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EXECUTIVE SUMMARY 
 

The Gravitation program has completed its seventh year, marked by the corona-related lockdowns and 
their effects, but also by many scientific achievements and valorization developments.  

On the scientific side, Theme 1 has been increasingly focusing on wireless optical communication, with 
significant developments in non-line-of-sight (non-LoS) transmission (record 40Gbit/s) and in the use of 
metasurfaces for beam steering (collaboration ECO-PSN groups). Important developments are also seen 
in the area of programmable photonic circuits, with the exploration of new materials (polyelectrolyte 
multilayers), in collaboration with other groups at TU/e. Within the recently started program line on 
optical neurons, high bit resolution multi-level inputs and high input connectivity were demonstrated to 
improve neural accuracy of an all-optical WDM SOA-based neuron. 

In theme 2, an important step in the development of the InP membrane (IMOS) technology is the 
demonstration of a polymer-based electro-optic modulator, with 10 GHz bandwidth. On a parallel line, 
rapid progress in the novel IMOS-based spectral sensing platform has motivated the first valorization 
action directly based on Gravitation research, with a spin-off. Novel membrane-based nanophotonic 
sensors on fiber tips have also been demonstrated, extending the application scope of fiber sensors, and 
a new research line on biosensing has been started. Work on 2D materials continues to show a wealth 
of exciting physics aspects, with high-level publications and potential applications in sensing.  

Within theme 3, the demonstration of direct-gap SiGe nanowires (already reported in 2019) brought 
major worldwide attention to our program, both in the scientific field (plenary talk Erik Bakkers at 
Photonics West, paper in Nature, Physics World “Breakthrough of the year” prize) and in the media. The 
work is making progress towards the next step, the demonstration of a SiGe laser. This effort is 
strengthened by the progress on atomic-layer deposition passivation of Ge and SiGe, leading to ultralow 
surface recombination velocities. In parallel, work on magneto-optical memories continues to be very 
successful, with the demonstration of ultrafast switching (potential writing speed >100 GHz), of 
magnetic domain velocity >500 m/s, and progress towards the integration (collaboration FNA/PhI). 

The social activities in the program and related student networks (OSA student chapter "Photonics 
Society Eindhoven") were hardly hit by the lockdowns: The planned retreat on entrepreneurship was 
canceled in the spring 2020 and again in the fall, and finally took place as a full-day virtual event on 
October 15. Despite the online format, it was a success with large and active participation, and led to 
several follow-ups. The outreach activity could not take place within physical events, but alternative 
forms of communication were developed: We published the first edition of our “SPOT ON Integrated 
Photonics magazine” (online and printed), and set up a semi-permanent exhibit on Integrated Photonics 
in a central location on the TU/e campus. Several radio interviews were also given and a video on 
photonics as enabling technology was prepared for the Dutch University association. 

Valorization was high in the agenda this year, with the entrepreneurship retreat, several meetings with 
investment funds (PhotonDelta, Innovation Industries and InvestNL) and consequently the starting of an 
early-stage coaching program for spin-offs ideas. A spin-off (MantiSpectra bv) was founded with the goal 
of commercializing spectral sensors based on the IMOS technology and received seed funding from 
PhotonDelta and Innovation Industries. A new spin-off in the area of advanced photonic packaging is 
presently being set-up. The consortium is also very active in seeking and securing follow-up research 
funding, with four H2020 projects granted in the area of PICs, one project (coordinated by TU/e) in SiGe 
light sources and a major national proposal in preparation. 
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OVERVIEW OF THE RESEARCH OBJECTIVES  
 

Modern society depends on sustained increases in internet bandwidth, connectivity and computational 
power for business, entertainment, comfort, safety, and communications. But the hardware at the heart 
of the internet consumes an unsustainable amount of energy and projections are showing a relentless 
increase. The energy consumption limits design and constrains connected bandwidth at every level of 
the network: inside computer systems, inside fiber-optic routers and at the final wireless connections to 
the user. 

