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Abstract. Photonic integrated circuits (PICs) are expected to play a significant role in the ongoing second
quantum revolution, thanks to their stability and scalability. Still, major upgrades are needed for available
PIC platforms to meet the demanding requirements of quantum devices. We present a review of our
recent progress in upgrading an unconventional silicon photonics platform toward this goal, including
ultralow propagation losses, low-fiber coupling losses, integration of superconducting elements, Faraday
rotators, fast and efficient detectors, and phase modulators with low-loss and/or low-energy consumption.
We show the relevance of our developments and our vision in the main applications of quantum key
distribution, to achieve significantly higher key rates and large-scale deployment; and cryogenic quantum
computers, to replace electrical connections to the cryostat with optical fibers.
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1 Introduction

We are presently living in the so-called second quantum revolution,
where the focus has shifted from pure science to technologies and
applications.' Photonic technologies are expected to play a major
role, not only in quantum applications but also in classical configu-
rations to support solid-state quantum systems. In particular, pho-
tonic integrated circuits (PICs) offer unique opportunities for
different quantum technologies to scale up system complexity
and integration density while providing unmatched performance
and stability.”® In this regard, the micron-scale silicon photonics
platform’ brings with it a unique set of properties and building
blocks. This includes low propagation losses (down to 3 dB/m
demonstrated to date®’), broadband and low-loss coupling to fibers
(~0.5 dB), fast (>40 GHz) and responsive (~1 A/W) integrated
germanium photodetectors,” upreflecting mirrors (URM) for
broadband and low-loss coupling to arrays of detectors, tight
bends'' enabling high-integration density, efficient phase shifters,
low-loss Mach—Zehnder interferometers, multimillion Q ring reso-
nators,”'? polarization insensitive operation, and polarization
splitters"® and rotators, including all-silicon Faraday rotators (FRs)."*

*Address all correspondence to Timo Aalto, timo.aalto @ vtt.fi
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A relevant example application is large-scale deployment of
quantum key distribution (QKD), for which we are developing
efficient multiplexed receivers. A second interesting case is the
use of our photonic integration technology to scale up supercon-
ducting quantum computers by controlling and reading out the
qubits in the cryostat through classical optical links. In this case,
the major challenge is the development of suitable electrical-to-
optical and optical-to-electrical converters (OECs) operating at
cryogenic temperatures.

We will cover these ongoing developments as follows, show-
ing our recent results as well as our plans to further exploit the
platform. In Sec. 2, we will first give an overview of the thick-
silicon photonics platform, with a special focus on the most rel-
evant features for quantum technologies. In Secs. 3 and 4, we
will cover the ongoing developments for QKD and quantum
computers and then conclude in Sec. 5 and briefly mention other
promising future developments and applications.

2 Overview of VTT Thick Silicon-on-
Insulator Platform

We can divide the building blocks of the platform into two main
categories: passives and actives. In this context, “active”” means
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anything requiring an electrical control, such as thermo-optic
phase shifters and electro-optic modulators, or electrical read-
out, such as a photodiode. An overview of the main building
blocks available on the platform is sketched in Fig. 1 with
the notable exception of phase modulators based on PIN diodes,
which are explained in detail in Sec. 2.2. We fabricate our PICs
on 150-mm diameter silicon-on-insulator (SOI) wafers (to be
upgraded soon to 200 mm) with 3-um thick device layer
(£100 nm uniformity) using a UV stepper (365 nm wavelength)
and a modified Bosch process'>' to etch the waveguides.

2.1 Passive Building Blocks
2.1.1 Types of waveguides

The five main waveguide types available on the platform are: rib
waveguides, strip waveguides, down-tapered strip waveguides,
strip waveguides with a thin pedestal, and down-tapered strip
waveguides with a thin pedestal (the latter is the only type miss-
ing in Fig. 1). For rib waveguides, trenches are partially etched
(typically 1.2-um deep etch) on both sides of the waveguide.
Single-mode operation can be achieved for both transverse-
electric (TE) and transverse-magnetic (TM) polarization with
a suitable choice of the rib width'” (typically <3 um). On the
contrary, all four possible strip waveguide cross sections are in-
herently multimode. Nevertheless, we carefully design the op-
tical circuits so that excitation of the higher-order modes
(HOMs) is always negligible in the connecting waveguides, en-
suring effective single-mode operation of the whole circuit.

2.1.2 /O coupling

We fabricate the vertical waveguide facets of our PICs at wafer
scale by first etching the silicon facet and then depositing a suit-
able antireflection coating, which can be made of either a single
dielectric layer or multiple layers.

The coupling loss to optical fibers can be as low as 0.5 dB,
provided that the mode field diameter is about 2.5 um, which is
achieved with lensed (or tapered) fibers or small core fibers with
high numerical aperture. Fiber arrays must be used instead in
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configurations where the PIC has several inputs and outputs.
Given the limited assembly precision of fiber arrays and consid-
ering that the tolerance to misalignments scales inversely with
the mode size, low-loss coupling can be ensured only by arrays
of standard single-mode fibers (SMFs) with mode diameter
around 10 ym. This requires suitable mode size converters, like
the one shown in Fig. 2, fabricated by etching arrays of 12-um-
wide rib and strip waveguides on an SOI wafer with a 12-ym-
thick device layer, and then tapering the thickness of the output
strip waveguides down to 3 um by polishing each optical inter-
poser chip. We are presently working toward further reduction
of coupling losses below 0.5 dB by implementing 3D printed
lenses,'® directly printed on the waveguide facets at wafer scale.
This way, we aim to couple the PIC directly to SMFs and fiber
arrays with ultralow-loss and relaxed alignment tolerance'
(Fig. 3).

Light can also be coupled to the PIC vertically from URMs
(see Figs. 1 and 4), which are wet etched with a negative angle.
Their working principle is total internal reflection, and coupling
losses are practically the same as for the vertical facets. The anti-
reflection coating for URMS is the same as for vertical facets.
The wet etching process occurs along crystalline planes, mean-
ing that the mirrors can be fabricated only along the four
orthogonal crystal planes with Miller indices of 110,110, 110,
and 11 0. One of the advantages of URMs is the possibility of
using them to test the fabricated PICs at wafer scale.

