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EXECUTIVE SUMMARY

The Gravitation program has completed its ninth year and, while some activities are coming to an end,
substantial results have been obtained.

On the scientific side, within Theme 1 the exploration of new photoswitchable materials has led to the
demonstration of the switching of a ring resonator with broadband light. The work on optical neural
networks is producing exciting results, a photonic convolutional neural network (CNN) system with a
speed of 2.56 Tera operation/s and end-to-end system energy efficiency of 3.75 pl/operation was
demonstrated. We are now working on the application of photonic CNNs to optical beam steering.

In theme 2, a double-pass configuration has been demonstrated to boost the efficiency of
semiconductor optical amplifiers in the IMOS platform. Besides, modulation frequencies exceeding 100
GHz have been obtained. Our InP-membrane-on-fiber technology has been used to demonstrate a novel
type of hybrid electronic-photonic sensor, namely an electrical sensor which is optically read-out
through the fiber.

Within theme 3, important progress has been realized in new materials and devices. Using strong light-
matter coupling, we have achieved for the first time exciton-polariton condensation from bound states
in the continuum at room temperature; An ultrafast switching time of ~1 ps has been demonstrated
using optospintronic magnetic tunnel junctions and multiplexing schemes for integrated optical
memories have been devised; Hexagonal SiGe multishells have been developed in order to obtain
guantum-well-type confinement in SiGe heterostructures.

After the end of the Covid-19-related restrictions, we have fully restarted our outreach activities, with
physical demos of spectral sensing and biosensing at the NWO Teknowlogy event and at the Dutch
Design Week. The annual community building event was particularly well attended and lively. On the
valorization side, a new initiative, the valorization tickets, has been implemented and has encountered
much interest from the community. Two new spin-offs have been founded, and have secured substantial
seed funding. A spin-off from 2020 has been awarded the prestigious "Hermes Startup Award" at the
Hannover Messe 2023, testifying the strong potential of the technology.
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WORK PROGRESS AND ACHIEVEMENTS

THEME 1 Pervasive Optical Systems
Theme Coordinator: Oded Raz

HIGHLIGHTS

e Fabricated and published photodetector (PD) array demonstration using 7 PDs to create a
large area (hexagonal shaped) array with operation speed up to 10Gb/sec.

e Demonstrated photonic convolutional neural network (CNN) system with a speed of 2.56 Tera
operation/s and end-to-end system energy efficiency of 3.75 pJ/operation, using 16 weighting
elements and 10 Giga sample/s inputs. The proposed parallelism improves CNN acceleration
by 4-16 times with respect to state-of-the-art integrated convolutional processors.

THEME 1.1 Fiber wireless integration
Project leader: Eduward Tangdiongga

OPTICAL WIRELESS COMMUNICATION

Monolithic integrated two-stage cascaded SOA-PIN receiver for high-speed optical wireless
communication

We propose to utilize a noise reduction scheme by integrating cascaded semiconductor optical
amplifiers (SOAs) to build a monolithic integrated SOA-PIN receiver for a high-sensitive OWC link [LEI22].
Compared with utilizing a one-stage optical amplifier, using multiple independent SOAs as the multiple-
stage amplifier offers the advantage of optimizing the noise figure of each amplifier independently by
tuning their injection currents, which leads to the reduction of the total noise and the improvement of
the receiver sensitivity. The designed receiver consists of one waveguide PIN photodetector integrated
with two SOAs, as shown in Figure 1.
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Figure 1. OWC receiver and the link performance.



A monolithic integrated optical wireless communication (OWC) receiver with optical pre-amplifiers is
fabricated based on HHI’s generic photonic integration platform. The achieved sensitivity for a 10 Gb/s
OOK signal with 10 dBm launch power at 1550 nm wavelength by using the designed receiver is up to -
27.5 dBm at the 7% FEC limit. Compared with the one-stage SOA-PIN receiver, the measured receiver
sensitivity based on the proposed method is improved by 1.5 dB for 10 Gb/s OOK signal at the 7% FEC
limit.

The project is extended to the application on the optical beam steering to establish a system that exploits
photonic neural network to control the integrated optical delay line for the optical beam steering. So
far, the beam pointing control is done by adjusting the voltage level of individual heaters according to a
look-up table, which may be sufficient for a static and semi-mobile or nomadic user, with the control
keeping the same value and possibly with some adjustments due to the inevitable thermal cross-talk
between the heaters. However, if users move, then the look-up table must be updated with new values
according to their speeds and direction. Therefore, an automatic, accurate, and fast beam tracking and
pointing control is needed to provide seamless connectivity to mobile users. We are developing the
control of thermal crosstalk on the heaters, to have a fast automatic tuning according to the target beam
steering angle. The control makes use of a combination of electrical and optical signal processing
employing a neural network concept with an optimized cost function regarding latency, complexity and
update speeds to serve users moving at walking speeds, i.e. 1-5 m/s. The schematic of the control part
is shown in Figure 2.
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Figure 2. Schematic of a hybrid electro-optical neural network RF beam pointing controller.

TARGETS FOR 2023

o Develop the thermal compensation method for the thermo-optical phase shifter based
integrated optical delay line for optical beam steering.

e Explore neural network method to control the optical steering dynamically.

e Research on photonic neural network connection for opto-electric control on the integrated
beam steering chip.