In order to solve these outstanding issues, a radical new technology paradigm is required: we envisage 
a pervasive end-to-end optical connection between users and computing resources and a radical 
enhancement in electronic-to-optical conversion efficiencies. This requires the intimate integration of 
electronics and photonics at both the system level and at the physical layer and a re-engineering of 
photonics close to the quantum limit. It raises formidable scientific and technological challenges. We 
focus on the key hardware challenges on all scale levels. 

THEME 1 PERVASIVE OPTICAL SYSTEMS 
We aim to create new integrated photonic circuits, which connect users optically to the network, keep 
information in optical form as it passes through data routers in the internet backbone, and handle 
unprecedented information densities as data streams converge at the servers at the heart of the 
internet. 

The systems must help solve the capacity bottleneck at every network level from the long-haul 
transmission systems through data-center networks and including down to access networks and in-
home networks, where billions of users need fast connections with the local and global internet. 

The Gravitation research targets different parts of the communication infrastructure: 
• Long haul transmission of data, where photonic integration techniques will be exploited to open 

new dimensions and increase the amount of data that can be transported over a single fiber. 

• Signal routing and processing, where applications of adding versatile photonic circuits to electronic 
circuitry are being investigated as well as the introduction of optical switches for energy-efficient 
and transparent switching and routing of data. 

• Closer to the user, the research is aimed at photonic chips as a means to create dynamically 
reconfigurable indoor access points, a low-cost indoor optical network, and beam-steering 
techniques for short-range wide-band low-power radio- and optical-wireless connections. 

THEME 2 NANOPHOTONIC INTEGRATED CIRCUITS 
We aim to intimately integrate active photonic circuits with electronic silicon-based circuits using 
nanophotonic technology to push integration density and power efficiency several orders beyond 
today’s state-of-the-art. 

The research line has two parts:  
• Creation of a nanophotonic membrane based integration platform that supports integration of 

compact and energy efficient basic building blocks used in photonic circuits for a variety of 
applications. These membrane-based photonic circuits are created on top of silicon or CMOS 
integrated circuits, which contain the electronics for driving and controlling the optical circuits and 
for processing the electronic data that they generate. 
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• Creation of compact and ultra-low power components for future integration in the platform. 
Emphasis is on nanolasers and photonic switches. 

THEME 3 ULTIMATE CONTROL OF LIGHT AND MATTER 
We aim at ultimate control of light-matter interaction on an atomic scale, to ensure the ultimate in 
energy efficiency and information density, and to explore ways of manufacturing. The emphasis is on 
tools to create and analyze optical nanomaterials for efficient nanophotonic devices and to develop and 
study novel devices for efficient generation and detection of light at the femtojoule (fJ) energy level. We 
also study the exchange of information between photons and magnetic spin as a route to fast and ultra-
dense optically addressable memory. 

We are investigating techniques for creating and manipulating structures on the nanoscale, which 
display properties which are not found in natural materials. One example is the growth of hexagonal Si 
and SiGe nanowires, the first samples of which show the expected direct bandgap. This novel material 
may enable efficient emission from silicon, or the monolithic integration of materials with different 
crystal structure or lattice constant (e.g. III-V on Si or vice versa). This work is made possible by the use 
of atomic-scale characterization techniques which identify these structures atom-by-atom. Another 
research line investigates processes where light directly interacts with magnetic properties of matter, 
which opens ways for optical memories. These are still a major target in the design of optical circuits. 
Major challenges are encountered and addressed in both the scientific analysis and the manufacturing 
methods. 

ORGANIZATION 
All staff members involved in the Gravitation Program “Research Centre for Integrated Nanophotonics” 
belong to the TU/e Institute of Photonic Integration (IPI). This institute provides the input to a pipeline 
which brings research to application (see the section on Institutional Embedding). 

The focus on new technology hardware offers a unique opportunity to proceed beyond the “proof-of-
principle” and tackle both fundamental challenges and opportunities for large-scale applications. In the 
following pages we give a brief description of the research that we are doing to address the challenges 
described above, and of the most important results that we have achieved in the seventh year of the 
project (2020). 