Compared to grating couplers typically used in submicron
waveguides, URMs support both TE and TM polarizations with
negligible polarization-dependent loss, and they operate over
the whole transparency range of silicon, from 1.2 to 7 um wave-
length. We additionally stress here that thick-SOI PICs can op-
erate over the whole transparency range of silicon. In particular,
one can design a rib waveguide to be single mode at all the
wavelengths in that broad spectral range, spanning several
octaves.'” We must emphasize that, above 3 um wavelength, ab-
sorption in the silica cladding [including the buried oxide
(BOX) and the top cladding, see Fig. 1] contributes to propa-
gation losses. However, due to the strong confinement in the
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Fig. 1 Sketch of the main building blocks available on the thick-SOI platform. Typical thickness of
the device layer is 3 um, whereas the BOX thickness can vary from 400 nm to 3 um. We define
“active” building blocks as those requiring electrical pads for either control or readout.
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Fig. 2 (a) Sketch of different mode size conversions starting from an SMF coupled to the 3-um
thick waveguides of a thick-SOI PIC using an optical interposer fabricated on 12-um thick SOI. The
sketch also shows how the mode size can be reduced further even to couple light to submicron
waveguides on a flip-chip bonded PIC that can be evanescently coupled through suitable inverse
tapers. (b) Micrograph of a 12-um thick rib waveguide of a fabricated optical interposer; (c) micro-
graph of a strip waveguide polished down to about 3-um thickness on the opposite facet; (d) near-
field image (infrared camera) of the TE and TM modes at the output facet of the interposer [shown
in (c)]; and (e) packaged 3-um thick-SOI PIC coupled to a fiber array through an optical interposer.
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Fig. 3 (a) SEM image of polymer lenses 3D printed in front of the end facets of four rib wave-
guides; (b) near-field picture of the output mode of a rib waveguide taken with an infrared camera;
(c) near-field picture of the output of a lensed rib waveguide [same scale as (b)].

thick silicon core, propagation losses remain below 1 dB/cm up
to about 4 ym wavelength, and low propagation losses can be
achieved up to 7 um wavelength by selectively removing the
silica cladding® all around the waveguide. This is in strong con-
trast to thin SOI-based Si photonics platforms where propaga-
tion losses are typically above 1 dB/cm even at telecom
wavelengths™ because of stronger interaction with the sidewall
roughness. Furthermore, the power fraction in the cladding of
submicron waveguide modes is orders of magnitude larger com-
pared to thick-SOI waveguides, meaning that the absorption in
the silica cladding®' already becomes unbearable beyond 2.5 um
wavelength. Operation in the mid-IR is critical for many gas
sensing applications®—including quantum sensing—and also
to exploit the strong third-order nonlinearity of silicon; further,
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the larger optical mode size in thick SOI enables avoiding sat-
uration caused by strong two-photon absorption** (and associ-
ated free-carrier absorption®) at wavelengths shorter than
2.2 ym. Although the large cross section of the waveguides
is not ideal for efficient excitation of nonlinear effects including
parasitic two-photon absorption, the unique combination
with ultralow propagation losses is advantageous in many
applications.”®**’

2.1.3 Tight bends enabling high-integration density

It is generally assumed that waveguides with micron-scale cross
sections require bending radii on the order of several milli-
meters. This is because the index contrast ensuring single-mode
operation in a micron-scale waveguide would inherently lead to
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Fig. 4 (a) Micrograph of a fabricated URM and (b) side view of a vertical cross section of an URM

via focused ion beam microscopy.

high radiation losses for tighter bends. In the platform, we have
developed two solutions to this limitation: turning mirrors based
on TIR* [Figs. 5(a) and 5(b)] and tight adiabatic bends referred
to as the Euler bends [Fig. 5(a)]." The first approach applies to
both rib waveguides and strip waveguides, whereas the second
requires high-index contrast strip waveguides.

TIR mirrors allow for compact layouts, such as the imbal-
anced Mach—Zehnder interferometer (MZI) shown in Fig. 5(b),
which also shows the very low-loss (~0.02 dB) waveguide
crossings easily achievable on the platform. Turning mirrors
can be designed with almost any turning angle, and their losses
can be made as low as 0.1 dB per turn using parabolic shapes
and/or making the waveguide sufficiently wide. In fact, the main
loss mechanism is light diffraction due to the partial lack of
lateral guidance in the mirror region. Remarkably, turning mir-
rors work over the entire (from 1.2 to 7 um) wavelength trans-
parency region of silicon and can be designed to simultaneously
work equally well for both TE and TM polarizations, despite the
polarization-dependent offset induced by the Goos—Hénchen
shift.”” Nevertheless, the nonnegligible loss makes them unsuit-
able for circuits requiring a large number of bends, e.g., long
spiral waveguides.

For this reason, we have also developed more conventional
waveguide bends to achieve much lower losses. They are based
on strip waveguides, ensuring negligible radiation loss due to
strong light confinement. The only limitation is that they sup-
port several HOMs that get easily excited in a tight bend. We

EHT= 1000 kV.
WD= 129 mm

Signal A= SE2
Photo No. = 85690

have, therefore, introduced'' and patented” a geometry with
gradual a change of curvature, using the Euler spiral geometry
as shown in Figs. 5(c), 6(a), and 6(b). This way, tight bends with
loss lower than 0.02 dB can be achieved with effective bending
radii of a few tens of microns, enabling, e.g., compact race track
resonators with quality factor Q of up to 14 million.”"

Even though, in general, the wavelength range of operation
of the bends is not as wide as that of turning mirrors, bends
can be designed to cover bandwidths of several hundreds of
nanometers up to a few microns. An interesting property of
Euler bends is that they very efficiently transmit most of sup-
ported HOMs® (i.e., those with effective index sufficiently
higher than the cladding refractive index), as highlighted in
Fig. 6(c). In other words, the bends preserve the mode power
distribution, which is useful when designing PICs for mode
multiplexing® and when using spatial modes as a quantum de-
gree of freedom®° (see also Sec. 5). It is worth mentioning that
turning mirrors also preserve the HOM power distribution under
reflection.”

