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Abstract— We report on the numerical and experimental demonstration of novel chip-integrated
tunable optical modulators operating at visible to near-infrared telecommunication bands. Our
integrated photonic devices are based on plasmonic nano-antenna and nano-circuit metasur-
face arrays fabricated on the facet of niobium (Nb) thin metallic films. We engineer the pho-
toresponse of our Nb nano-antenna based modulator devices and observe optical modulation
properties with a modulation depth MD = 60% at A = 716nm, and a maximum extinction
A(N) =1—R(\) 295% at A = 650 nm, at room temperature. Moreover, with a similar photore-
sponse engineering technique, we observe a maximum extinction A(\) = 88% at A = 1380 nm in
our near-infrared nano-circuit array-based modulators. Our optical modulators are polarization-
sensitive, and their photoresponse can be controlled by altering the geometrical parameters of
their subwavelength elements and unit cells. Our ultracompact Nb modulators, with their tunable
and controllable photoresponse, empower new types of optical links and photonic interconnects
interfacing quantum circuits and fibre optic telecommunication systems for applications in quan-
tum technologies.

1. INTRODUCTION

Superconducting-based quantum circuits have demonstrated capability as a primary technology
for quantum computing [1-5]. Cryogenic photonic interconnects utilizing optical fibres with their
low thermal conductivity have been demonstrated recently to overcome the issue with heat load
related to the quantum processors scale up in the dilution refrigerators. Such devices are also ca-
pable of connecting superconducting quantum hardware nodes with fibre-based telecommunication
platforms [6-8]. Superconducting nano-junctions and nano-devices are the most important part
of superconducting quantum technology. They have a wide range of applications, from Andreev
devices to superconducting quantum interference devices (SQUIDs) to superconducting nanowire
single-photon detectors to superconducting qubits to coherent light sources and ultrasensitive detec-
tors, etc. [1-31]. However, the photoresponse of most superconducting quantum circuits elements,
especially of their material building blocks and the materials interfacing superconducting quantum
hardware and telecommunication photonic circuits, their suitability and performance are yet to be
examined and explored [9, 10].

Here, as the initial stage, we use a microspectrophotometer and ultrafast lasers and investi-
gate the optical properties of unstructured niobium (Nb) thin films. We then proceed by using
nanofabrication techniques, and demonstrate optical modulators based on nanostructures such as
nano-antenna arrays, nano-split ring resonators arrays and nano-circuit arrays of diverse geometries,
nanofabricated on the facet of Nb thin films. We manufactured our ultracompact nanostructure
arrays by sputtering a 300 nm Nb thin film on a half-millimetre thick sapphire substrate. We made
five chips, each consisting of an array of Nb nanostructures, each comprising an overall area of
100 x 100 um?. The photoresponse of our nano-devices can be modulated in two different ways: (i)
by altering the dimensions of their subwavelength nanoscale elements and unit cells (the focus of
this work). (ii) by changing temperature, considering that metallic Nb switches to superconducting
quantum mechanical phases below T, = 9 K, our nano-device arrays switch from a lossy metallic to
low-loss quantum mechanical states close and below their superconducting transition temperature
(results to be presented elsewhere).

2. RESULTS

2.1. Optical Modulator Metasurface Nano-devices for Visible-light Telecommunication Band

All five chips were nanofabricated by employing a focused ion beam (FIB) (FEI Helios NanoLab
600) in the facet of thin Nb film, as shown in Fig. 1(a) for nano-slit arrays and Fig. 1(c) for
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Figure 1: Chip-integrated optical modulators with Nb plasmonic nanoantenna arrays for visible telecommu-
nication band: (a) Scanning Electron Microscope (SEM) image of the ultracompact nano-antenna arrays
nanofabricated on the facet of thin Nb films with a thickness of 300 nm. (b) The cross section of the nanoan-
tenna element with a period of P = 500 nm and a depth of h 2 200 nm. For such characterisation purposes,
Platinum (Pt) layer was deposited for protection throughout sectioning. (¢) SEM image of the ultracompact
nano-split ring resonator metasurface arrays nanofabricated on the facet of thin Nb film with a thickness
of 300 nm. (d) Plasmonic colours for the arrays are shown for two different incident light polarizations P,
(left) and P, (right).
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Figure 2: Photo-response of the optical modulators based on Nb nano-antenna arrays in the visible-light
telecommunication band: The extinction spectra as a function of wavelength calculated by using COMSOL
numerical simulation for four nano-antennas array chips with length L. = 200nm, 250 nm, 300 nm, and
350nm for light polarized perpendicular to the nano-slits arrays. The width is fixed to w = 50 nm for all
devices inset is the Hz in the nano-antenna at A = 650nm (COMSOL).

nano-split ring resonator arrays. The high fabrication quality and uniformity of the samples were
confirmed by scanning electron microscope (SEM) images. Fig. 1(b) is a cross-section of the array
element showing a slit profile with period P = 500 nm and an average depth A = 200 nm.

We fabricated four chips with an array of nano-antennas (slits). The lengths of the slits from
chip to chip varied between L = 200nm and 350nm with a step of 50nm. The width of the
nano-slits in all devices was fixed to be w = 50nm. Figs. 2 and 3 demonstrate a good agreement
between the COMSOL numerical simulations and experimental results taken by using a microspec-
trophotometer, respectively. The dark-yellow graph in Fig. 3 shows the extinction spectra as a
function of wavelength for unstructured thin Nb film for perpendicular polarized light. We find
that unstructured thin Nb film doesn’t offer a strong photoresponse [9].