In some cases, activities in the Nanophotonic Gravitation program have led to spin-off research 
activities: see the section on Knowledge Utilization. 
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WORK PROGRESS AND ACHIEVEMENTS 
 

THEME 1 Pervasive Optical Systems 
Theme Coordinator: Oded Raz 

Highlights: 

• Novel concept for broadband wide Field-of-View receiver for optical wireless communication 
[KON20] 

• Paper award (2nd place) by ZK funded student - Sjoerd van der Heide at European Conference 
on Optical Communications (ECOC), Brussels 2020 [HEI20a] 

• Publication of two articles in Applied Optical Materials on programmable photonic materials in 
collaboration with the PMP group and the soft matter group in ICMS [MOH20a, MOH20b] 

THEME 1.1 Fiber wireless integration 
Project leader: Ton Koonen 

OPTICAL WIRELESS COMMUNICATION 

Broadband OWC receiver with wide FoV and large aperture 

A novel photodiode matrix has been designed for enlarging the active aperture and the field-of-view 
(FoV) of a free-space optical wireless communication (OWC) receiver, while also achieving a large 
bandwidth (Figure 1). This concept has been filed for patent. In cooperation with Albis Optoelectronics, 
first prototype photodiode modules have been realised and packaged in a TO-5 can. Mounted on a PCB 
together with a commercial 700MHz TIA and ∅50mm f=10mm Fresnel lens, transmission rates beyond 
1.2Gbit/s were shown in our BROWSE OWC laboratory testbed. The measured FoV was ~10 degrees. 

Non-LoS system 

By deploying diffuse reflection focusing (DRF) with a spatial light modulator (SLM) for adaptive 
wavefront shaping, a record 40Gbit/s non-line-of-sight (non-LoS) transmission has been demonstrated. 
Diffuse light reflected off a rough surface (e.g., ceilings or walls) can be focused on a target receiver with 
an average 18-dB-power-enhancement. 40-Gbit/s >80°-coverage beam-steered non-LoS OWC system is 
experimentally demonstrated over a diffused 25-cm free-space link. A fast-focusing transmission matrix 
algorithm is applied to make the DRF technique more practical for daily applications. A low-cost 
intensity-modulation/direct-detection (IM-DD) transmission scheme and simple on-off keying (OOK) are 
selected to support cost-efficient applications. This concept has great potential for high-speed indoor 
wireless communications, especially in Industry 4.0 scenarios. 
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a) Packaged 4×4 photodiode matrix 

 
d) Laboratory demonstrator BROWSE 

 
b) assessing FoV 

 
c) BER performance of OWC receiver 

Figure 1. Novel OWC receiver, validated in laboratory demonstrator system 

20 Gbit/s beam steered infrared wireless link enabled by a passive field-programmable metasurface 

In close collaboration with the PSN group, Dr. Zizheng Cao and co-workers successfully demonstrated a 
low-cost beam-steered optical wireless communication system with 20 Gbit/s data rate [HUA1]. This is 
realized by a well-designed polarization-tunable metasurface. The infrared beam is steered by 35° on 
one side empowered by a passively field-programmable metasurface. By combining the centralized 
control of wavelength and polarization, a remote passive metasurface can steer the infrared beam in a 
remote access point. The proposed system has the scalability to support multiple beams, flexibility to 
steer the beam, high optical efficiency, simple and cheap devices on remote sides, and centralized 
control (low maintenance cost), while it avoids disadvantages such as grating loss, a small coverage area, 
and a bulky size. Based on the proposed beam steering technology, a proof-of-concept experiment 
system with a data rate of 20 Gbit/s was also demonstrated. Since the fabrication of metasurface is 
compatible with existing CMOS process, the large-scale production may pave the way for massive indoor 
applications. 
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Figure 2. Architecture of the proposed metasurface-based 2D IR beam steering system 

 