THEME 1.2 Data centers and optical interconnects
Project leader: Oded Raz

RECONFIGURABLE CIRCUITS

Collaboration on this topic with the chemical engineering department has continued in 2022. We have
been exploring the use of photoswitchable Diarletheneses (DAE) molecules who can transition between
two states (open and close) via a process of photoisomerization [CALO8]. A graphic illustration of how
the material behaves is shown in figure 3 below:



“OFF”

Figure 3. Reversible programming of diarletheneses based coating using two colors of light

"ON”

The work has proven that the material can be easily switched with relatively low optical power flux
(sources were a UV and white LED with broad illumination and a power of several watts and in relatively
short time (several minutes). Initial results were published in the IEEE Photonic society Benelux chapter

meeting in Eindhoven [BAH22]. In Figure 4 are the main result of switching a ring resonator between
two states using illumination with UV or white light.
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Figure 4. Resonant shifting of ORR through switching between illumination with UV and white light
NOVEL 3D AND 2.5D PACKAGING FOR OPTICS IN DATA CENTERS

Most work has shifted to use cases of packaging of surface normal devices (VCSELs and PDs) for optical
wireless communication systems. In Figure 5 an image of a recently fabricated and published PD array

demonstration using 7 PD to create a large area (hexagonal shaped) array with operation speed up to
10Gb/sec.

Figure 5. Assembled PD array and TIA (down) with microlens array (up).

TARGETS FOR 2023

e Co-integrate large arrays of PDs and combination of PDs and VCSELs for OWC transceivers.

e Demonstrate switching using charged nano-particles.



THEME 1.3 Optical Switching
Project leader: Patty Stabile

The activity on photonic neural networks has proceeded with the performance investigation of photonic
integrated all-optical neurons, the result suggest an arbitrary scaling on the depth of SOA-based
photonic deep neuron networks (PDNN) [SHI1]. We propose a noise model for investigating the signal
degradation on the signal processing after cascades of semiconductor optical amplifiers (SOAs) in the
all-optical neuron, and we experimentally demonstrate the emulation of scaling of the SOA-based
integrated all-optical neural network in terms of number of input channels and layer cascade, with
chromatic input to monochromatic output conversion, exploiting cross-gain-modulation effect. Both
experiments and simulations shown that the all-optical neuron (AON), with wavelength conversion as
non-linear function, is able to compress noise for noisy optical inputs. This suggests that the use of SOA-
based AON with wavelength conversion may allow for building neural networks with arbitrary depth. In
fact, an arbitrarily deep neural network, built out of seven-channel input AONs, is shown to guarantee
an error minor than 0.1 when operating at input power levels of -20 dBm/channel and with a 6 dB input
dynamic range. Then the simulations results, extended to an arbitrary number of input channels and
layers, suggest that by cascading and interconnecting multiple of these monolithically integrated AONs,
it is possible to build a neural network with 12-inputs/neuron 12 neurons/layer and arbitrary depth
scaling, or an 18-inputs/neuron 18-neurons/layer for single layer implementation, to maintain an output
error <0.1. Further improvement in height scalability can be obtained by optimizing the input power.
Within the topic of PDNN, we propose a novel on-chip parallelism for WDM-based convolutional
processing [SHI2], for implementation of photonic convolutional neural network, which is one of the
best neural network structures for solving classification problems. The convolutional processing of the
network dominates processing time and computing power. Parallel computing for convolutional
processing is essential to accelerate the computing speed of the neural network. we introduce another
domain of parallelism on top of the already demonstrated parallelisms suggested for photonic
integrated processors with WDM approaches, to further accelerate the convolutional operation on chip.
The operation of the novel parallelism is introduced with an updated cross-connect architecture,
exploiting cyclic routing array waveguide grating, combining parallelisms in space and wavelength. The
photonic CNN system is demonstrated for the handwritten digit classification problem in simulation,
with a speed of 2.56 Tera operation/s and end-to-end system energy efficiency of 3.75 pJ/operation,
using 16 weighting elements and 10 Giga sample/s inputs. The proposed parallelism improves CNN
acceleration by 4-16 times with respect to state-of-the-art integrated convolutional processors,
depending on the available weighting elements per convolutional core. Figure 6 shows the concept of
the WDM-based integrated convolutional processor.
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Figure 6. Parallel convolutional processing with photonic integrated cyclic grating

TARGETS FOR 2023 - This project has been completed and is now developing in a new one: ONN-
controlled beam steering (connection to Theme 1.1)



THEME 1.4 Integrated low-loss space-division-multiplexed transceivers
Project leader: Chigo Okonkwo

In 2022, the development of space-division multiplexing (SDM) has been focused on two main aspects:
The development of components and extension of the digital holography tool for loss analysis of fiber
based devices [HOU22] and applications such as tapping [BRA22]. Secondly, with the increased interest
on free space optical communications, and to support upcoming field-deployable FSO systems, the
potential for correcting specific free-space optical channel effects on the optical wavefront such as tip-
tilt, beam wander, scintillation and other effects exploiting SDM techniques has been studied [VLI22].

ALIGNMENT AND CHARACTERISATION OF FIBER-TO-FIBER COUPLING USING DIGITAL HOLOGRAPHY

Light in these fibers has a complex spatial distribution. Therefore, when coupling between SDM
components optimized using total coupled power as an optimization metric, certain fiber modes may
be disproportionately affected, leading to increased impairments such as mode dependent loss (MDL)
and crosstalk (XT). Hence, the spatial properties of coupling should be considered, requiring
characterization tools able to provide such insight. A full description of the spatial distribution of light
can be obtained using digital holographic measurements. Off-axis digital holography as previously
reported measures the amplitude and phase for both polarizations of a free-space optical signal by
recording the interference between the signal field and a flat-phase reference. Subsequent analysis of
the measured interference patterns can reveal important metrics for SDM transmission systems such as
MDL and XT. In this work, we demonstrate the use of off axis DH for the alighment of free space coupling
of light between a FMF and an MMF. Coupling is evaluated at various fiber positions. At each position,
the total coupled optical power is measured using a free-space power meter and a transfer matrix of
the SDM subsystem is measured using DH, which is used to calculate MDL and XT. It is shown that only
maximizing total coupled optical power does not provide adequate coupling and severe MDL penalties
of up to 20 dB are observed. Therefore, to ensure reliable results, the spatial distribution of the light
must be considered when coupling is optimized in SDM systems. Off-axis DH is demonstrated to provide
the necessary measurements for reliable automated alignment of SDM devices and subsystems.
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TARGETS FOR 2023
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e We have improved the stability of the free space optical system but this will continue with the

addition of a NIR camera to improve measurement of both polarisations

e Exploit the setup in the analysis of novel optical channels e.g., turbulent optical wireless

channels

e Exploit digital demultiplexing in digital holography to evaluate coupling between fibers, fiber

devices such as multi-mode amplifiers [ALV20]
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THEME 2 Nanophotonic Integrated Circuits
Theme coordinator: Kevin Williams
HIGHLIGHTS

e 250% energy-efficiency advance for semiconductor optical amplifiers

e 110GHz class InP modulators demonstrated on generic platform

e Integrated self-spiking optical neuron demonstrated for the first time

e First demonstration of hybrid electronic-photonic sensing on a fiber tip (published in Nature
Nanotechnology)

