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Abstract: Quantum technologies such as quantum computing and quantum cryptography
exhibit rapid progress. This requires the provision of high-quality photodetectors and the ability
to efficiently detect single photons. Hence, conventional avalanche photodiodes for single photon
detection are not the first choice anymore. A better alternative are superconducting nanowire
single photon detectors, which use the superconducting to normal conductance phase transition.
One big challenge is to reduce the product between recovery time and detection efficiency. To
address this problem, we enhance the absorption using resonant plasmonic perfect absorber
effects, to reach near-100% absorption over small areas. This is aided by the high resonant
absorption cross section and the angle insensitivity of plasmonic resonances. In this work we
present a superconducting niobium nitride plasmonic perfect absorber structure and use its tunable
plasmonic resonance to create a polarization dependent photodetector with near-100% absorption
efficiency in the infrared spectral range. Further we fabricated a detector and investigated its
response to an external light source. We also demonstrate the resonant plasmonic behavior which
manifests itself through a polarization dependence detector response.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Applications based on quantum technologies such as quantum computing [1,2] and quantum
cryptography [3,4] require precise and high efficient photo detection. One way to achieve this
utilizes so-called superconducting nanowire single photon detectors [5—7] (SNSPDs), which
benefit from the superconducting to normal conductance phase transition. The big challenge is to
reduce the product between the recovery time and detection efficiency [8]. Short wires will lead
to faster recovery times, due to a small kinetic inductance. On the other hand, large photo-active
areas with long wires will lead to a high detection efficient, but worsen the recovery time. One
possible way to overcome this problem are plasmonic resonances, due to their high resonant
absorption cross section. They represent an effective way to increase the efficiency of SNSPDs.

The ability of the detector to absorb the incident light and trigger a response is the absorption
efficiency. This property depends on the material and the design of the detector. Therefore,
SNSPDs are made from a large variety of superconducting materials such as molybdenum silicide
[9], tungsten silicide [10], niobium titanium nitride [11-15], and niobium nitride (NbN) [16-18].
Many different types of SNSPDs have been created, such as waveguides [19], optical cavities
[17,20], optical nanoantennas [21,22], and plasmonic nanostructures [5,6,23].

With the help of metallic nanostructures localized surface plasmons can be excited [24], which
are already used in a variety applications [25-27]. Due to the high resonant absorption cross
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section of plasmon resonances, one can achieve a high detection efficiency in combination with a
small photo-active area to shorten recovery times.

In addition, the absorption of plasmonic nanostructures can be increased even further by using
the so-called perfect absorber principle, leading to absorption up to almost 100% [28-30]. This
effect also appears at high incident angles for TM polarization [31]. Perfect absorbers are already
used for plasmonic applications, such as palladium perfect absorbers for gas sensing [32].

In this work we present a superconducting NbN photodetector and enhance its absorption by
utilizing its plasmonic properties. With its tunable plasmonic resonance we create a polarization-
dependent photodetector with near-100% absorption efficiency in the infrared spectral range.

2. Thin film production and nanofabrication

To obtain the optimum optical properties of our NbN nanostructures we need to be able to precisely
define the structures. Therefore, we use electron beam lithography (EBL) in combination with
plasma etching techniques, which allows us to take complete control of the fabrications process
[33]. Figure 1 presents a schematic sketch of the used fabrication process.

Sputtering Cr evaporation

C
Lift-off Plasma etching Cr removal

Fig. 1. Fabrication scheme of NbN nanostructures: (a) 20 nm thick NbN films are sputtered
onto a perfect absorber substrate, subsequently a layer of high resolution photoresist is
spin-coated on top. (b) Electron beam lithography exposure and development processes
create an inverse pattern of the desired nanostructure. (c) A Cr layer is evaporated on top
of the structure. (d) The Cr etching mask is created by removing the photoresist. (e) With
plasma etching techniques, the nanoantennas are transferred to the NbN film. (f) Chemical
Cr removal removes the etching mask. (g) Exemplary representation of the finished NbN
nanostructures.

The perfect absorber substrate consists of a glass substrate with a 5 nm thick titanium (Ti)
sticking layer, a 120 nm thick gold film and, a 100 nm thick aluminum oxide (Al,O3) dielectric
spacer. The Ti and gold layer are evaporated via electron gun and the Al,O3 is deposited via
atomic layer deposition (R-200 Advanced, Picosun), to obtain a clean and flat surface.

The NbN film was sputter-deposited onto the perfect absorber substrate. We use radio-
frequency magnetron sputtering, with a NbN target, a deposition temperature of 800°C, a power
of 120 W, a chamber pressure of < 6 X 10-8 torr, and with an argon/nitrogen flow rate of 24/1. We
note that the properties of the NbN film can be varied with the target, growth temperature power,
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and argon/nitrogen flow rate [34]. After the deposition, we vented the chamber with nitrogen at
room temperature. These growth parameters ensure the highest possible critical temperature.