2.1.4 Polarization management

Micron-scale silicon waveguides support both TE and TM po-
larizations with very similar spatial mode distributions, the same
propagation losses, and very similar effective indices. Indeed,
strip waveguides with a square cross section can support TE
and TM fundamental modes with identical propagation con-
stants. Any possible residual birefringence induced by material

/ /
Date :16 Sep 2020
Time :14:13:36.

Fig.5 (a) SEM picture of 90-deg turning mirrors on rib waveguides and strip waveguides; (b) detail
of a compact imbalanced MZI based on TIR mirrors; (c) SEM picture of Euler bends with L and U
shape and detail of a spiral waveguide using larger L-bends.
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Fig. 6 (a) The linear change of the curvature 1/R as a function of the length s in an Euler bend,
starting from zero, reaching up to 1/R,» and then going back to zero symmetrically. (b) Example
layout of a 90-deg Euler bend (or L-bend) with unity minimum bending radius, showing the result-
ing effective radius Rq. (c) Simulation of the transmission of the TE,q mode and of five horizontal
higher-order TE modes of a 1.5-um-wide strip waveguide at the output of a 90-deg Euler bend as a
function of the minimum bending radius. The five HOM TE,o modes (n = 1, ..., 5) have n nodes in
the horizontal direction and zero nodes in the vertical direction. The wavelength is 1.55 ym.

strain can be easily compensated by fine-tuning the wave-
guide width.

Most of the building blocks, including multimode interfer-
ence (MMI) splitters, can be designed to support both polariza-
tions at the same time. On the other hand, in many applications
(including telecom and sensing), polarization can be used as
a degree of freedom, in which case a polarization splitter/
combiner is needed and preferably also different types of polari-
zation rotators. We are presently developing a wide portfolio of
building blocks for polarization management, including MZI
polarization beam splitters (PBSs)"**® [see Fig. 7(a)] and
rotators.* Remarkably, we have demonstrated the use of silicon
itself as a magneto-optic material and achieved Faraday rotation

a fully integrated all-silicon circulator based on splitters/com-
biners and reciprocal and nonreciprocal rotators [Fig. 7(b)].

We conclude this section by mentioning that Faraday mitrors
are commonly used in quantum photonics, including QKD sys-
tems (see Sec. 3), to ensure stable operation,*™*' as the polari-
zation of the reflected light is always orthogonal to the input
polarization (i.e., antipodal on the Poincaré sphere).*” Faraday
mirrors can be achieved in the platform by combining an FR
with a back-reflector, such as an MMI reflector or a Sagnac
loop.*”

2.1.5 Low-loss wavelength filters
We have demonstrated several different types of wavelength fil-

in zero-birefringence waveguides.' Our ultimate goal is to build ~  ters, including ring resonators with Q up to 14 million,*"
(a) (b)
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Fig. 7 (a) Sketch of an MZ| exploiting the form birefringence of waveguides of different widths to
serve as a PBS. (b) Scheme of a possible implementation of an integrated light circulator by com-
bining PBSs, FRs, and reciprocal polarization rotators on chip.
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compact MMI resonators,* flat-top lattice filters,* and flat-top
ring-loaded MZIs.” Some of these filters can be designed to
have <0.5 dB excess loss. We have also demonstrated low-loss
echelle gratings and arrayed waveguide gratings (AWGs)*. In
Fig. 8(a), we show the layout of an AWG with a small footprint
due to the use of Euler bends. The device is polarization-
independent because of the incorporation of strip waveguides
with a square cross section. Excess loss is in the 2- to 3-dB
range, and the extinction ratio (ER) is larger than 25 dB. We
have also demonstrated AWGs with loss in the 1- to 2-dB
range,* and an ER exceeding 30 dB on all channels. We are
presently working on further reduction of excess loss by im-
proving design and fabrication of the star coupler. For echelle
gratings like the one shown in Fig. 8(a), we have already dem-
onstrated excess loss lower than 1 dB for both polarizations with
an ER exceeding 20 dB for all channels.

2.1.6 Interfacing micro- and nanoscale devices

The low propagation loss of micron-scale waveguide technol-
ogy comes with the price of weak interaction with any element
integrated directly on top of the waveguides. This problem has
been successfully addressed with different fabrication tech-
niques that do not jeopardize the performance of the platform.
For example, recently we have been developing a light
escalator’’ made of hydrogenated amorphous silicon (a-Si:H)
to interface micron-scale waveguides with submicron wave-
guides, thin layers including 2D materials, and superconducting
nanowires. We grow a submicron layer of a-Si:H (refractive in-
dex around 3.65) on top of the crystalline device layer (refrac-
tive index around 3.48 at a 1550 nm wavelength), and pattern it
to achieve adiabatic light coupling. The simulation in Fig. 9(a)
shows how the light propagates from the thick silicon wave-
guide to the thinner a-Si:H layer. The a-Si:H layer thickness
can be optimized to maximize the overlap of the propagating
light with, e.g., a graphene layer (for applications such as light
detection®® or modulation*) or a superconducting nanowire sin-
gle-photon detector” (SNSPD, also see Sec. 2.2) sandwiched
between crystalline silicon (c-Si) and a-Si:H, similar to what
is sketched in Fig. 9(b). Furthermore, crystalline silicon can also
be selectively removed and replaced with a deposited silica layer
before depositing the a-Si:H layer, as sketched in Fig. 9(c). The
resulting high-index contrast a-Si:H waveguide allows us to in-
terface the micron-scale waveguide with submicron waveguides
including plasmonic slot waveguides or even just PICs based on
submicron silicon waveguides that can be simply bonded on top
of the a-Si:H waveguide and evanescently coupled via inverse

(a) (b)

2.5 mm

tapers. Both types of escalators can be fabricated using the same
fabrication process. Another unique opportunity to couple mi-
croscale waveguides to nanophotonic devices comes from the
URM. In fact, there are cases requiring the light to propagate
across a functional surface (unlike the escalator case, where
it propagates along it). In these cases, functional surfaces
can be fabricated or just transferred on top of the flat output
surface of the mirror (which is made of crystalline smooth sil-
icon, not etched). This is a straightforward way to integrate
metasurfaces, including waveplates,” metalenses,” or electro-
optic modulators.”* However, the limited size of the mirror
(3 ym in the waveguide propagation direction, i.e., a few
wavelengths) may present a challenge for the design of the
metasurface.