 
Figure 3. SEM photo of the metasurface fabricated 

 

 

Figure 4. Experimental setup of the metasurface based beam steered infrared wireless link 
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Upstream signaling 

Within the SMART-One project in cooperation with KPN, upstream signaling was proposed using a 
vision-based system, and we achieved an upstream signaling rate of 2.4kbps using M-ary intensity 
modulation [PHA1]. We also explored mobility in the OWC system to enable mobile user devices to stay 
connected on the move. We demonstrated real-time localization with a tracking error of <4mm by using 
vision-based technology and a prediction algorithm. And we achieved seamless transmission for mobile 
devices using a soft handover mechanism [PHA2]. A theoretical analysis and its validation are explained 
in [PHA3] using a Gaussian beam propagation approach. Moreover, we developed a new auto-aligned 
optical wireless receiver for indoor mobile users using a dual-axis actuator, a motion sensor, and a 
feedback control. Experiments demonstrated seamless transmission at normal walking speeds with 
<400ms alignment time [PHA4] using the setup in Figure 5. 

 

Figure 5. (a) Design diagram of the receiver; (b) Indoor beam-steered infrared light communication (BS-ILC) 
experimental setup; (c) Receiver on linear guide rail. 

 

POF feeder for OWC MIMO 

In the H2020 ELIOT project, which addresses OWC for Internet-of-Things applications, we are 
investigating novel feeder link technologies for the foreseen LED luminaires, as seen in Figure 6. The 
plastic optical fibre (POF) WDM components such as power combiners and demux filters have been 
investigated in [COR1]. We then explored POF technology with wavelength-multiplexed multi-channel 
transport in order to support multiple input multiple output (MIMO) techniques for robust OWC data 
transfer [COR2] .  
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Figure 6. Principle of operation of the WDM-over-POF with D-MIMO. 

In [COR3] we reported the first experimental results with space-division multiplexing (SDM) and 
wavelength-division multiplexing (WDM). We also show that the positions of mobile users in the wireless 
link influence the singular values and the achievable data rates of the LiFi system. In [COR4] we proposed 
to use large-core optical fibres acting as the light source in the luminaire, as seen in Figure 7. Hence no 
electrical powering and maintenance at the luminaires is needed, which brings considerable operational 
benefits.  

 
(a) 

 
(b) 

Figure 7. WDM-over-POF with a VLC link: schematic (a) and experimental setup (b). 

A collimated beam was using, thus providing service for one user. A spatial diversity concept using a 
novel two POF-based luminary transmission was demonstrated [COR5]. A work describing the new 
features in LiFi for future IoT was summarized in [COR6]. These include a distributed MIMO wireless 
topology, seamless handovers between the light access points and to 5G, besides indoor positioning.  

RADIO-OVER-FIBER 

24GHz beam forming system 

An optical beamforming system operating at 24 GHz has been implemented using a packaged Si3N4 
optical beamformer assisted with multi-core fiber (MCF). By means of wavelength tuning, fast beam 
steering was achieved with high throughput (>10 Gbps) and up to 3GHz of bandwidth [TAN1]. Wireless 
transmission of 1.5GHz-wide signals was also demonstrated with a scanning range of 59˚ [TRI1]. An 
optical multi-beamforming network based on an improved, dual-wavelength Si3N4 optical beamformer 
and employing a weakly-coupled MCF was realized. Data transmission measurements using single-
carrier signals [MOR1] and full-compliant WiFi and WiMAX channel [MOR2] were performed, confirming 
the flexibility of the beamformer. Further development in reducing the chip size is beneficial in terms of 
reducing cost and power consumption in devices. An IMOS circuit was designed, fabricated, and 
characterized an optical beamformer having optical ring resonators (ORRs) with a very wide 114 GHz 
free spectral range (FSR) making it compatible for use in very high frequencies up to the W-band. 
Thermo-optic control of the beamformer leads to continuous delay tuning up to 77 ps and data 
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transmission up to 12 Gbps for a 3 GHz-wide single-carrier signal was demonstrated using a 1×2 optical 
beamformer system [TRI2]. 