Before starting the EBL process a high resolution positive photoresist (AR-P 6200.04 (CSAR62),
Allresist) and Espacer (Showa Denko) is spin-coated on top of the 20 nm thick NbN film, see
Fig. 1(a). In Fig. 1(b) the photoresist is exposed via electron beam patterning (eLine Plus, Raith)
and then developed to create an inverse image of the desired nanostructure in the photoresist.
Figure 1(c) and (d) depict the evaporation and lift-off process of the Chromium (Cr) etching
mask. First we use an electron gun to evaporate 50 nm Cr and subsequently n-ethyl-2-pyrrolidon
based remover (Allresist) to remove undesired Cr in a lift-off process, leaving the finished Cr
etching mask on the NbN film. The plasma etching creates the NbN nanostructure, see Fig. 1(e).
In the end commercial Cr remover removes the etching mask, see Fig. 1(f). Figure 1(g) depicts
an exemplary representation of the fabricated NbN nanostructures, using a scanning electron
microscope (SEM) (S-4800, Hitachi). This process yields high-quality nanostructures, allows to
adjust period and width of the nanowire arrays, and therefore enables us to tune the plasmonic
resonance to desired wavelengths.

3. NbN perfect absorber plasmonics

In Fig. 2 we depict the absorption spectra of our 20 nm thick NbN nanowire arrays for different
polarization angles, with different wire widths between 200 and 265 nm, a fixed periodicity of
500 nm, and normal incidence for the simulations as well as the measurements.
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Fig. 2. Working principle and absorption spectra of the NbN plasmonic perfect absorber.
(a) Schematic depiction of a NbN plasmonic perfect absorber. The plasmon oscillation leads
to an antiphase oscillating mirror plasmon in the gold film, generating a circular current and
hence a magnetic response. (b) Simulated absorption for a 20 nm thick NbN wire array on a
perfect absorber substrate, with a fixed period of 500 nm and different wire widths, in TM
polarization. The simulation reveals tunable and high absorbing plasmon resonances. (c)
Measured absorption spectra of the simulated NbN structure in TM polarization. The spectra
confirm the tunability of the plasmon resonance wavelength and near-100% absorption at
resonance. (d) Measured spectra of the wire array in TE polarization, with lower absorption,
due to the not excited plasmons.

To reach almost 100% absorbance at a certain wavelength we use the perfect absorber principle.
Figure 2(a) depicts the schematic sketch of a perfect absorber. Phenomenologically, it can be
imagined as follows. When perpendicular polarized light hits the NbN wire, localized surface
plasmons are excited. The plasmon oscillation leads to an antiphase oscillating mirror plasmon
in the gold film, generating a circular current and a magnetic response. As a simple mathematical
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model the structure can be described as a medium with a magnetic permittivity pu(A) and electric
permittivity e(A). By optimizing the geometric parameters (periodicity, wire width, and spacer
thickness), both p and € can lead to impedance matching between the structure Zs = (p/s)l/ 2 and
the vacuum Z, = 1. This impedance matching results in a suppressed reflection R = (Z, — Z,)/(Zy
+ Zs). Moreover, the transmission in the infrared spectral range is blocked due to the thick gold
mirror, which leads to an absorbance of A=1-R — T =1 at the optimized wavelength [31].

To find these optimized parameters we carried out simulations using different geometries. For
the simulations we use an in-house implementation of the Fourier modal method with a scattering
matrix approach and 225 plane waves [35,36], where we utilize air as upper material and the
perfect absorber as substrate. Figure 2(b) shows the simulated absorption spectra of four different
nanowire arrays in TM polarization perpendicular to the wires, where the localized surface
plasmons across the wires are excited. The simulations confirm tunable and over 99% absorbing
plasmon resonances, which are fundamental dipole resonances [37], between wavelengths of
1000 and 1400 nm.