THEME 2.1 Generic integration platform for photonic ICs on silicon
Project leader: Yuqing Jiao

Energy efficiency is essential to densely integrated nanophotonic circuits. Emerging applications using
optical phased arrays, neuromorphic computing, and optical switching require high efficiency SOAs. For
the first time, we demonstrate that the SOA efficiency can be significantly enhanced at the circuit level,
by passive mode-division (de)multiplexers that send light through the gain section twice, avoiding
resonance. The experimental demonstration is realized on the InP membrane on Si (IMOS) platform, and
10 dB gain (167%) is achieved for the 2-pass SOA, compared to 6 dB for the conventional 1-pass at the
same injection current and same platform design. This is a 250 % enhancement in the small-signal wall-
plug efficiency.
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Figure 9. a Schematic of the mode multiplexed SOAs, b Cross section of the active-passive IMOS platform, ¢ Zoom-
in illustration of the active-passive coupler that supports two transverse TE modes, d and e Illustration and field
distribution of the mode division multiplexer.

Wide-band modulation is now demonstrated on the semi-insulating indium phosphide integration
platform using phase and impedance matched design. Recent measurements using a 110 GHz vector
network analyser confirm the theoretical designed capability with 3dB bandwidths beyond 100 GHz.
Collaborative experiments with the ECO and Phl group, and using equipment on loan from Keysight have
led to the measurement of open electro-optic eye-diagrams up to 100 GBaud. On-off keying and PAM-
4 configurations have been studied, and these data are confirming the modelling methods, providing
confidence for even higher speed measurements in the coming year.

Photonic neuron concepts have been investigated with three different two-section laser concepts on
the generic and imos platfoms. These designs include single and cascaded laser neurons, but also laser
structures to investigate influencing factors for excitability and structures to extract platform
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parameters such as carrier lifetimes. A novel concept of an integrated randomly self-spiking neuron has
been demonstrated for the first time. The spiking statistics has been measured and a novel model has
been developed to describe the data accurately. This led to new understanding of how noise influences
optical spiking neurons and how such devices can be used as rate encoders for spiking neural networks.

TARGETS FOR 2023

e Exploitation of IMOS technology through two semi-commercial MPW run with support from
JePPIX

e Circuit level designs for fully integrated optical phased array comprising the building blocks
devised in the last three years

e Electronic driver integration concepts for co-designed high speed modulators

THEME 2.2 Ultralow-power components
Project leader: Andrea Fiore

NANOPHOTONIC SENSORS

Following up on the work in the previous year, we have demonstrated a full electrical sensing
functionality on a fiber tip, using an electro-optic photonic crystal (PhC) transferred onto the tip of a
single-mode fiber (Figure 10). We use a red laser to generate carriers and produce a photovoltage in an
InP p-i-n junction integrated in the PhC membrane. Due to the electro-optic effect, the voltage changes
the refractive index and therefore the PhC resonance. A laser tuned to the side of the resonance, around
1550 nm, is used to read out the voltage through the wavelength shift. With this method we can optically
measure the IV characteristics of the junction via the fiber. We then showed that this approach can be
used to measure a parameter, e.g. temperature, from its effect on the IV characteristics of the junction,
in a low temperature range T<50 K where the optical properties are temperature-independent and
direct optical sensing is not possible. This is the first demonstration of fiber-tip electrical sensing, and
shows the potential of combining the high sensivity of electrical sensing with the advantages of the
optical readout via the fiber [PIC23].
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Figure 10. (a) Schematics of the electric sensor on a fiber tip; (b) SEM image of PhC transferred on the tip; (c)
Schematics of the p-i-n junction under illumination with the red laser; (d) Reflectance spectrum from the fiber-tip
(the wavelength of the read-out laser is indicated; (e) IV characteristics of the PhC diode measured via the fiber

TARGETS FOR 2023

e This activity has ended with the successful PhD defense of dr. Luca Picelli; it may continue in
future projects.
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THEME 3 Ultimate Control of Matter and Photons
Theme coordinator: Bert Koopmans

HIGHLIGHTS

e Demonstrated magnetic bits within a racetrack memory (consisting of Co/Gd/Co/Gd synthetic
ferrimagnets) can be moved by current with velocities over 2000 m/s

e Demonstrated an alternative hybrid memory approach, we demonstrated successful switching
of an optospintronic magnetic tunnel junction device with ~ 1 ps switching speed, 1-2 orders of
magnitude beyond state-of-the-art electronic switching scenarios

THEME 3.1 Low-threshold organic polariton lasing at room temperature from bound states in
dielectric metasurfaces
Project leader: Jaime Gémez Rivas

We have demonstrated room temperature Bose-Einstein condensation of organic exciton-polaritons in
dielectric metasurfaces. Exciton-polaritons emerge from the strong coupling of excitons in organic
molecules with photons in the optical cavity defined by the metasurface. At high enough densities of
exciton-polaritons, they condense to the ground state forming a coherent and macroscopic quantum
state. Bose-Einstein condensates decay emitting coherent radiation similar to lasers but without the
need of population inversion. This characteristic opens the possibility to achieve laser-like emission at
much lower thresholds than conventional (nano-)lasers.