 
Figure 8. (a) Multi-beam steering functions for serving mobile users from different base stations. MCFs are 
employed to connect base stations to a single processing unit, (b) Schematic of the chip assisted by MCF. 

 

TARGETS FOR 2021 

• Beam-steered OWC: handovers between wireless cells utilizing the visual-based localization 
technique and an auto-aligned optical receiver.  

• MIMO Infrared LED-based LiFi for spatial diversity and spatial multiplexing, fed by POF-WDM 
feeder network 

• IMOS-based beamsteerer equipped with multi-core fibers and using a phased array antenna 

• Wide Field-of-View broadband OWC receiver using novel photodiode matrix 

 

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

POLYELECTRPLITE MULTI-LAYERS AND PROGRAMMABLE PHOTONICS 

The research on programmable photonics has been extended and has entered a new phase via a 
collaboration with the Institute of Complex Molecular Systems (ICMS) and the soft matter group led by 
Prod. Ilja Voets.  

The main findings from previous investigations were that aSi:H can be used for the creation of 
programmable structures but that the speed and extent of refractive index control one can obtain using 
aSi:H was limited. An alternative approach was offered by Dr. Mahir Asif Mohammed in collaboration 
with Mr. Christian Sproncken (from the ICMS) which was based on the manipulation of the properties 
of the photonic circuit cladding material. A choice has been made to use polyelectrolyte multilayers 
(PEM) which have been shown in the past to go through significant macroscopic structural changes 
under the influence of exposure to acid solutions. The same macroscopic changes also resulted in a 
modulation of refractive index of 25%. In the paper published in advanced optical materials [MAH20], 
where the team demonstrates the modulation of a micro ring resonator (MRR) transmission spectrum 
by treating the chip with its PEM coating to cycles of acid treatments leading to successive swelling and 
collapsing of the cladding (see Figure 9 below). 

 

Central Office

MCF 
fronthaul

                                                                                                               (b)
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Figure 9. MRR response programming by (de)swelling of the PEM cladding. a) Microphotographs of a-Si:H MRR 
with a 100 nm desensitizing SiO2 layer that is bare (left) or covered by a PEM cladding, which is (from left to right) 

as-prepared, swollen and collapsed; scale bars are 50 µm. b) Normalized transmission spectra over 2 cycles of 
(de)swelling the PEM cladding shows good reversibility for MRR-1; FSR = 3.75-3.94 nm. Arrows indicate position 

of the fiber Bragg grating (FBG) resonance position at 1547.675 nm serving as a reference. c) Simulated 
transmission spectra (dashed lines) match very well with the experimentally obtained results for MRR-1. d) 

Schematic representation of the device cross-section with PEM cladding changing between (de)swollen states. 

 
For applications in optical switches and routers the concept was further adopted to perform the add-
drop functionality by selectively depositing the PEM cladding on a section of an MRR with both a through 
and drop ports. The resulting through and drop spectra are visible in Figure 10 below.  

 

Figure 10. Area-selectively activated (de)swollen PEM cladding for pass-drop MRR programming.  
Microphotographs of pass-drop 25 µm MRR with a 30-µm long open window in the otherwise PMMA-coated (1.1 

µm thick) ring a) as-fabricated b) with swollen PEM and c) with collapsed PEM. The color change upon 
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(de)swelling is indicative of the large refractive index change. d-f) Schematic cross-sections as indicated with 
white dashed lines in a-c, under the respective conditions. Outputs measured from g) the drop-port and h) 

pass-port of the device cladded with (de)swollen PEM showing good reversibility between two states up to seven 
treatment steps. The responses are separated by approximately half of the FSR between the two states. 

 
Data signals transmission through the structure was also carried out demonstrating limited optical 
processing penalties coming from the limited isolation between through and drop ports created by the 
poor filtering of the MRR structure and not due to the cladding.  