InFig. 2(c) we plot a Fourier-transform infrared spectroscopy spectrometer (FTIR) measurement
(Bruker Vertex 80 microscope Hyperion 3000) of the nanostructures, which exhibit an absorption
of over 95%, in which a blank piece of the perfect absorber substrate on the same sample is used
as areference. This highly absorbing plasmon resonance can further be tuned to lower and higher
frequencies by changing for example the wire width, to reach important telecommunication
wavelengths with absorption efficiencies of over 95%. Due to the exited mirror plasmon in the
gold of the perfect absorber structure, the strong absorption enhancement for TM polarization
also applies to moderately tilted angles [31,38]. The small mismatches between the simulation
and the real samples can be explained by a slightly imperfect geometry.
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Fig. 3. Electric field enhancement for the NbN nanostructures and angle dependence. (a)
Simulated absorption spectrum for a 20 nm thick NbN wire array on a perfect absorber
substrate, with a fixed period of 500 nm and a wire width of 200 nm in TM polarization and
normal incidence. (b) Simulated absorption spectra for different angles of incidence. The
absorption spectra hardly change for angles of up to 20° and retains its high absorption even
for large angles, due to the perfect absorber substrate and the high losses of the material. (c)
and (d) electric field enhancement distributions for the simulated NbN wire array once for
1140 nm (at resonance) and once for 2000nm (off resonance), for normal incidence. They
confirm that the absorption of the incoming light happens almost completely in the NbN
wire on top of the perfect absorber substrate and therefore there are no parasitic absorption
in the dielectric spacer or gold mirror below.
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Figure 2(d) demonstrates the FTIR measurement in TE polarization. The absorbance in this
polarization is smaller, due to the absence of exited plasmons and is caused by the high losses in
material [39]. This difference proves that the high absorption is of plasmonic nature.

Figure 3 depicts the angle of incidence dependence and the electric field for the NbN
nanostructures. In Fig. 3(a) we plot the simulated absorption spectrum for a 20 nm thick NbN
wire array on a perfect absorber substrate, with a fixed period of 500 nm and a wire width of
200 nm in TM polarization and normal incidence, which corresponds to the fabricated detector.
For normal incidence we reach over 99% absorbance at the plasmon resonance. In Fig. 3(b) we
present the simulated absorption spectra for different angles of incidence. The absorption spectra
hardly change for angles of up to 20° and retain their high absorption values even for large angles,
due to the perfect absorber substrate [31,38] and the high losses of the material. This excellent
angle independence up to large values aid in using our detector concept in combination with high
NA objectives, which can focus light to a diffraction limited spot. This will enable in the future
extremely small (um?) detector areas with ultra-low kinetic inductance and capacitance, which
will increase the detector speed and shortens its recovery time.

Figure 3(c) shows the electric field enhancement for the NbN nanostructure at 1140 nm. We
confirm a strong interaction between the incoming light and the NbN wire. The absorption of the
incoming light happens almost completely in the NbN (where the near field exhibits hot spots)
on top of the perfect absorber substrate and therefore there are nearly no parasitic absorptions in
the dielectric spacer or in the gold mirror below. The interaction at 2000 nm is weaker compared
to 1140 nm, due to the smaller absorption, compare Fig. 3(d).

4. Detector design and characterization
4.1. Design, absorption and superconducting properties

For the superconducting perfect absorber photodetector, a 20 nm thick NbN film on top of a
perfect absorber substrate is used. The detector itself has a wire width of 200 nm and a periodicity
of 500 nm, with an active area of 30 x 30 pmz, see Fig. 4(c). Itis a grid with connections between
the different wires to form a continuous meander and uses four large gold contact pads to perform
four-point resistivity measurements, see Fig. 5.

Figure 4 depicts the absorption spectra and meander design of the active area. In Fig. 4(a) we
demonstrate the high absorption spectrum for our fabricated detector structure for TM and TE
polarization. For TM polarization we excite the localized plasmons across the NbN wires and
reach an absorption of up to 95%. For TE polarization the absorption is expectedly lower and
caused by the high losses in the material [39]. A polarization independent design could use disks,
square patches, crosses, or checkerboard-like perpendicular lattices [38]. Figure 4(b) compares
the measured spectra with the simulated ones and shows a good agreement for both polarizations.
The measured active area can be seen in Fig. 4(c).