Our demonstration of condensation at room temperature from dielectric metasurfaces opens new
possibilities in the race towards electrically driven organic integrated lasing. However, the optical losses
from the metasurface are still too high. Therefore, we have also investigated the field confinement and
the losses from symmetry protected optical modes (Bound States in the Continuum, BICs) in
metasurfaces. These modes are characterized for the full suppression of radiation losses which, in the
absence of material losses, leads to perfect optical cavities. For this investigation, we have chosen THz
metasurfaces that allow us to map the electric fields using a unique double THz near-field field probe
microscope that we have developed at TU/e. The measurements show an extreme electromagnetic field
confinement to the surface of symmetry-protected BICs and the full suppression of optical losses.

These results have been used to design a dielectric metasurface supporting BICs in the visible and to
achieve for the first time exciton-polariton condensation from BICs at room temperature. This
condensation takes place at very low thresholds of less than 5 pJ/cm?. The topological character of BICs
leads also to a vortex-like emission with an associated topological charge (see Figure 11).

Future research will target further reductions of the condensation threshold by investigating and
optimizing the thermalization of exciton-polaritons towards the ground state. The final goal of this
research is to achieve electrically driven condensation (electrical polariton lasing) at room temperature
in organic systems, which are solution processable and easy to integrate in more complex devices. The
realization of defect-free extended metasurfaces for condensation is an integral part of this research,
which also requires from advanced metrology tools and methods. Collaborations with the TU/e start-up
TeraNova B.V. on the fabrication and metrology of metasurfaces for condensation will also pave the
route to future high-TRL developments.

14
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Figure 11. (a)-(c) Emission dispersion from exciton-polaritons in perylene dye molecules on top of a Si metasurface
supporting BICs below (a), at (b), and above (c) the condensation threshold. (d) Polariton-laser beam profile for
different polarizations showing the vortex emission from the BIC condensate. (e) Threshold curve (emission intensity
vs. absorbed power) showing a condensation threshold around 5 1J/cm? .

THEME 3.2 Hybrid approaches combining photonics and spintronics
Project leader: Bert Koopmans

This subproject aims to offer novel functionalities for PICs by creating MagnetoPhotonic building blocks.
We envision that by combining ultrafast magnetization dynamics, spintronic phenomena, and photonics,
we can create high-density magnetic memories. In a cross-strip configuration of a ‘magnetic racetrack’
on top of a photonic waveguide, photonic data can be stored and retrieved at high rates without the
need for energy consuming high-frequency electronics.

To provide on-chip all-optical access of nanoscale magnetic bits, we developed an integrated hybrid
plasmonic-photonic platform. A plasmonic nanoantenna-photonic crystal cavity (PNA-PhC) is used to
access bits in a magnetic racetrack stacked on top of a waveguide. We theoretically showed that this
device can enhance the switching efficiency by 30x, and enables selective detection of a targeted bit in
a magnetic racetrack down to ~ 1002 nm? [PEZ22a, PEZ22b]. To further increase performance, we
developed a device concept based on a wavelength-division multiplexing scheme. Thus, we theoretically
demonstrated parallel switching of 8 magnetic bits across the telecom C-band (see Figure 11b).

Following our first experimental demonstration of on-chip magneto-optical reading of 300 x 400 nm?
memory elements implemented in IMOS [DEM22], designs in (SiNs-based) TriPleX are presently being
fabricated in a MPW run. These should enable first proof-of-concept demonstration of on-chip writing
using all-optical switching of magnetization before the end-date of the Zwaartekracht program. These
designs will also facilitate first experimental approaches to verify plasmonic enhancement.

In the previous year, we have demonstrated that magnetic bits within a racetrack memory (consisting
of Co/Gd/Co/Gd synthetic ferrimagnets) can be moved by current with velocities over 2000 m/s [Li22]
(see Figure 11a). This work was complemented by a systematic study of the conditions for most efficient
current-induced motion, which relies on compensation of angular momentum between the Co and Gd
subsystems [KO022]. Furthermore, we explored the use of ion irradiation to control the energy
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requirements for writing data in a magnetic racetrack by showing that Ga* ion irradiation can be used to
locally tune and control the energy cost of nucleating ~200 x 200 nm? magnetic domains [JON22].

Finally, as an alternative hybrid memory approach, we demonstrated successful switching of an
optospintronic magnetic tunnel junction device with ~ 1 ps switching speed [WAN22], 1 — 2 orders of
magnitude beyond state-of-the-art electronic switching scenarios. Based on comparison with
competitive approaches and benchmarking of specific applications, we started up assessment of
efficiency and viability of various hybrid PIC approaches, including proposals for optimal architectures.
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Figure 12. (a) Current-induced domain wall velocity as afunction of Gd thickness in a Co/Gd/Co/Gd racetrack, for
increasing current densities [LiZ22]. (b) Proposed 8-bit wavelength-division multiplexing scheme for spintronic-
photonic memoy; magnetic bits are located in the photonic cavities denoted as C: to Cs [Pezeshki, TU/e].

TARGETS FOR 2023

* Processing TriPleX based devices and experimental proof of concept of all-optical switching of
magnetization integrated in photonic waveguides, assessing plasmonics / cavity strategies.

¢ Assessment of efficiency and viability of integrated magneto-photonics technology, including
proposals for optimal architectures. Benchmarking and comparison with competitive
approaches.

* Final integration of ultrafast propagation of domains in magnetic racetrack (> 1000 m/s) with
optical writing and detection.