2.2 Active Building Blocks

We can divide the active elements in two main categories: elec-
trical-to-optical converters (EOCs), which, in the thick-SOI plat-
form, are basically all phase shifters (either thermo-optic or
electro-optic) and OECs, i.e., photodetectors.

2.2.1 Phase shifters

We implement thermo-optic phase shifters by implanting a thin
silicon pedestal at the bottom of strip waveguides [Fig. 10(a)].
We usually cut away the remaining part of the pedestal to
achieve lower power consumption, reaching about 25 mW per
n-shift, with both rise time and decay time of about 15 us (i.e., a
speed of about 66 kHz). Very recently, we have also demon-
strated ~2 mW per z-shift (not yet published) by fabricating
the heaters on special cavity-SOI wafers, which limits the heat
flow through the substrate.

Placing the heaters in direct contact with the silicon layer
ensures a significant reduction of thermal cross talk™ compared
to heaters based on metal wires placed on top of the waveguide
upper cladding. This is a major advantage for complex circuits
requiring several thermo-optic phase shifters. By design,
thermo-optic phase shifters come with no excess loss.

When higher speed is needed, we can reach about 2-3 MHz
using simple PIN junctions, with only one implantation level, as
sketched in Fig. 10(b). In this case, the refractive index changes
due to carrier injection inducing plasma dispersion.” The power
consumption for a z-shift is lower than 5 mW. Nevertheless,
plasma dispersion inherently adds amplitude modulation on top
of the phase modulation, due to the Kramers—Kronig relations.”
The loss associated with a z-shift is on the order from 1 to 2 dB.

1X8 100GHZ CYCLIC

5mm

Fig. 8 (a) Compact AWG with 100-GHz channel spacing and 5-nm free spectral range exploiting
Euler bends and nearly zero birefringence waveguides, ensuring polarization-independent oper-
ation. (b) Cyclic echelle grating with 100-GHz channel spacing.
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Fig. 9 (a) 3D simulation using the eigenmode expansion method of the adiabatic power transfer
from a 3-um thick c-Si waveguide to a 400-nm thick and 200-um long a-Si:H tapered waveguide
fabricated on top. (b) 3D sketch of two escalators to couple light to the a-Si:H waveguide and then
back to the 3-um thick waveguide, showing where a functional layer can be sandwiched between
the two silicon types in the region where the light is guided in a-Si:H. (c) A different type of escalator

to couple light to submicron waveguides.

Indeed, when made sufficiently long, the same type of PIN junc-
tion is also used for variable optical attenuators.”’

To overcome these limitations, we are also developing phase
modulators relying on the so-called electric-field-induced
Pockels effect [EFIPE, see Fig. 10(c)],”® in close collaboration
with the University of Tokyo. For these modulators, we expect
significantly lower excess loss due to the high-reverse bias (elec-
tric field of about 40 V/um, as close as possible to the break-
down). In particular, we do not expect any major amplitude
modulation associated with phase modulation. Furthermore,
we aim to reach modulation speeds exceeding 1 GHz and pos-
sibly approaching 10 GHz. We also expect the power consump-
tion to be in the microwatt range per z-shift, which is important
for cryogenic applications. In fact, EFIPE works well also at
cryogenic temperatures® because it is not affected by carrier
freeze-out, unlike plasma dispersion.*”

With the goal of achieving extremely low-power consumption
in combination with modulation speeds exceeding 100 GHz, we
are also developing plasmonic modulators in collaboration with
ETH Ziirich and the company Polariton Technologies.®' In addi-
tion to the conventional approach based on nonlinear polymers,
we are also exploring the possible use of a-Si:H as nonlinear
material based on EFIPE.” We point out that plasmonic

(@)

Top view

section

modulators are also particularly suitable for cryogenic applica-
tions,” since they do not rely on charge carriers and operate with
ultralow power dissipation.** The main limitation of plasmonic
phase shifters is the high excess loss, typically exceeding
5 dB. However, as explained in Sec. 3, this can be acceptable
in some applications.

To conclude this section, we point out that a key missing
building block for quantum PICs (QPICs) in all platforms is
a suitable phase shifter to simultaneously enable a small foot-
print, ultralow power consumption, high-speed, ultralow opti-
cal loss, and cryogenic operation, or at least a subset of these
properties, depending on the application. Recent results dem-
onstrate that using microelectromechanical systems is a prom-
ising path for both submicron silicon® and silicon nitride®*®’
platforms. This approach can result in losses below 0.5 dB,
speeds from a few MHz to beyond 100 MHz, and footprints
ranging from about 100 ym x 100 ym to 1 mm x 1 mm. One
additional avenue, which we are presently exploring for faster
and more compact phase shifters, is to place electro-optic
metasurfaces™* on top of URMs. Here the goal is to access
the full nonlinear coefficient of electro-optic polymers, which
is typically reduced by one order of magnitude in plasmonic slot
waveguides.®®

Cross
section

Cross
section

Fig. 10 Top views and cross sections of the three main types of phase shifters available on the
platform: (a) thermo-optic (also see Fig. 1); (b) electro-optic, based on plasma dispersion through
carrier injection in a PIN junction; (c) electro-optic, based on EFIPE with a high-inverse bias volt-
age through a PIN junction.

