA
results in the largest signal. This increase, compared to the free-space measurement in Fig. 4(c),
is caused by changing the setup and using a different sample (but with the same fabrication
parameters). Since we used a non-polarization-maintaining fiber, we cannot perform polarization-
dependent measurements with this setup. In the future, one could use a polarization-maintaining
fiber to solve this issue. The data confirm that with fiber-coupling we were able to detect laser
powers below 1 uW, which was not possible before. Moreover, compared to the free-space setup,
we gain a huge overall signal increase, which is caused by the better alignment and better focusing
by utilizing the fiber.

5. Conclusion and outlook

In this work we presented superconducting photodetector for the infrared spectral range, which
use niobium as active material. Utilizing a plasmonic perfect absorber geometry we demonstrated
near-unity absorption, which is tailorable over a wide spectral range far into the mid-IR. Moreover,
we demonstrated a polarization-dependent detector response upon light incidence, which indicated
that our plasmonic perfect absorber geometry indeed leads to signal enhancement and hence
to a higher detection efficiency, which opens the way towards highly sensitive photodetection
down to the single photon regime. In addition, we demonstrated a concept for improving the
alignment between detector and incoming light by coupling the detector directly to an optical
fiber, which resulted in a large signal increase. Since detectors with a perfect absorber geometry
also work well for large angle of incidences and due to the high precision of 3D-printing [32],
this can be used in the future to fabricate smaller, and therefore faster detectors by utilizing fibers
with high-NA optics.
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6. Appendix
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Fig. 6. Refractive index of our 50 nm thick Nb film on a perfect absorber substrate. The
solid lines depict measured data, the dashed data are extrapolated linearly according to the
Drude model.

Fig. 7. Simulated electric field distribution of a Nb nanowire on top of a perfect absorber
substrate upon incidence of resonant light with a wavelength of 2000nm. Since there is only
a vanishing field inside the gold layer, most of the incident energy is absorbed inside the Nb
nanowire.
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