THEME 3.3 Nanomanufacturing for photonics
Project leader: Erwin Kessels

The previous work on synthesis of 2D TMD alloys of MoS; and WS; has resulted in a publication [SCH22].
Of particular interest is that the atomic ordering of the alloys within the 2D monolayer can be controlled
by ALD. As a result, so-called core-shell flakes can be synthesized, which are expected to have interesting
optical properties including luminescence and are subject of further study. Last year, the portfolio of 2D
TMD alloys was extended to ALD of Nb,W1.S; alloys (Figure 10b). Further experiments were done on the
electrocatalytic activity and the electronic properties of this material. It was found that Nb-doped WS,
grown by ALD has a very low contact resistance to Pd/Au contacts Separately, the initial growth stages
of nucleation and monolayer growth during ALD of MoS; were studied, which are especially relevant for
applications where controlled growth of monolayer MoS, across large areas and/or 3D nanostructures
is desired. The saturation behavior of the process was characterized in detail in order to optimize the
quality of the grown material. Furthermore, methods of using in-situ diagnostics (spectroscopic
ellipsometry and optical emission spectroscopy) to probe the initial growth stages of ALD MoS; were
developed.

TARGETS FOR 2023

e Wrapping up the research on the passivation of Ge and hex-SiGe surfaces
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e Wrapping up the research on the nucleation and monolayer growth of MoS; by ALD

THEME 3.4 Semiconductor Nanowires
Project leader: Erik Bakkers

It has been a holy grail for several decades to demonstrate direct bandgap light emission in silicon
[IYE93]. As a consequence, Si-photonics is lacking a Si-compatible light source. Based on previously
published growth method [HAU15, HAU17], we recently reported efficient light emission [FAD20] from
direct bandgap [ROD19] hexagonal crystal phase SiGe in Nature.

The hexagonal SiGe semiconductor material is now getting more mature since we now understand most
of its fundamental properties, including a decent absorption spectrum and its ability to generate
stimulated emission and optical gain. A next challenge is to grow hex-SiGe quantum well and quantum
dots for opto-electronic devices as well as for single photon emitters.
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Figure 13. (a) Cross sectional transmission electron microscopy image of a hexagonal Ge/SiGe multiple quantum

wells structure. The quantum wells are grown in a coaxial structure around a wurtzite GaAs nanowire core and a

thick hex-SiGe buffer layer (dark hexagon). (b) Photoluminescence spectrum of a 11 nm single Ge/SiGe quantum

well structure showing the quantum well emission at 0.46 eV. At high excitation, we also observe the emission of
the hex-SiGe barrier at 0.55 eV.

Normalised PL (a.u.)

To demonstrate hex-SiGe multishells, we employ the crystal transfer approach, in which the crystal
structure is copied from a template, which is a wurtzite GaAs nanowire. The SiixGexthen forms a shell
around the GaAs core nanowire. In this case, the core was overgrown with multiple Ge shells separated
by Sii-xGexshells. Ge sections have alternating growth times of 5 and 10 mins, while the SiixGexshells all
have an equal growth time. A cross-section in the middle of the nanowire is shown in Figure 13. A
structure of alternating Ge (light) and Si1xGex (dark) rings is observed, with the GaAs core at the center.
In a single quantum well sample, we observe strong photoluminescence (PL) above the bandgap of
unstrained hex-Ge, located at 0.35 eV, but below the bandgap of hex-SiGe at 0.55 eV. We attribute the
PL to the approximately 1% compressively strained Ge layers within the hex-Ge/SiGe nanowire shells.
Our results provide strong indications for the feasibility of efficient light emission from a group IV
multiple quantum well structures.

TARGETS FOR 2023

¢ Demonstrate lasing in hexagonal SiGe quantum wells
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OUTREACH

The most relevant outreach activities in 2022 have been the "Sensing the invisible" mini-exhibit within
the Dutch Design Week and a participation to the NWO Teknowlogy event. Besides these two wide
audience events, our research was frequently featured in the media.

MEDIA COVERAGE OF GRAVITATION PROGRAM AND PEOPLE

1.

g

o v &~ W

10.
11.

12.
13.
14,
15.

16.
17.
18.
19.
20.

Ton Koonen gave an interview for Volkskrant about Fiber-to-the-Home.

A radio interview with Ton Koonen in the program Villa VdB on Fiber-to-the-Home.

Printing optical chips as a layer cake in PhysOrg.

Integration of polarization converter on the IMOS platform, the thesis of Sander Reniers.

Patty Stabile on How to build brain-inspired neural networks based on light

Intrinsic currents associated with quantum states can play an important role in designing new

guantum technologies: Nanoscale currents improve understanding of quantum phenomena

TU/e news item Advanced digital signal processing for ultra-high-capacity optical transmission

BNR radio interview with TU/e and PhotonDelta: Zijn we China te slim af met deze lichtinnovatie?

News item on the Photonics Ideation Booster Process

News item SMART Photonics and TU/e enter into strategic partnership.

TU/e news item: How the Eindhoven Hendrik Casimir Institute develops novel information and

communication systems: Building the backbone of the information society

‘Vakidioot’ Reinoud Lavrijsen Docent van het Jaar 2022, in ISO nl

NPO Radiol Langs de Lijn En Omstreken: Reinoud Lavrijsen is verkozen tot docent van het jaar

Reinoud Lavrijsen in NIf8, 19 April 2022

Several news item related to the granting of the PhotonDelta Growth Fund award, eg Photonics

sector at Eindhoven gets major boost with €1.1B investment, in Science | Business

Reinoud Lavrijsen was elected “Teacher of the year in higher education NL 2022"

Interesting video on YouTube: https://www.youtube.com/watch?v=zibGSXuWwNE

Moving spins: novel methods and materials for ultrafast spintronics

Ultrafast writing with light

Theoretical methods for femtomagnetism and ultrafast spintronics

INVITED TALKS

1.