Advanced Photonics Nexus 024002-7 Mar/Apr 2023 o Vol. 2(2)



Cherchi et al.: Supporting quantum technologies with an ultralow-loss silicon photonics platform

2.2.2 Detectors

The platform includes monolithically integrated germanium
(Ge) photodiodes (PD), with responsivity on the order of
1 A/W at a 1550 nm wavelength, meaning 80% quantum effi-
ciency. We have developed both high-speed PDs and monitor
PDs. The high-speed PDs exceed 40-GHz speed when operated
with 1-V reverse bias,'” with a dark current of about 4 A,
whereas monitor PDs are operated with lower bias voltage and
have about 10-nA dark current with about 1-GHz speed. We are
presently starting cryogenic characterization of the PDs to de-
termine the temperature dependence of dark current,” respon-
sivity, signal-to-noise ratio,”” speed, carrier freeze-out, and
wavelength range of detection. We are also developing ava-
lanche photodetectors” exploiting the avalanche effect in
silicon” and also plan to operate them in Geiger mode to
achieve single-photon avalanche detectors.”

Additionally, in collaboration with ETH Ziirich, we are also
developing high-speed plasmonic Ge detectors to exceed
500 GHz analog bandwidth.”” Here the main driver is not
the detection efficiency but high-speed operation at a few
deg. Kelvin, with the goal of developing suitable OECs to trans-
fer a large amount of data to the cryostat. As explained in more
detail in Sec. 4, the idea is to drive superconducting electronics
(e.g., single-flux quantum, SFQ) using optical fibers.

With cryogenic and quantum applications in mind, we are
also developing guided-wave SNSPDs, with the final goal of
coupling them through a light escalator [Fig. 9(b)]. In order
to speed up the detector development, we have started fabricat-
ing the devices sketched in Fig. 11(c). We first oxidized a silicon
wafer, deposited superconducting NbN on the thermal oxide,
and patterned the nanowires using e-beam lithography, as shown
in Fig. 11(a). Next, we deposited a-Si:H and patterned the wave-
guides [Fig. 11(b)] including inverse tapers to improve fiber
coupling from the chip edge. The optical fiber is aligned using
a nanopositioner in the cryostat. In parallel, we are also devel-
oping amorphous alternatives’®”’ to crystalline NbN, targeting
improved fabrication yield of the detectors.

The SNSPD is the closest thing to an ideal single-photon de-
tector demonstrated to date, with detection efficiencies exceed-
ing 97% extending into the telecom wavelength range,” speeds
in the GHz range,” jitter even lower than 3 ps,” and dark counts
under 0.1 Hz.*' However, for some quantum realizations,* ™
and especially those based on Gaussian states, photon number
resolution (PNR) is an important capability that is not easily
addressed by SNSPDs. A possible solution is transition edge
sensors (TESs),* but their speed is presently limited to about

1 MHz. Unfortunately, TESs require temperatures on the order
of 100 mK, which cannot be achieved with closed-cycle table-
top cryostats but require more complex and bulky sub-Kelvin
coolers, such as dilution refrigerators.

However, it should be noted here that solid-state cooling
technology developed currently at VI'T can provide a viable sol-
ution to integrate also compact sub-Kelvin refrigerators in the
future.®® These coolers are superconductor—silicon hybrid
chips that can be directly connected to the PIC with 3D-integra-
tion schemes, such as flip-chip bonding. This would enable sub-
Kelvin operation temperature for the circuits inside simple, cost-
effective, and compact pulse-tube systems.

Integration of TESs on optical waveguides has already been
demonstrated on other platforms.*®* Our integration approach is
in line with what we explained above for SNSPDs and leverages
the TES pixel® and SQUID-based readout technology®' devel-
oped at VIT. From a broader perspective, the in-house inte-
grated superconducting device technology based on Nb cross
junctions” can provide interesting opportunities for the quan-
tum upgrade of the micron-scale platform (also see Sec. 4).
For example, we presently use the technology for the TES read-
out circuits,* SQUID magnetometers,” and different Josephson
parametric devices.”® Furthermore, in collaboration with the
Royal Institute of Technology KTH and with the company
Single Quantum, we are also exploring the possible use of single
SNSPDs as efficient PNR detectors.””

2.3 Hybrid Integration

Several different PIC technologies are available, including
most mature submicron and micron-scale silicon and silicon
nitride® platforms, and micron-scale indium phosphide'® plat-
forms, as well as the more recent lithium niobate on-insulator
platforms''* and compound-on-insulator platforms.'”® Each
material system comes with its strengths and weaknesses,
and suitable combinations of complementary systems are thus
often needed to achieve fully integrated solutions. A quintessen-
tial case is the lack of monolithically integrated light sources in
all platforms not based on compound semiconductors, where
cither heterogeneous integration'® or hybrid integration™'"” is
needed to generate light on chip.

Our main focus at VIT is on hybrid integration based on
high-precision flip-chip bonding at the wafer scale, which is
suitable for mid-volume production in a complementary metal
oxide semiconductor (CMOS) fabrication facility like ours.
Unlike with heterogeneous and monolithic integration, in the

(©)

Thermal oxide

Fig. 11 (a) SEM picture of a fabricated NbN SNSPD before a-Si:H deposition; (b) micrograph of
a detail of a fabricated chip after etching the a-Si:H waveguides; (c) sketched cross section of an a-
Si:H waveguide with the NbN nanowire embedded (in green).
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hybrid approach, the silicon process and the III-V process (or
the process of any other complementary material system) can
happen in parallel in two different fabrication facilities, which
comes with several advantages. These include shorter overall
lead time, reduced process flow complexity, reduced constraints
and trade-offs for the two material systems, and decoupled yield
of the two processes, resulting in higher overall yield, i.e.,
higher cost efficiency. Another advantage of hybrid integration
is that it is not bound to the constraints that may arise in mono-
lithic integration regarding, e.g., CMOS compatibility and ther-
mal budgets. Furthermore, hybrid integration can be made with
commercially available dies (e.g., light sources or photodetec-
tors) which can lead to even higher cost efficiency.