NOVEL 3D AND 2.5D PACKAGING FOR OPTICS IN DATA CENTERS 

The activities related to coupling of light from VCSELs into SiPh waveguides which are part of the 
PASSION project continued to suffer from delays because of processing delays and challenges 
experienced by one of the project partners as well as due to the COVID-19 closures. We anticipate that 
these activities will be concluded in 2021. 

The current assembly strategy being considered is the co-integration of photoresist micro lenses on 
silicon as can be seen in Figure 11. Figure 11. Initial simulations suggested that the use of such microlenses 
can improve coupling losses and tolerances by 3-5 dB and 3-5 µm respectively allowing for passive 
instead of active alignment during assembly. Initial fabrication results have demonstrated higher losses, 
but work is ongoing to achieve single mode VCSEL to SMF coupling losses of below 1dB with ~5 µm 
tolerances. 

 

Figure 11. Co-integration of a micro-lens on silicon. 

 
TARGETS FOR 2021 

• Extend collaboration on the use of polymers for photonic circuits with the Chemical 
Engineering department. 

• Demonstrate assembly of VCSELs directly coupled to SiPh circuit and to SMF assemblies with 
losses of 1dB and tolerances of 5 µm. 

 



16 

 

THEME 1.3 Optical Switching 
Project leader: Patty Stabile 

The project is focusing on a lossless, monolithically integrated photonic neuron for all-optical 
computation. An all-optical neural network implementation, based on all-optical neurons, is expected 
to offer a route to scalability. However, the implementation of analogue input processing may provide 
even higher throughput improvement [GAT09], which is not investigated in photonics yet, and therefore 
a study of performance gains when multi-level optical input signals are fed into a photonic neuron and 
neural network is necessary. We implement an SOA-based neuron with off-the-shelf components to 
study the performance of the linear part and nonlinear part of the all-optical neuron with respect to 
multi-level amplitude modulated inputs and with NL-SOA based optical nonlinear transfer function (NL-
TF). The analogue linear and non-linear computation accuracy is studied in order to identify data format 
regimes with optimal neuron accuracy [SHI21]. 

Figure 12a shows the experimental setup. A WDM laser source is operated with four wavelengths at ITU 
channel 21, 23, 25, and 27. These are multiplexed to be modulated by a phase-amplitude modulation 
(PAM) format up to 512 levels on a single modulator, driven by an arbitrary waveform generator, with 
the multi-levels converted from pseudo random bit sequence (PRBS). After being decorrelated using 
varied lengths of optical fibers, the WDM signal is fed into the neuron, with a power of -10 dBm per 
channel. Figure 12b presents the schematic of the all-optical neuron. In the blue line box, the linear 
weighted addition part (Σ) is realized by exploiting the linear gain region of weight-SOAs: the 
multiplications of all the input channels with fixed weights are filtered and summed up via an AWG 
before being sent to the optical NL-TF (red line box). The NL-TF (φ) is implemented via an SOA-based 
wavelength converter, with a CW laser at λTL=1554.13 nm, with a power of -3 dBm. This activation 
function receives the WDM input signal and converts it into λTL. The full neuron is programmed 
electronically with high-speed drivers which receive a control signal from an FPGA interfaced to a 
computer (Figure 12a). Control currents in weigh-SOAs are tuned up to 70 mA to compensate for the 
path loss and to set different weight factors to the input data. The NL-SOA current is set at 100 mA. The 
neuron is implemented via off-the-shelf optical components to access each probing point and 
understand linear and non-linear function outcomes as a function of the channel numbers and the 
modulation level numbers. The neuron output, detected by a linear photodetector, is recorded by a 
digital phosphorous oscilloscope (DPO) and postprocessed. In the future, the neuron will be part of a full 
layer of n neurons with m input wavelengths where both the layer input and output are WDM signals, 
by multiplexing the neuron outputs (Figure 12c). 

 

Figure 12. (a) The experimental setup for the all-optical neuron with multi-level, multi-wavelength inputs. (b) SOA-
based neuron, with its linear and non-linear part, via off-the-shelf components. (c) Envisioned all-optical layer for 

PNN. 