Andrea Fiore, “Integrated NIR Spectral Sensing”, invited paper, Photonics Spectra Spectroscopy
Conference (online, 2022)

Andrea Fiore et al., “Integrated Near-Infrared Spectral Sensing”, invited paper, Optical Sensors
(Vancouver, Canada, 2022)
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https://www.tue.nl/en/news-and-events/news-overview/12-04-2022-how-to-build-brain-inspired-neural-networks-based-on-light/
https://www.tue.nl/en/news-and-events/news-overview/04-05-2022-nanoscale-currents-improve-understanding-of-quantum-phenomena/
https://www.tue.nl/en/news-and-events/news-overview/21-04-2022-advanced-digital-signal-processing-for-ultra-high-capacity-optical-transmission/
https://www.bnr.nl/podcast/eyeopeners/10475974/zien-wat-we-nooit-zagen-door-manipulatie-van-licht
https://brainporteindhoven.com/en/news/photonics-ideation-booster-process
https://www.tue.nl/en/news-and-events/news-overview/21-07-2022-smart-photonics-and-tue-enter-into-strategic-partnership/
https://www.tue.nl/en/news-and-events/news-overview/27-10-2022-building-the-backbone-of-the-information-society/
https://iso.nl/2022/04/vakidioot-reinoud-lavrijsen-docent-van-het-jaar-2022/
https://www.nporadio1.nl/programmas/langs-de-lijn-en-omstreken/fragmenten?date=19-04-2022
https://www.kijk.nl/programmas/hlf8/khGlKqs8acS
https://sciencebusiness.net/network-updates/photonics-sector-eindhoven-gets-major-boost-eu11b-investment
https://sciencebusiness.net/network-updates/photonics-sector-eindhoven-gets-major-boost-eu11b-investment
https://www.tue.nl/en/news-and-events/news-overview/19-04-2022-reinoud-lavrijsen-teacher-of-the-year-2022
https://www.youtube.com/watch?v=zibGSXuWwNE
https://www.tue.nl/en/news-and-events/news-overview/22-12-2022-moving-spins-novel-methods-and-materials-for-ultrafast-spintronics
https://www.tue.nl/en/storage/biomedische-technologie/de-faculteit/news-and-events/news-overview/07-12-2022-ultrafast-writing-with-light
https://www.tue.nl/en/news-and-events/news-overview/25-10-2022-theoretical-methods-for-femtomagnetism-and-ultrafast-spintronics

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Jos Haverkort, Towards a hex-SiGe NW laser. Invited presentation at the Nanowire Week
(Chamonix, 25-29 April 2022)

Paul Koenraad "Iso-electronic Doping Atoms in 1ll/V Materials Studied at the Atomic Scale by
Cross-Sectional Scanning Tunneling Microscopy”, Colloquium University of Lancaster (Lancaster UK
2022)

Paul Koenraad "High Resolution Imaging and Characterization of Defects”, Gordon Conference on
Defects in Semiconductors (New London, USA, 2022)

Paul Koenraad "Atomic Scale Microscopy of Self-assembled dots Grown by Droplet Epitaxy”,
International Conference On Quantum Materials And Technologies (Bodrum, Turkey, 2022)
Martijn Heck, “INSPIRE: InP on SiN photonic integrated circuits realized through wafer-scale micro-
transfer printing”, invited paper, SPIE Photonics Europe (Strassbourg, France, 2022)

Martijn Heck, “The road ahead for integrated photonics (tutorial)”, invited tutorial paper, IEEE
Photonics Conference (IPC) (Vancouver, Canada, 2022)

Jaime GAmez Rivas et al., “Simple Photonics Systems”, invited talk, Wave Shaping 2022 Symposium
(Twente University, The Netherlands, 2022)

Jaime GAmez Rivas et al., “Is it possible to make a perfect optical cavity?”, invited talk, Dutch
Photonics Event (ASML, Veldhoven, The Netherlands, 2022)

Jaime GAmez Rivas et al., “Extended open cavities for polaritonic devices”, invited talk, Engineer
Webinar Series (Optica, on-line event, 2022)

Jaime GAmez Rivas et al., “Strong light-matter coupling with resonant nanophotonic structures”,
Invited paper, IEEE Photonics Conference (IPC) (Vancouver, Canada, 2022).

Jaime Gomez Rivas et al., “THz resonant structures and metasurfaces for local field enhancement
and beam steering”, Invited paper, 2022 Optical Fiber Communication Conference and Exhibition
(OFC) (San Diego, USA, 2022)

Jaime GAmez Rivas et al., “Collective plasmonic resonances”, invited talk, School of Plasmonics and
Nano-Optics (Torino, Italy, 2022)

Yuging Jiao, et al, "InP membrane technology platform for large scale photonic integration",
invited paper, The European Optical Society Annual Meeting (EOSAM 2022) (Porto, Portugal, 2022)
Erwin Kessels, “Atomic Layer Deposition as an enabling nanotechnology”, Invited presentation, Raith
Expert Workshop & Skill Day, (Dortmund, Germany, 2022)

Erwin Kessels, “Plasma-based (spatial) ALD for low-cost, high-volume, low-temperature

applications”, Invited presentation, Materials Research Society, Spring Meeting (Honolulu, Hawaii,
USA, 2022)

Erwin Kessels et al., “Thermal, plasma-enhanced and spatial ALD as an enabling nanotechnology for
electronic devices”, Invited presentation, 48™ International Conference on Metallurgical Coatings &
Thin Films (San Diego, California, USA, 2022)

Erwin Kessels, “ALD: materials, process technologies and applications”, Invited presentation, 5%
Workshop ALD for Industry (Dresden, Germany, 2022)

Erwin Kessels, “Plasma-enhanced atomic layer deposition (PEALD) for processing at the nanoscale”,
Invited presentation, DGPT Colloquium (online, 2022)

Erwin Kessels, “Atomic Layer Deposition from an Applications Perspective”, AVS Webinar (online,
2022)

Erwin Kessels, chair of the 9th International Atomic Layer Etching Workshop (Ghent, Belgium,
2022)
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23. Weiming Yao et al., “Bringing photonics and electronics together”, invited talk, Bristol Quantum
Information Technologies Workshop 2023 (Bristol, UK, 2023)

24. Bert Koopmans, “Ultrafast Spin Dynamics”, Kick-off meeting, Berlin, March 9 — 10, 2022

25. Bert Koopmans, “Femtosecond laser-induced transfer of spin-angular momentum” - Opening
lecture (invited), MORRIS 2022, Magnetics and Optics Research International Symposium
(Shimane, Japan, 2022)