In Fig. 5 we demonstrate the superconducting properties and design of the NbN detector.
Figure 5(a) shows the normalized resistance of the detector structure measured in a four-point
resistivity measurement. The broad superconducting transition is clearly visible around 11 K.
This critical temperature is a good result and in the expected range, which is slightly below the
bulk value (T, = 16.5 K), due to the fact that the critical temperature of thin films is in generally
lower than its literature bulk value [40,41]. Figure 5(b) depicts the normalized magnetic moment
obtained via a superconducting quantum interference device measurement, which also exhibit a
superconducting behavior below 11 K. In Fig. 5(c) the critical current of the measured detector is
displayed, which confirms the critical temperature of 11 K. The entire manufactured detector
structure can be seen in Fig. 5(d).
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Fig. 4. Absorption spectra and design of the 20 nm thick NbN detector, with a period
of 500 nm, wire thickness of 200 nm and an active area of 30 x 30 umz. (a) Measured
absorption spectra of the detector, which confirm the enhancement of the absorption by
utilization the plasmonic properties of NbN and perfect absorber principle, which leads to
near-100% absorption in the optimized frequency range. (b) Simulated absorption spectrum
of the detector, which reveal a good agreement between simulated and measured data. (c)
SEM image of the active area of the NbN detector.
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Fig. 5. Superconducting properties and design of the 20 nm thick NbN detector. (a) Normal-
ized resistance of the structure measured by performing four-point resistivity measurement.
The broad superconducting transition is clearly visible around 11 K. (b) SQUID measurement
of the 20 nm thick NbN film. The depicted normalized magnetic moment also shows a
superconducting behavior below 11 K. (c) Critical current of the measured detector, which
confirms the critical temperature of 11 K. (d) SEM image of the entire detector structure.
The active area is connected with four large gold pad contacts in order to be able to carry out
the four-point resistivity measurement.
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4.2. Detector response

To demonstrate the detector response to an external light source and the plasmonic role in its
absorption behavior we use a cryostat with optical access, as well as a KEITHLEY 2611B current
source and a KEITHLEY 2182A nanovoltmeter to measure the change in its resistance.

When the NbN nanowire is hit by a photon, a hot spot is created due to the disturbance and
heating of cooper pairs. The supercurrent will be forced to flow around this region as it is more
resistive, which will increase the current density of the surrounding area. If the bias current
exceeds the superconducting critical current, the wire will switch to its normal conductive state,
which will result in a voltage drop.

Figure 6 confirms the efficiency and functionality of the superconducting NbN detector
structure with a laser source (Toptica ECDL Pro) and wavelength of A = 1140 nm for various
laser powers, in the superconducting state at 3.5 K, 8.5 K, and the normal conducting state at
20 K. To reach the strongest possible response we measured the detector response represented
by a voltage drop at a fixed laser power of 22.5 uW at 3.5 K in TM polarization for different
applied currents. The maximum response of the system arises slightly below the critical current
at 220 pA. If the current is too small, the detector does not switch to the normal conducting state
and if the current is too strong, some parts are already normally conducting, leading to weaker
responses, see Fig. 6(a).
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Fig. 6. Detector response. (a) Measured detector response represented by a voltage drop
for different applied currents at 1140 nm, 3.5 K and a constant laser power of 22.5 yW. The
maximum response of the system arises slightly below the critical current at 220 pA. If the
current is too low, the detector does not switch to the normal conducting state and if the
current is too strong, some parts are already normal conducting. (b) The detector response at
3.5K and an applied current of 220 puA over a wide laser power range for both polarization
angles. For higher powers, the response is indistinguishable due the system is completely in
its normal conducting state. The results indicate the polarization dependence of the detector
response and proves the plasmonic behavior. (c) Measured detector response for an applied
current of 290 pA, at 3.5K for different the laser powers. This confirm the result from
(a), and the overall stronger response with 220 A also enables smaller laser powers to be
detected, see insets. (d) Voltage drop for 8.5 K, with optimized applied current and 20 K.
The response of the detector is smaller compared to 3.5 K, probably due to the fact that small
parts of the structure are no longer superconducting. The detector shows no response its
normal conducting state at 20 K.

In Fig. 6(b) we demonstrate the detector response at 3.5 K with an applied current of 220
HA while illuminating the photodetector with the laser source for various laser powers. The
difference in the absorption efficiency can be directly observed by a measured voltage drop. This
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confirms that our system can distinguish between the polarizations of the incoming light, due
to the stronger response for the TM polarization, caused by the higher absorption. For higher
powers, the response is indistinguishable due the system is completely in its normal conducting
state.

Figure 6(c) confirms the results from Fig. 6(a) and plots the detector response 3.5 K with an
applied current of 290 pA. The result is basically the same as for 220 A, but the voltage drop
is smaller. The overall stronger response using 220 pA also enables smaller laser powers to be
detected, see insets.

The detector performance for higher temperatures is depicted in Fig. 6(d). The response of the
detector at 8.5 K is smaller compared to 3.5 K, due to the fact that small parts of the structure are
no longer superconducting and the detector shows no response in its normal conducting state at
20 K.

5. Conclusion

In summary, we fabricated a superconductivity niobium nitride detector for infrared photodetection
by utilizing a plasmonic perfect absorber geometry to reach almost 100% absorption. In addition,
our structure in not only able to detect the incoming light, it also able to differentiate its
polarization, due to the stronger absorption and response for the TM polarization. The perfect
absorber geometry allows also for a nearly angle independent absorbance, which will aid smaller
and faster detectors in combination with high NA optics in the future [42,43].
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