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Abstract: With the fast development of single photon-based technologies such as quantum
computing and quantum cryptography, conventional avalanche photodiodes as single photon
detectors are not the optimum tools anymore. They are currently replaced by Superconducting
Nanowire Single Photon Detectors (SNSPDs) based on the superconducting to normal
conducting phase transition. The current challenge with SNSPDs lies in overcoming the
trade-off between detection efficiency and recovery time. While a large active area will lead
to high detection efficiency, the associated high kinetic inductance causes a long recovery
time. Plasmonic effects can play an important role in the absorption enhancement of SNSPDs.
Nanostructuring with a suitable geometry can provide a high-absorption cross-section at the
intrinsic nanowire surface plasmon resonance, which can be significantly larger than their
geometric cross-section. We present a photodetector based on the intrinsic localized surface
plasmon resonance of a niobium nanowire, which is one of the common superconductors with
low kinetic inductance. Additionally, we are increasing the absorption of our nanostructures
even further using a plasmonic perfect absorber scheme. We fabricated a plasmonic perfect
absorber superconducting photodetector, investigated its response to external light at
resonance, and proved its plasmonic behavior as evidenced by its polarization dependence.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Single-photon based applications such as quantum computing [1,2] and quantum
cryptography [3,4] require photon detection with high efficiency and precision.
Superconducting Nanowire Single Photon Detectors (SNSPDs) [5] have thus become an
interesting field of research [6]. There is usually a trade-off between the detection efficiency
and the recovery time of SNSPDs [7,8]. On the one hand, a large photon-active area with long
wire will lead to high detection efficiency. On the other hand, long wires exhibit high kinetic
inductance, which will lead to long recovery times [9,10]. Plasmonic resonances, with their
large resonant absorption cross section, have been brought forward as an effective way to
increase the efficiency of SNSPDs.

The absorption efficiency (Mabsorption) 18 determined by the ability of the detector to absorb
the incident photon and trigger a signal; therefore, the design and the material of the detector
matters. Many methods have been implemented in order to enhance the absorption efficiency
of the SNSPDs such as optical cavities along with anti-reflection coatings [11], waveguides
[12,13], and optical nanoantennas [14,15].

The interaction of light with metallic nanostructures reveals unique optical properties
originating from the excitation of localized surface plasmons [16,17], which can be used for
many applications [18,19]. Hence, plasmonics is expected to play a very important role in
enhancing the detection efficiency of SNSPDs, due to the large absorption cross-section at
resonance. Moreover, maintaining a small active area of the detector would shorten the
recovery time.
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Further absorption enhancement for the plasmonic nanostructures could be obtained using
the so called plasmonic perfect absorbers, which exhibit a very large absorbance cross-section
even at high incidence angles (i.c., at a large numerical aperture) [20]. Gold perfect absorbers
were used as plasmonic sensors for refractive index sensing [21]; palladium perfect absorbers
for gas sensing applications [22]. Many superconducting materials have been used to
fabricate SNSPD such as NbN [23-25], NbTiN [26-28], MoSi [29,30], and WSi [31]. Here
we study niobium perfect absorbers to implement them in SNSPDs aiming for perfect
absorption using a small active area. Niobium is also one of the common superconductors
with low kinetic inductance [32], thus it is attractive material for SNSPDs. It also exhibits
good plasmonic properties in the near- and mid-infrared spectral range [33].

First, we study the sputtering parameters that yield the highest quality Nb films in terms of
the electrical and optical properties. We fabricate 1D Nb gratings and study their plasmonic
properties by exciting localized surface plasmons along the short wire axis (Fig. 1(a)). We
then investigate the tunability of the plasmon resonance wavelength as a function of the wire
width. Further absorption enhancement is obtained using Nb plasmonic perfect absorber
structures (Fig. 1(b)). We use scattering matrix simulations to obtain the structure parameters
that yield the maximum absorption, and we use these parameters to fabricate Nb perfect
absorbers [34,35]. We fabricate a perfect absorber Nb meander connected to four pad contacts
and characterize its superconducting and plasmonic properties (Fig. 1(c)). We put the system
in a superconducting state, expose it to external light where its maximum absorption occurs,
and prove that the response is indeed plasmonic in nature (Fig. 1(d)).
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Fig. 1. (a) Schematic illustration of a Nb nanowire on a substrate with the electric field exciting
particle plasmons along the short wire axis. (b) Schematic illustration of a Nb plasmonic
perfect absorber. Mirror plasmons are generated on the gold mirror surface leading to a
circular current and a magnetic response. (¢) By optimizing the structure parameters of the Nb
perfect absorber, a close to unity absorption could be achieved. (d) Schematic drawing of a
perfect absorber SNSPD with a small active area responding to the incident light.
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2. Nb sputtering and nanofabrication