Using either vertical facets or URMs, we can easily integrate
devices where light propagates, respectively, in-plane, such as
distributed Bragg reflector lasers, semiconductor optical ampli-
fiers, or electro-absorption modulators, or out-of-plane, such as
vertical cavity emitting lasers or free-space photodetectors. In
particular, the URM can be a key component for QPICs, as
it is extremely low-loss, broadband, and polarization-indepen-
dent. For example, it can be used to efficiently couple light from
deterministic single-photon sources based on quantum dots in
vertical cavities'” or to couple single photons or Gaussian states
to arrays of short SNSPDs [see Fig. 12(b)]. We stress here that,
even though we have a clear path to monolithic integration of
SNSPDs (see Sec. 2.2), based on the above considerations, hy-
brid integration will be the most efficient integration approach
for large SNSPD arrays until we develop a SNSPD fabrication
process with sufficiently high yield.

3 QKD Receivers

A first example application that can be enabled by the thick-SOI
platform is QKD networks'” with higher key rates and/or longer
working distance. In fact, PIC solutions are in the product road-
map of major QKD players,'’ because of their unmatched sta-
bility and scalability. Indeed, several examples of PIC-based
implementations have been reported to date, covering different
types of QKD schemes.'''™""* We have identified a clear path for
how the platform could support the development and large-
scale deployment of high-performance QKD systems for both

(a) (b)

@
Wi
ﬁ@

SNSPD array
on chip backside

discrete variable (DV) QKD and continuous variable (CV)
QKD, as briefly presented in the following.

3.1 DV-QKD

DV-QKD systems are most suitable to cover long distances. The
longest QKD link reported to date reached 830 km using a spe-
cial configuration with a central node,'*”'*' whereas the longest
point-to-point link exceeded 400 km'* (corresponding to about
70 dB loss in ultralow loss fibers). The best commercial systems
are typically limited to the 100- to 150-km range, mainly to en-
sure secure communication with key rates high enough to be
useful. In fact, in the DV-QKD implementations most suitable
for long distances, the key rate scales linearly with the link trans-
mission probability 7, which is the probability of a transmitted
photon being detected at the receiver, accounting for all possible
transmission and coupling losses as well as the limited detector
efficiency.'” In stark contrast to classical optical communication
links, such key rate scaling implies a large mismatch between
the transmission speed and the detection speed. In other words,
the detector can be orders of magnitude slower than the modu-
lator, which is a unique opportunity to combine the fastest ever
achieved optical modulators with the most efficient single-
photon detectors demonstrated to date, namely plasmonic mod-
ulators and SNSPDs, respectively. Transmitter speeds of present
QKD systems are on the order of a few GHz, meaning that plas-
monic phase and amplitude modulators could be used to boost
the key rate by at least two orders of magnitude, while being still
well-matched by SNSPDs on the receiver side. In fact, present
commercial SNSPDs can easily exceed 10-MHz count rates
with more than 80% detection efficiency and will possibly ex-
ceed GHz count rates and 95% detection efficiency in the future.
We stress that the high losses of plasmonic modulators, which
are a strong limitation for classical optical communication, are
not at all a problem for practical DV-QKD transmitters, which
are based on strongly attenuated light sources. On the other
hand, high losses are not tolerable for the receiver, so plasmonic
modulators are not an option for protocols (such as the standard
BB84) where modulators are also needed to choose the mea-
surement basis on the receiver side. Nevertheless, this is not
a strong limitation, given that the most robust protocols for

SNSPD
chip

Upreflecting
mirror

Fig. 12 (a) Schematic representation of QKD implementations based on a central node for photon
detection where all the users are equipped with suitable and low-cost transmitters. (b) 3D sketch of
the solution we are developing with our partner Single Quantum to address arrays of SNSPDs with

low-loss and high-fabrication yield.
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practical DV-QKD rely on passive receivers, requiring no
modulators,'>'?*1%3

The combination of plasmonic modulators and SNSPDs be-
comes even more attractive when considering that some of
the most promising DV-QKD protocols, including measure-
ment-device-independent (MDI) QKD'*'¥ and twin-field
QKD'*'* | connect the users through a central unit (completely
untrusted) where all the photon detections occur [Fig. 12(a)].
Large-scale deployment of these systems can be achieved by
providing all users with low-cost transmitters (achievable with
plasmonic chips) while deploying a central detection unit,
owned by the operator, to host a table-top closed-cycle cryostat
where thousands of SNSPDs can be economically cooled down
and operated in parallel. In this vision, the cryostat would be
connected to tens to hundreds of fibers, and each fiber should
carry tens to hundreds of wavelength division multiplexed
(WDM) signals.

To this end, at VIT we are presently fabricating low-loss
AWGs to demultiplex the WDM signals coming from a single
fiber and couple them to flip-chip-bonded arrays of SNSPDs
designed and fabricated by Single Quantum to match our layout
[see Fig. 12(b)]. Monolithic integration of AWGs and SNSPDs
has been already demonstrated'*® but with high losses both for
fiber coupling and demultiplexing. Furthermore, monolithic in-
tegration of large SNSPD arrays is still challenging, due to the
relatively poor SNSPD fabrication yield. Hybrid integration of
SNSPD chips (with only two detectors) has been recently dem-
onstrated with submicron silicon waveguides'® for time multi-
plexed MDI-QKD. The coupling losses demonstrated therein
were very high, as grating couplers were used to couple both
the optical fiber and the SNSPDs. We instead aim at a solution
simultaneously ensuring high yield, broadband low-loss fiber
coupling, and low demultiplexing loss, which can be even made
polarization-insensitive with a suitable design of the SNSPD
geometry."*"*! The final goal is full monolithic integration of
a DV-QKD receiver on the thick-SOI platform, providing much
better and more stable control of relative phase and time jitter,
therefore leading to higher fringe visibility.