On the contrary, we observe a strong photoresponse and narrow plasmon resonances that are
modulated by the subwavelength geometrical parameters of the nano-antenna arrays for light po-
larized perpendicular to the chip plane, at room temperature. Such plasmonic resonances were also
found to be strongly polarization-dependent, and they disappear for horizontally polarized light
(not shown here) [9]. Plasmonic colours for the Nb modulators based on nano-split ring resonator
arrays are shown in Fig. 1(d) for two different incident light polarizations, P, (left) and P, (right).
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Figure 3: Photo-response of the optical modulators based on Nb nano-antenna arrays in the visible-light
telecommunication band: The extinction spectra as a function of wavelength for four nano antenna array
chips with length L = 200 nm, 250 nm, 300 nm, and 350 nm measured experimentally by using a microspec-
trophotometer for light polarized perpendicular to the nano-slits arrays. The width is fixed to w = 50 nm
for all fabricated nano-devices.

2.2. Optical Modulator Metasurface Nano-devices for Near-infrared Telecommunication Band

In addition to visible-light optical modulators based on nano-antenna arrays, in this section, we
will demonstrate optical modulators based on subwavelength nano-circuit arrays fabricated on the
facet of Nb thin films for operations at near-infrared telecommunication band. The Nb thin film
thickness and substrate were selected to be the same as for visible-light modulator devices: a 300 nm
thick sputtered Nb film on a Sapphire substrate of 30 mm diameter and 0.5 mm thickness.

A closed-cycle cryogen-free optical cryostat setup was used to accomplish the optical reflectivity
measurements at near-infrared telecommunication wavelengths. The experiment was performed
by mounting one Nb chip at a time. The arrays were illuminated at normal incidence by using
continuous waves (CW) white light, which was focused to around a 30 um diameter spot on the
device’s surface. The intensity of the light source was set to low intensity, and a spectrophotometer
was used to detect the reflected light and its corresponding extinction spectra A(A) = 1 — R(A).
The data were taken for two different incident polarization of the electric field parallel (P,) and
perpendicular (P,) to the plane of the nano-circuit array [10].

We present data for five chips, each with arrays of nano-circuit gratings. Each array covered
a total area of 100 x 100 um?. The nano-circuit arrays were fabricated into the Nb film surface
using the same FIB machine discussed above. Each array has a groove length L, = 100 um, width

Figure 4: Chip-integrated optical modulators with Nb plasmonic nanocircuit arrays for near-infrared telecom-
munication band: The top view SEM image of an ultracompact optical modulator device designed for op-
eration at near infrared telecommunication frequencies. The optical modulator is based on Nb nano-circuit
array with a width w = 200nm, length L, = 100 pm, and period P = 900 nm. The optical modulator was
manufactured by utilizing FIB milling nanofabrication technology.
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w = 200nm, and depth d = 240nm. The five chips with nano-circuit grating arrays have periods
varied from chip to chip: P = 900nm, 1000 nm, 1050 nm, 1100 nm, to 1150 nm. Fig. 4 is the SEM
image of one device with a width w = 200 nm, length L, = 100 um, and period P = 900nm. The
image confirms the high-quality fabrication and uniformity of the nano-circuit array [10].

Figure 5 shows the extinction spectra as a function of wavelength A(\) = 1 — R(\) for five
nano-circuit grating arrays with periods between P = 900nm and 1150nm. In Fig. 5(a) the
polarization of light is parallel to the device plane (P,). In this case, we find that the array does
not show a strong photoresponse for z-polarized light. On the contrary, a strong photoresponse
was observed for y-polarized light, as seen in Fig. 5(b). The plasmonic colours of one nano-grating
array with a period P = 900 nm are shown to the inset of Fig. 5(a) and Fig. 5(b) for two different
light polarization at normal incidence. We observe relatively narrow resonances in the extinction
spectra for all five nano-devices for wavelengths longer than the nano-grating period, implying the
functionality of the nano-device as a subwavelength metamaterial. We find that the resonances can
be tuned to a higher wavelength with the increasing grating period.
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Figure 5: Photo-response of the optical modulators based on Nb nano-circuit arrays in the near infrared
telecommunication band: The extinction spectra as a function of wavelength for five chips with nano-circuit
arrays. The periodicity of the nanostructures varies between P = 900nm and 1150 nm for light polarized
parallel (a) and perpendicular (b) to the nano circuits arrays, respectively. Insets show the plasmonic colours
of one array which has a period P = 900 nm for two different polarizations.

3. CONCLUSION

We demonstrated novel ultra-compact and chip-integrated visible to near-infrared light modulators
based on nanostructures fabricated on the facet of Nb metallic thin films. At room temperature,
our optical modulators offer modulation of light at visible communication bands with a maximum
modulation depth MD = 60% at resonant wavelength A = 716 nm. Moreover, we observe maximum
extinction spectra A(A\) = 1 — R(\) = 95% at wavelength A = 650nm, and A(X\) = 1 — R(\) =
88% at resonant wavelength A = 1380 nm by engineering the Nb nano-device arrays geometrical
parameters. The devices offer tunable plasmonic photo-response between A = 400nm and A =
2000nm (wideband visible to NIR telecommunication wavelengths). Our nano-devices can be
integrated with cryogenic superconducting quantum circuits. Given that Nb is a superconducting
material with a quantum mechanic phase below their transition temperature (7, = 9K) and is
widely used as the building block of superconducting quantum circuits and sensors, our results
pave the way for the realisation of tunable photonic links, optical interconnects, plasmonic single-
photon detectors, ultrasensitive sensors, and bolometers for applications in quantum computing,
imaging, and communication.
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