Sputtering high quality superconducting Nb films requires high precision before, during, and
after deposition. The amount of impurities incorporated into the film degrade its quality,
hence contamination control is necessary. To minimize the fraction of impurities, one needs
to decrease the number of impurity atoms hitting the film by choosing a highly pure target,
maintaining a clean chamber, and depositing in a good vacuum condition. It turned out that
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increasing the deposition rate either by increasing the sputtering power and/or decreasing the
substrate to target distance leads to high quality films due to minimizing the fraction of
impurities [36].

We studied carefully the effect of each of the deposition parameters on the
superconducting transition temperature of the Nb films (power, substrate to target distance,
background pressure, argon pressure, substrate dependence, and deposition rate). After
yielding the optimum deposition parameters that result in high quality Nb films (the exact
optimized conditions are given below), we checked the reproducibility by applying these
parameters at four subsequent sputtering processes with unchanged conditions. The transition
temperature of the films was determined using mutual inductance measurements. As shown in
Figs. 2(a) and 2(b), the real and imaginary parts of the mutual inductance indicate the
reproducibility of the transition temperature. We are interested in the plasmonic properties of
Nb as well, hence, the reproducibility of the optical properties is also worth checking.
Modeled spectroscopic ellipsometry measurements were carried out to determine the optical
properties of the films in terms of the real and imaginary parts of the dielectric function as
shown in Figs. 2(c) and 2(d). The data indicates the reproducibility of the optical properties as
well.
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Fig. 2. Reproducibility of the electrical and optical properties of Nb films. Four different 100
nm Nb films were deposited over c-plane sapphire substrates (indicated by different colors)
using DC magnetron sputtering. The films were characterized by mutual inductance
measurements to determine the superconducting transition temperature ((a) and (b)). Modeled
spectroscopic ellipsometry measurements were carried out to determine the optical properties
of the films in terms of the real (d) and imaginary (c) parts of the dielectric function. These
values were used for our simulations afterwards.

The substrates in the four different processes were c-plane sapphire to exclude the
substrate dependence of the film quality [37]. They were cleaned in acetone and propanol for
10 minutes each using an ultrasonic bath at T = 55° C and P = 110 Watts. The substrates were
mounted inside the Pfeiffer 570 sputtering machine and the chamber was pumped for 5 hours;
the background pressure was 10~ mbar afterwards. An argon flow rate of 25 sccm was used
and this value led to a pressure of 6 x 10~ mbar. With a DC magnetron sputtering process, we
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ignited the plasma using 150 Watts of power and etched the native oxide layer on the target
surface for 10 minutes before opening the shutter. The power used during deposition was 600
Watts, which gave a deposition rate of R = 7.7 nm/sec considering a constant substrate to
target distance.

To study the plasmonic properties of niobium (as well as Nb plasmonic perfect absorbers),
we fabricate 1D Nb gratings using electron beam lithography. For the Nb plasmonic perfect
absorber we clean the glass substrates in acetone and propanol for 10 minutes each using an
ultrasonic bath at T = 55° C and P = 110 Watts. A 5 nm Cr layer is evaporated first using an
electron-gun evaporator to enhance the adhesion between the glass substrates and the thick
gold mirror evaporated afterwards. A MgF, layer is evaporated on top of the Au mirror and
annealed for four hours at 400° C to enhance the surface morphology. As shown in Fig. 3(a),
the Nb thin film is subsequently sputtered over the multilayer structure (substrate, gold
mirror, and spacer layer). A negative photoresist is spun, baked, exposed using electron beam
lithography to create the structures of interest, and developed as depicted in Fig. 3(b). The
pattern is then transferred to the Nb film below using plasma etching (with an argon-freon
mixture) process as shown in Fig. 3(c). Finally, the residual photoresist is dissolved by
immersing the sample in NEP solution, producing precise structure dimensions as shown Fig.
3(d).