3.2 CV-QKD

An alternative approach is CV-QKD, which relies on Gaussian
states instead of single photons. The main advantage is that its
implementation*' requires only standard telecom components
used for classical coherent optical communication, and, in par-
ticular, there is no need for single-photon detectors. The main
drawback is that secure implementations scale quadratically
with the transmission probability #, which limits the operation
range to about 50 km (or to be more rigorous, 10-dB loss, as-
suming standard 0.2 dB/km fiber loss). Furthermore, unlike
DV-QKD, the receiver speed must match the transmitter speed.
On the transmitter side, plasmonic modulators are again the per-
fect choice, given that their losses can be easily tolerated, and
they can easily achieve both phase and amplitude ultrafast
modulation simultaneously.** Ultrafast phase modulation is
needed also on the receiver side, but only on the local oscillator
and not on the quantum states,*" meaning that some modulator
losses are acceptable. Detection is typically done using shot-
noise-limited balanced pulsed homodyne detectors*' whose op-
eration speed and stability can greatly benefit from PIC integra-
tion and dedicated electronics.'”
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We, therefore, plan to exploit fast Ge PDs in combination
with our in-house expertise in ultrafast electronics'**'** to de-
velop balanced photodetectors with a speed above 50 GHz.
We stress that even though the speed of our present Ge PDs
is limited to about 40 GHz, suitably designed Ge PDs with
smaller volumes have been recently demonstrated to reach up
to 265 GHz."” In our vision, the CV-QKD receiver will be
monolithically integrated on our thick-SOI platform, to include
the ultrafast plasmonic phase modulator and the balanced photo-
diode. Also in this case, the PIC will ensure much better and
more stable control of relative phase and time jitter compared
to realizations based on optical fibers, therefore, leading to im-
proved overall performance of the whole QKD system.

On the transmitter side, integration of the plasmonic devices
on our platform would not be strictly necessary, but it could
improve operation stability, e.g., through integrated Faraday
mirrors (see Sec. 2.1) not available in any other PIC platform.
Similar considerations apply to DV-QKD transmitters. Indeed,
many practical implementations of both DV- and CV-QKD rely
on Faraday mirrors.*"'*>'*

The platform can also support quantum communication ap-
plications beyond QKD. A promising path is the development
of acousto-optical devices to efficiently transduce superconduct-
ing qubits or spin qubits into optical qubits and vice versa. Such
transducers would allow us to connect quantum processors via
optical quantum states in optical fibers and create more powerful
quantum computers based on multiquantum-processor architec-
tures, even using quantum computers located several kilo-
meters away. With this application in mind, together with the
University of Bristol, we are exploring the possible realization
of efficient piezoelectric microwave-to-optical transducers.'*

4 Scaling-Up Cryogenic Quantum
Computers

A second example application is the use of optical fibers to
transfer data to and from superconducting quantum computers,
aiming to scale up the number of qubits and achieve useful
universal quantum computing. We are currently in the “noisy
intermediate-scale quantum” era,"”’ which means that signifi-
cant applications are expected already in the short- and
medium-term with a limited number of noisy qubits. How-
ever, it is generally agreed that universally useful quantum com-
puters will require about one million qubits.'*®

To date, the most advanced universal quantum computers are
based on superconducting qubits and operated at temperatures
below 50 mK, which is required to minimize thermal noise. A
highly scalable approach based on silicon qubits is also quickly
evolving'**"'* and requires low temperatures as well. In all cryo-
genic quantum processors, electrical transmission lines are used
to carry the electrical signals driving and reading the qubits in-
side the cryostat. Even though this approach is feasible when
dealing with a few hundreds of qubits, it becomes challenging
for thousands of qubits and not viable anymore when approach-
ing one million qubits. In fact, electrical cables come with a det-
rimental trade-off between bandwidth and thermal conductivity.
For these reasons, at VTT, we are intensely developing the next
generation of communication interfaces for cryogenic qubits,
using optical fibers and suitable OECs and EOCs.

There are at least two significantly different research direc-
tions for the optical control of superconducting quantum tech-
nology: (i) a number of OECs generate the drive signals of
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a quantum computer at the cryogenic temperature. Here the
OEC must receive an optical signal from room temperature that
is directly suitable for driving the qubits and their gates. (ii) A
number of cryogenic OECs receive digital optical input signals
and convert them into digital electrical signals driven into a
superconducting SFQ device.'* The SFQ is a superconducting
processor for classical data that can also generate drive signals
for the quantum computer, as shown in Fig. 13. The packaging
density (crucial for scaling up) of both approaches can be sup-
ported by integrated optical techniques, such as WDM for multi-
plexing multiple signals into the same optical fiber.

The control of qubits has already been demonstrated for the
first approach.'*’ This approach benefits from the possibility of
using existing electrical qubit drive electronics whose signals
are simply converted into an optical form with an EOC at room
temperature. However, at the small signal levels required by
quantum computers, OECs suffer from shot noise, which can
be detrimental for driving their analogue signals into sensitive
quantum computers. The second approach is significantly more
tolerant to shot noise, since the OECs only need to generate dig-
ital signals for SFQ, which can generate quantized analogue sig-
nals based on digital input data.

Our vision follows this second approach, illustrated in
Fig. 13, where a large amount of data from a supercomputer
is serialized by a suitable EOC and sent through an optical fiber
to a cryogenic OEC to drive SFQ logic."** After inputting the
data into the quantum processor, the SFQ co-processors use
the calculation output to drive a suitable cryogenic EOC that,
through another optical fiber, sends the results to a deserializing
OEC that communicates back to the supercomputer.

The serializer and deserializer are in general needed because
the speed of SFQ logic is typically much higher than the speed
of standard CMOS electronics. SFQ is a promising choice due
to its ultralow energy dissipation, which is mandatory when
working at the ultralow temperatures required by superconduct-
ing quantum computers.