The normalized root mean square error (NRMSE) is calculated to show the performance of the device. 
Four-channel inputs with multilevel modulation from 1 to 9 bit/symbol (from 2 up to 512 levels) are 
generated at a baud rate of 10 Gbaud/s. Figure 13 shows the 4 multi-level input channels in the case of 
9 bit/symbol (Figure 13a) at the input of the optical neuron. The linear unit output and the non-linear 
output of the neuron are shown in Figure 13b and c, resulting in NRMSE 0.05 and 0.08, respectively. The 
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NL-TF of the neuron is recorded by fitting the in/out-put of NLSOA, as in Figure 13d. Figure 13f shows 
that the numbers of input channels slightly change the NL-TF nonlinearity.  

 

Figure 13. (a) Four-channel addition for 512-level inputs. Output signal after (b) the linear weighted addition unit 
and (c) the NL-TF unit. (d) The NL-TF from the NL-SOA input-output correlation. (f) The NL-TF with inpus of 1, 2 

and 4 channels.  

The performance of the neuron can be defined by the accuracy of the neuron output. We change the 
modulation levels from 1 to 9 bit/symbol and record the output of the linear weighted addition unit, as 
well as the output of the NL-TF. Figure 14 illustrates the error evolution when increasing the modulation 
levels. Figure 14a-c plot the NRMSE variation for 1, 2 and 4-channel input, respectively. The NRMSE of 
the linear part and non-linear part are shown in the blue and red lines, respectively, and the yellow lines 
plot the NRMSE of the non-linear output when considering the nonlinear response of the NL-SOA 
recorded in Figure 13f. In particular, for 9 bit/symbol the error after the NL-TF is 0.08. Finally, Figure 14d 
plots the error changes for 4-level input modulation when increasing the number of input channels into 
the neuron. The error is seen to slightly decrease when input channel numbers increase. This is due to 
a parallel increase of the input power at the linear part output/nonlinear input.  

 

Figure 14. Error evolution when changing the multi-level modulation from 1 bit/symbol to 9 bit/symbol for (a) 
one, (b) two and (c) four channels. (d) The error variation for channel number from 1, 2 to 4, in the case of 4-level 

(2 bit/symbol) modulation. 

We have demonstrated an all-optical neuron based on SOA and AWG technologies and NL-SOA based 
wavelength convertor. The results show that a higher number of modulation levels and more input 
channels can improve the performance of the NL-TF and of the all-optical neuron overall. The output of 
the all-optical neuron shows comparable errors to the neuron output with E/O conversion with 
processing speed at 10 Gbaud/s. This means that with a 9 bit/symbol multi-level input modulation and 
4-channel inputs, the all-optical neuron can already provide computing for a data throughput of 360 
Gbit/s and with an output error of 0.08.  

TARGETS FOR 2021 

• Implement electronic/photonics co-design for fast processing. 

• Investigation of coherent and ultra-compact matrix schemes. 

• Improve power consumption metrics via energy efficient hybrid component schemes. 
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THEME 1.4 Integrated low-loss space-division-multiplexed transceivers 
Project leader: Chigo Okonkwo 

Typically, performance metrics for Space Division Multiplexing devices such as mode-dependent loss 
(MDL) could be obtained at a system-level through analysis of the digital filter taps [WIN11] of the 
multiple-input multiple-output (MIMO) equalizer required to unravel the mixing of the spatial paths 
transmission. In 2020, further progress has been made towards the development of digital holography 
(DH) techniques for obtaining linear device parameters such as insertion loss (IL), group-delay (GD), 
chromatic dispersion (CD), polarization dependent loss (PDL) and polarization mode dispersion (PMD) 
of optical devices and systems [MAZ19, HEI20b, ALV20].  
 