26. Bert Koopmans, “Towards Spintronic-Photonic Integration”, Invited (online), JEMS 2022, The Joint
Magnetic Symposia (Warsaw, Poland, 2022)

27. Bert Koopmans, “Femto-magnetism meets Spintronics”, Invited, UMC 2022, Ultrafast Magnetism
Conference (Nancy, France, 2022)

28. Bert Koopmans, “Ultrafast laser-induced spin currents & all-optical switching”, Invited, Workshop
“Theory meets XFELs” (Hamburg, Germany, 2022)

WIDE-AUDIENCE PUBLICATIONS

A. Fiore, F. Ou and A. van Klinken, "Integrated Spectral Sensors", Optics and Photonics News,
November 2022

SPOT ON INTEGRATED PHOTONICS

We continued to publish a wide-audience magazine reporting the most significant results of the
Gravitation program and relevant developments in the TU/e integrated photonics community. This is
now the third edition of the magazine. The digital version is available here. It has been broadcasted on
social media, and printed copy has been sent to over 500 colleagues and relations.
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Figure 14. Cover page of the SPOT ON Integrated Photonics magazine — third edition.

NWO TEKNOWLOGY EVENT 2022

The annual NWO Teknowlogy event is an annual innovation festival featuring the latest technology
emerging from NWO-funded research. In 2022 we were invited to present the TU/e-MantiSpectra
spectral sensing technology with a demo and a "duo-talk".
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https://tue-photonics.h5mag.com/dec2022/cover

Figure 15. Photos from the NWO Teknowlogy event 2022: (left) Spectral sensing demo; (right) M. Petruzzella and
A. Fiore in a "duo-talk"

DUTCH DESIGN WEEK 2022

Dutch Design Week (DDW) is an annual highlight in Eindhoven, where designers, companies and
educational institutions showcase what they have to offer. The TU/e exhibit within the 2022 DDW took
place in the central Ketelhuisplein at Strijp-S. As one the five major themes showcased by the TU/e,
Sensing the invisible featured two optical sensing exhibitions: Spectral sensing for plastic classification
and Biosensing for Point-of-Care diagnostics. During the 10 days of the exhibit, thousands of people
visited the demo and were introduced to the power of nanophotonics-enabled sensing.
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Figure 16. Photo of the Spectral Sensing demo at the DDW 2022, with PhD student Don van Elst demonstrating
the plastic classification application.
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LINKEDIN

The Linkedin page is continuously sharing the news related to integrated photonics research, as one of
the core pillars of the Eindhoven Hendrik Casimir Institute. The page has gained over 2,200 followers
almost 1,000 more compared to the year before. This channel serves to disseminate the research results
sharing the publications, media coverage, as well as to promote new open positions to attract talent.
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EDUCATING AND ATTRACTING TALENT

Photonics is present in the TU/e education curriculum through a number of Bachelor and Master courses
in both the Applied Physics (AP) and in Electrical Engineering (EE) Master programs.

Initiatives aimed at providing specific training programs in Photonics have been initiated by the
members of this program, in collaboration with the Graduate Program Directors of the two
departments.

PHOTONICS IN THE MASTER PROGRAM

Photonics is very well represented in both Master programs with a total of eight photonics-related
electives. The number of Master students choosing for a photonics specialization has been boosted via
the establishment of the PhotonDelta Fast Career Track Program (an informal sub-track within the AP
and EE programs). In 2022, >20 of students carried out an internship and/or a Master project in
photonics, many of them within our spin-offs (SMART Photonics, MantiSpectra). Discussions are
presently ongoing regarding a possible initiative to further increase the number of Master students in
photonics.

CHALLENGE-BASED LEARNING

We actively contribute to the TU/e education strategy aimed at embedding challenge-based learning
(CBL) in the curriculum. In one of the photonics courses in the AP/EE Master, "Optical sensing and
metrology", small teams of 2-3 students take up a real sensing challenge proposed by the industry and
analyzes potential technical solutions within an 8-weeks course. The challenges are gathered through
an annual open call "Optical sensing challenge". Challenges from ASML, ThermoFisher, Marelli
Motorsport, DEMCON, Tarucca, Prodrive, PhotonFirst, SKF Seals, Nostics, VitalWear, Spectrik have been
proposed so far.

Since 2021-22, photonics-related projects are proposed to interdisciplinary student teams within CBL
courses. PhD student Bernat Molero Argudo (Phl group) has initiated this participation and has been the
main coach for the teams. We are presently discussing our participation to a new TU/e wide initiative
aimed at creating an open environment for learning and innovation, where integrated photonics would
be featured as one of the key technologies.

PHOTONICS SOCIETY EINDHOVEN

The Optica Student Chapter Photonics Society Eindhoven, founded in 2019, has been very active in the
last year, with the organisation of several workshops, activities and career events - some of them co-
organized and/or cofunded by this Gravitation program. The student chapter presently counts 38
members.

BUILDING A COMMUNITY

On 26-27 September 2022 we organized the annual gathering of the Gravitation community, with over
100 participants and a very lively scientific and social program. This was co-hosted with the annual
meeting of the Scientific Advisory Board.
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Figure 17. Physical gathering of the gravit
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ation community with various activities over 2 days.
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PUBLICATION OUTPUT

In 2022 we published 156 papers on topics related to the Gravitation project, out of which 100 as journal
publications, and 56 as conference contributions available in conference proceedings. The full list per
theme is listed below.