Laser Interference Lithography (LIL) is one of the common methods used to tailor 1D and
2D plasmonic nanostructures [38—40]. The interference pattern of a UV laser is transferred to
a negative-UV sensitive photoresist, followed by transferring the created pattern to the film
after developing and a subsequent plasma etching processes. In addition to the electron beam
lithography, LIL can be used to fabricate Nb plasmonic perfect absorbers.
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Fig. 3. Schematic drawings of the perfect absorber nanofabrication process using electron
beam lithography. (a) 20 nm Nb films are sputtered over the multilayer structure. (b) A
negative photoresist is spin coated, exposed using standard electron beam lithography, and
developed afterwards. (c) The pattern is transferred to Nb using a reactive ion beam etching
process. (d) The residual photoresist is removed by immersing the sample in NEP solution.

3. Nb plasmonics and plasmonic perfect absorbers

As shown Fig. 4 we study the plasmonic properties of our Nb nanostructures. A schematic
diagram of a 1D 20 nm thick Nb grating, with the electric field exciting plasmons along the
short wire axis, is presented in Fig. 4(a). Simulations, depicted in Fig. 4(b), show that the
resonance frequencies of the metallic nanostructures are tunable by their geometrical
dimensions. As we excite plasmons along the short wire axis, the plasmon resonance
wavelength can be tuned by changing the wire width. These results are corroborated by
transmission FTIR measurements shown in Fig. 4(c) for different fields with different wire
width. They also demonstrate the tunability of the plasmon resonance wavelength in the IR
range. SEM images of the corresponding fields are displayed in Fig. 4(d).

At the telecom wavelength, the Nb plasmonic nanostructures have up to 40% relative
transmission. The modulation depth in the relative transmission spectra includes the absorbed,
reflected, and scattered light. For our application, only absorbed photons are the ones that
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count as they will trigger a detection signal, hence, improved absorption enhancement for the
Nb plasmonic nanostructures is still required.
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Fig. 4. (a) 20 nm thick Nb nanowires exhibit tunable particle plasmon resonance. We excite
plasmons along the short wire axis, hence the resonance wavelength is tunable as a function of
the wire width. (b) Simulated spectra of Nb plasmonic nanostructures using scattering matrix.
(c) Relative transmission FTIR spectrum. (d) SEM images of the corresponding fields. The
wire width from left to right is W = 260, 290, 330 nm with a periodicity of 750 nm, the scale
bar is 5 pm.

The perfect absorber scheme is a well-known method for enhancing the absorption of
plasmonic nanostructures. By using a thick gold mirror, one can block the transmission of the
incident light. Choosing the optimum structure parameters (wire width, periodicity, and
spacer layer thickness) that lead to impedance matching between the structure and the
vacuum, will suppress the reflection [20-22], and the absorption efficiency of the incident
light can approach unity. In Fig. 5(a), a schematic drawing of the Nb plasmonic perfect
absorber is depicted. The localized surface plasmons are excited along the short wire axis. We
use scattering matrix simulations before the nanofabrication process. We run the simulations
over wide range of wire widths for different periodicities and different spacer layer thickness.
After yielding the optimum structure parameters that result in a perfect absorption around the
wavelength of interest as shown in Fig. 5(b), we fabricate 20 nm thick Nb perfect absorbers
using electron beam lithography. The relative reflection FTIR measurements in Fig. 5(c)
demonstrate the tunability of the particle plasmon resonance as a function of the wire width
and 95% absorption. In addition to the high absorption cross section and the wavelength
tunability, the plasmonic perfect absorbers tolerate a large range of incident angles, yielding a
high numerical aperture upon strong focusing of the incident light [21,22]. A close to unity
absorption even with an incident angle of 8 = 50° could be achieved in TM polarization
perpendicular to the wires [41].
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Fig. 5. (a) Schematic drawing of 20 nm thick Nb perfect absorber, with the electric field
exciting plasmons along the short wire axis. (b) Absorption spectra for Nb perfect absorbers
simulated using scattering matrix. (c) The measured data for the fabricated samples confirms
the tunability of the plasmon resonance wavelength and a close to unity absorption at
resonance. The wire width from left to right is W = 270, 290, 340 nm, and the periodicity is P
=750 nm. (d) SEM images for the corresponding fields, the scale bar is 5000 nm.