CMOS electronics can also be used in cryogenic environ-
ments, where low temperatures allow lower operating voltages
and thus lower power consumption.'**'*” Cryo-CMOS uses tra-
ditional CMOS components that are tailored toward low-
temperature operation. However, with CMOS circuits, it is very

Serializer De-serializer

Fast ultra-low-dissipation
cryogenic interfaces

SFQ
o+ (#5»

20 al/bit t 200 aJ/bit
-

Fig. 13 Schematic representation of our plans to use optical
fiber links to interface cryogenic quantum computers with super-
computers.
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hard to have sufficiently small dissipation. For example, the to-
tal power dissipation of only two-spin qubit processor read-out
and control circuitry operated at 3 K was 330 mW,'*® which is
already on the high end of the tolerance level of the modern
cryostats. Furthermore, reaching high enough clock rates
(>1 GHz) at low temperature is a significant challenge that,
if not solved, implies higher qubit overhead. The strong points
of the cryo-CMOS technology are the existing fabrication infra-
structure and the advanced design tools and expertise.

More dramatic gains in energy efficiency are possible using
SFQ technology. This technology and its variants, such as
energy efficient SFQ, represent bits as short (=1 ps) pulses pro-
duced by switching processes in superconducting tunnel junc-
tions called Josephson junctions. The typical energy of these
pulses is only 0.2 aJ, and the pulses can be processed at speeds
exceeding 100 GHz.'* In the past, their use has been limited by
the requirement of cryogenic temperature operation and medio-
cre packing density of components. For qubit interfacing pur-
poses, neither of these issues is relevant. Superconducting
electronics based on SFQ logic dissipates <1% of the energy
dissipated by CMOS electronics' and enhanced variants
(eSFQ or eRSFQ logic) can even dissipate <0.1% compared
to the CMOS systems. SFQ controllers additionally enable
vastly superior clock frequencies, in extreme cases even above
700 GHz."”' With advanced thermal management, the SFQ
controllers could be even directly integrated with the qubit proc-
essor altogether removing the need for very complex cabling
solutions.

As part of this vision, we are presently developing, together
with our partners, several PIC solutions for different building
blocks. For example, in Fig. 14, we show a long-term vision
of how to replace a prototype serializer, presently based on op-
tical fibers and discrete components, with a fully integrated PIC
solution. A III-V reflective semiconductor optical amplifier, in-
cluding a saturable absorber, is flip-chip bonded on the silicon
chip where it is coupled to an integrated, compact, and low-loss
external cavity to create an integrated mode-locked laser
(IMLL). The generated wavelengths are then separated by a
low-loss integrated demultiplexer. The signal in each waveguide
is finally modulated independently through an array of ampli-
tude modulators, each driven by relatively slow electrical signals
(from 1 to 2.5 GHz). The resulting signals are first delayed by
multiples of a suitable delay unit and finally recombined
through a wavelength multiplexer. We are presently developing
passive PICs combining the delay lines and the final multi-
plexer. We will test them as part of the free-space serializer
prototype we have already built.

——0
— D
IMLL Serializer

Fig. 14 Long-term vision of a PIC based serializer, including an
IMLL as a multiwavelength light source.
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A second example is the cryogenic OEC that we are building
using SNSPDs. In this particular application, we are more in-
terested in their detection speed rather than extremely high de-
tection efficiency, given that we can afford to use multiple
photons per pulse. Together with our collaborators, we are try-
ing to achieve the ultimate SNSPD speed. A simple approach is
to make the nanowire as short as possible, but experimental re-
sults clearly show that latching'**'>* becomes an issue in doing
so. Active electrical quenching has also been proposed but with-
out dramatic improvements."” In order for the OEC speed to
approach the SFQ speed, we are also exploring different multi-
plexing approaches, addressing arrays of SNSPDs instead of
single detectors. In this approach, we avoid using the optical
serializer at room temperature and replace it with an electrical
serializer inside the cryostat,'”® resulting in major underexploi-
tation of the fiber bandwidth. The simplest brute force approach
is space division multiplexing, i.e., coupling each SNSPD with a
dedicated fiber. We are indeed developing 2D fiber arrays suit-
able for cryogenic illumination of detector arrays. A finer ap-
proach is to use WDM the same way as in Fig. 12(b), where
a single fiber carries several wavelengths. Time division multi-
plexing could also be an option, but it would require active con-
trol of a network of relatively fast switches.

The most demanding part of the vision in Fig. 13 is by far the
cryogenic EOC. In fact, the energy and the voltages available
from the SFQ electronics are very low (attojoules per bit and
microvolt, respectively), and thus driving a fast optical modu-
lator inside the cryostat is very challenging. Even though plas-
monic modulators have been demonstrated to work with <1 V
and at attojoule the energy level,** driving them with SFQ is still
nontrivial and requires some major development, which we are
presently tackling.

Together with our partners, we are presently developing the
SFQ processors in parallel as well as PIC-enabled EOCs and
OECs, and we plan to start testing combinations of these differ-
ent building blocks in the next few years as proofs of concept of
our vision. In the long run, this will support the development of
the Finnish quantum computer, which has recently achieved
the first milestone of five qubits"’ and is now targeting 50 qubit
superconducting quantum computer by 2024. At the same
time, the same optical interfacing technology will help scale
up also the customized silicon qubit platform that we are
codeveloping.'*"'**

5 Other Interesting Applications and
Conclusions

To conclude, we briefly mention that the thick-SOI technology
can support many other quantum technology developments.
For example, we have just started a project with KTH to inte-
grate their thin lithium niobate waveguides'™ on our platform.
We have also ongoing discussions with Tampere University on
how to exploit the multimode behavior and mode preservation
capabilities of our PICs (see Sec. 2.1) to support spatial shaping
of their qubits.**?* We have also identified turbulence
mitigation'® for satellite QKD as a promising application of
our low-loss PICs with efficient phase shifters and integrated
responsive detectors. We additionally have an ongoing collabo-
ration with the Max Planck Institute for Quantum Optics to im-
plant erbium in our silicon waveguides to achieve quantum
emitters with narrow linewidth.'”
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We have introduced the thick-SOI platform with a special
focus on the unique features that make it attractive for different
quantum technologies, and we have also provided an overview
of the ongoing developments to make it even more attractive in
the near future. We presented two concrete cases elaborating in
detail our vision of how PIC-based solutions will be able to sup-
port the large-scale deployment of high-performance QKD net-
works based on both DV-QKD and CV-QKD as well as the
scaling-up of useful cryogenic quantum computers.
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