Theme 1: Pervasive Optical Systems
Journal publications

Publication

Bravo Ospina, R. S., van den Hout, M., van der Heide, S., van Weerdenburg, J., Ryf, R., Fontaine, N. K., Chen, H., Amezcua
Correa, R., Okonkwo, C. M., & Mello, D. A. A. (2022). MDG and SNR Estimation in SDM Transmission Based on Artificial
Neural Networks. Journal of Lightwave Technology, 40(15), 5021-5030. [9773992].
https://doi.org/10.1109/JLT.2022.3174778

Chen, L., Zhao, M., Ye, H., Hang, Z. H., Li, Y., & Cao, Z. (2022). Efficient light coupling between conventional silicon photonic
waveguides and quantum valley-Hall topological interfaces. Optics Express, 30(2), 2517-2527.
https://doi.org/10.1364/0E.445851

Chen, L., Li, C., Oh, C. W., & Koonen, A. M. J. (2022). A low-latency real-time PAM-4 receiver enabled by deep-parallel
technique. Optics Communications, 508, [127836]. https://doi.org/10.1016/j.0ptcom.2021.127836

Feyisa, D. W., Shi, B., Kraemer, R., Calabretta, N., & Stabile, R. (2022). Compact 8x8 SOA-Based Optical WDM Space Switch
in Generic InP Technology. Journal of Lightwave Technology, 40(19), 6331-6338. [9852300].
https://doi.org/10.1109/JLT.2022.3197292

Graaf, J. D., Zhao, X., Konstantinou, D., van den Hout, M., Reniers, S., Shen, L., van der Heide, S., Rommel, S., Tafur Monroy,
I., Okonkwo, C. M., Cao, Z., Koonen, T., Williams, K., & Jiao, Y. (2022). Beyond 110 GHz uni-traveling carrier photodiodes on
an InP-membrane-on-silicon platform. IEEE Journal of Selected Topics in Quantum Electronics, 28(2), [3802010].
https://doi.org/10.1109/JSTQE.2021.3110411

Gultekin, Y. C., Alvarado, A., Vassilieva, O., Kim, I., Palacharla, P., Okonkwo, C. M., & Willems, F. M. J. (2022). Kurtosis-
limited Sphere Shaping for Nonlinear Interference Noise Reduction in Optical Channels. Journal of Lightwave Technology,
40(1), 101-112. [9580735]. https://doi.org/10.1109/JLT.2021.3120915

Guo, X., Xue, X., Yan, F., Pan, B., Exarchakos, G., & Calabretta, N. (2022). DACON: A reconfigurable application-centric
optical network for disaggregated data center infrastructures [Invited]. Journal of Optical Communications and
Networking, 14(1), A69-A80. https://doi.org/10.1364/JOCN.438950

Lei, Y., Yan, X,, Li, C., Bente, E., Yao, W., Cao, Z., & Koonen, T. (2022). Monolithic integrated two-stage cascaded SOA-PIN
receiver for high-speed optical wireless communication. Optics Letters, 47(10), 2578-2581.
https://doi.org/10.1364/0L.457785

Li, J., Li, C., Henneken, V., Louwerse, M., Van Rens, J., Dijkstra, P., Raz, O., & Dekker, R. (2022). 25.8 Gb/s Submillimeter
Optical Data Link Module for Smart Catheters. Journal of Lightwave Technology, 40(8), 2456-2464. [9662251].
https://doi.org/10.1109/JLT.2021.3137981

Li, C., Chen, H., Fontaine, N. K., Farah, B., Bolle, C., Ryf, R., Mazur, M., Raz, O., Neumeyr, C., Alvarado-Zacarias, J. C.,
Amezcua Correa, R., Bigot-Astruc, M., Sillard, P., & Neilson, D. (2022). Co-Packaged Optics with Multimode Fiber Interface
Employing 2-D VCSEL Matrix. Journal of Lightwave Technology, 40(10), 3325-3330.
https://doi.org/10.1109/JLT.2022.3160128

Li, C., Bhat, S., Stabile, R., Song, Y., Neumeyr, C., & Raz, O. (2022). Hybrid Integration of VCSEL and 3-um Silicon Waveguide
Based on a Monolithic Lens System. IEEE Transactions on Components, Packaging and Manufacturing Technology, 12(5),
883-886. [9736950]. https://doi.org/10.1109/TCPMT.2022.3160149

Linnartz, J. P., Ribeiro Barbio Correa, C., Bitencourt Cunha, T., Tangdiongga, E., Koonen, A. M. J., Deng, X., Abbo, A. A,,
Polak, P., Miiller, M., Behnke, D., Vicent Colonques, S., Metin, T., Emmelmann, M., Kouhini, S. M., Bober, K. L., Kottke, C., &
Jugnickel, V. (2022). ELIoT: enhancing LiFi for next-generation Internet of things. EURASIP Journal on Wireless
Communications and Networking, 2022(1), [89]. https://doi.org/10.1186/s13638-022-02168-6

Pan, B., Xue, X., Guo, X., & Calabretta, N. (2022). Precise Time Distribution and Synchronization for Low Latency Slotted
Optical Metro-Access Networks. Journal of Lightwave Technology, 40(8), 2244-2253.
https://doi.org/10.1109/JLT.2021.3138456

Pham, N. Q., Mekonnen, K. A., Mefleh, A., Koonen, T., & Tangdiongga, E. (2022). Automatic Gbps Receiver for Mobile
Device in Beam-Steered Infrared Light Communication System. Journal of Lightwave Technology, 40(20), 6852-6859.
https://doi.org/10.1109/JLT.2022.3188156

Rasoulzadehzali, A., Kleijn, S., Augustin, L., Tessema, N. M., Prifti, K., Stabile, R., & Calabretta, N. (2022). Design and
Fabrication of Low Polarization Dependent Bulk SOA Co-Integrated with Passive Waveguides for Optical Network Systems.
Journal of Lightwave Technology, 40(4), 1083-1091. [9616381]. https://doi.org/10.1109/JLT.2021.3128426
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https://doi.org/10.1364/JOCN.438950
https://doi.org/10.1364/OL.457785
https://doi.org/10.1109/JLT.2021.3137981
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https://doi.org/10.1109/TCPMT.2022.3160149
https://doi.org/10.1186/s13638-022-02168-6
https://doi.org/10.1109/JLT.2021.3138456
https://doi.org/10.1109/JLT.2022.3188156
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