4. Detector fabrication and characterization

For the perfect absorber superconducting photodetector, a 100 nm Nb film is sputtered over a
perfect absorber structure. The detector is fabricated using electron beam lithography. The
detector active area is a 10 x 10 pm* meander (Fig. 6(c)). The wire width is 320 nm with a
periodicity of 1 um. The meander is connected to four pad contacts (from Nb as well) with
sizes 50 x 50 pm? each (Fig. 6(a)). A relative reflection FTIR measurement was performed to
obtain the absorption spectrum of the active area for both parallel and perpendicular
polarizations (Fig. 6(d)). For the polarization angle ¢ = 0°, the electric field is exciting
localized surface plasmons along the short wire axis, and we obtain up to 70% absorption at
the resonance wavelength (A = 1150 nm). For the perpendicular polarization with ¢ = 90° the
absorption is about 20% at the same wavelength. Four aluminum wires are bonded from the
four pads to a chip carrier. A four-point resistivity measurement with Ip,s = 50 pA is
performed from room temperature down to 2K to determine the superconducting transition
temperature of the detector, which is 7.5K as indicated in Fig. 6(b).
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Fig. 6. (a) SEM image of the perfect absorber detector fabricated using electron beam
lithography. The active area is connected to four pad contacts (from Nb as well) on top of
perfect absorber structure. The scale bar is 100 um. (b) The detector superconducting transition
temperature is determined by performing four-point resistivity measurement and amounts to
7.5 K. (c) SEM image of the active area (10 x 10 pm?). The total wire length is 130 um, with
100 nm thickness, 320 nm width, and periodicity 1 pm. The scale bar is 5 um. (d) FTIR
relative reflection measurement for the detector active area to obtain its absorption spectrum.
Red indicates the E-field of the incident light polarized along the short axis (TM, ¢ = 0°), and
blue indicates polarization of E-field along the long axis (TE, ¢ = 90°). No plasmonic
enhancement is visible in the latter geometry.

To investigate the detector response to external light and investigate the plasmonic role in
its absorption behavior, we use a cryostat with optical axis along with a KEITHLEY 2611B
current source. For the readout circuit we use a KEITHLEY 2182A nanovoltmeter. The
detector is kept in a superconducting state at T = 6K, which is below the transition
temperature, and a bias current of I, = 0.95 I.. The laser source Toptica ECDL Pro with A =
1142 nm (where the maximum absorption occurs) and output power 40 mW is attenuated
using neutral density filters. Using a polarizer and a half wave plate we keep the polarization
and the power of the incident light well defined. We check the detector response (represented
by the voltage drop over the active area) for a wide range of power at TM polarization (¢ =
0°), where the maximum absorption is expected due to the plasmonic effect and at TE
polarization (¢ = 90°) where the absorption is expected to be minimum. The results in Fig.
7(c) confirm the polarization dependence of the detector response which proves the plasmonic
role in the absorption behavior of the detector. The TM and TE responses are distinguishable
from each other for a certain incident power range. For high incident laser power, the power
dissipation is too high for both the parallel and perpendicular polarization and the system will
transform completely from a pure superconducting state to a pure normal conducting state,
ie, V(P>60puW)=V (T>Te).
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Fig. 7. (a) The detector response for A = 1142 nm represented by the voltage drop is measured
over a wide power range for both polarization angles. For high power, the response is
indistinguishable because the system transforms completely to a normal conducting state. The
results indicate the polarization dependence of the detector response and prove that it is
plasmonic. (b) FTIR absorption spectrum for the detector active area when the polarization
angle is ¢ = 90° (TE) and the polarization angle is ¢ = 0° (TM). The absorption is maximum in
this case due to the plasmonic excitation along the short wire axis.

5. Conclusion and outlook

In summary, we studied the plasmonic properties of Nb as one of the attractive
superconductors for superconducting nanowire single photon detectors. Further absorption
enhancement for Nb plasmonic nanostructures was carried out using a plasmonic perfect
absorber scheme. We use scattering matrix simulations to yield the structure parameters that
result in a maximum absorption at the wavelength of interest. We fabricated Nb nanowire
plasmonic perfect absorbers using electron beam lithography. We were able to obtain up to
95% absorption at resonance. We fabricated a perfect absorber detector with a small active
area. Using a cryostat with optical access we put the system into a superconducting state,
exposed it to external light, and proved that the response is polarization dependent. The
results agree with the polarization dependence of the absorption behavior for the
nanostructure due to the plasmonic effect. In future, we will optimize the perfect absorber
detector parameters further to obtain a close to unity absorption for a small active area, which
will consequently decrease the detector recovery time. Also, we are developing the supply
and read out circuits for our setup to determine the metric parameters of the plasmonic based
detector such as the detection efficiency, the recovery time, the dark count rate, and the
jittering time. Finally, we should be able to demonstrate single photon detection over a large
spectral range in the near- and mid-infrared with enhanced properties compared to state of the
art systems.
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