FREE SPACE OPTICAL CHARACTERISATION BY DIGITAL HOLOGRAPHY 

Off-axis digital holography capable of measuring the full polarization-diverse complex optical field 
emitted from a device-under-test (DUT) [COL02]. The light emitting surface, in this case the facet of a 
fiber, is placed in a 4f optical setup (see Figure 15 – Setup 1). The optical setup combines the light emitted 
from the facet, the signal, with a coherent flat-phase reference beam and images it magnified to the 
ratio of the lenses on the surface of the infrared camera. A Wollaston prism is used to spatially split both 
polarizations. The reference beam is placed under a slight angle, hence off-axis digital holography, which 
leads to fringes produced by the beating between the reference beam and the signal light. Even though 
the camera only records the intensity of incident light and would thus destroy any phase information, it 
is still preserved in the fringe pattern and can therefore be extracted by subsequent digital signal 
processing (DSP). The DSP chain for digital holography starts with masking or cropping of a region of 
interest of the recorded camera frame as shown in the insets of Figure 16. To access both polarizations 
of the optical field, DH is performed separately on each polarization, either by using multiple near-
infrared (NIR) cameras or by using a different part of the camera, essentially multiplexing polarizations 
spatially. Alternatively, in the imaging field of research [YUA11, OCH13], the same part of a camera was 
used to perform DH on a signal using two orthogonally polarized reference beams which were separated 
in angle, essentially multiplexing polarizations angularly. In the last year, we introduced the concept of 
angular multiplexing to achieve polarization-diversity in DH as an alternative to spatial multiplexing for 
measurements of the complex optical field and transfer matrix of an SDM device.  
 

 

 
Figure 15. Setup1: Spatial multiplexing DH optical 

setup. Signal and reference light are combined, and 
a Wollaston prism is used to split polarizations 

across a near-infrared camera. Optical switches 
excite all inputs of the photonic lantern under test. 

Setup 2: Spatial multiplexing DH optical setup with 
two orthogonally-polarized reference beams used 

instead of a Wollaston prism. 

 
Figure 15 – Setup 2 shows the new angular multiplexing scheme may benefit from using different 
components with respect to Setup 1. For example, since no Wollaston prism is required, the reference 
beam width may be increased for better resemblance to a plane wave. Also, since a larger area of the 
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NIR camera is available, greater magnification in the 4f lens setup can increase the number of pixels used 
for the signal and therefore increase resolution and dynamic range of the extracted optical fields. On 
the other hand, by incorporating two fringe patterns on the same part of the camera, the dynamic range 
is reduced. Furthermore, one of the key attractions to DH as a measurement technique is the low 
number of optical components required to capture the signal light, keeping the influence of aberrations 
minimal. Thus, it might prove beneficial that the angular multiplexing scheme does not have the 
Wollaston in the signal path, and only introduces a simple beam-splitter in the reference path. Finally, 
some interference between both reference beams is observed, which could give meaningful insight in 
the reference beam amplitude and phase, potentially for correction of its deviation from a perfect plane-
wave. 
 

 

 

Figure 16. Laboratory digital holography setup and Angular multiplexing signal processing. Fringe patterns 
overlay on the camera and are Fourier transformed together. Holograms for both polarizations appear at 
distinct locations in the angular domain, cropping and inverse Fourier transformation therefore gives the 

extracted complex fields 

Both DH techniques (Setup 1 and Setup 2) have been used to measure the same photonic lantern to test 
the novel angular scheme against the tried-and-tested spatial multiplexing scheme. Similar values are 
measured for mode group crosstalk, -13.8 dB versus -14.0 dB, and mode-dependent loss, 1.50 dB versus 
1.45 dB, using spatial and angular multiplexing, respectively. 
 
TARGETS FOR 2021 

• Improving the stability of the free-space setup 

• Improve the DH signal processing to use Hermite Gaussian Modes for comparison 

• Adapting the DH setup for observing mode fields from PICs 
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THEME 2 Nanophotonic Integrated Circuits 
Theme coordinator: Kevin Williams 

Highlights: 

• First EO polymer-based slot waveguide modulator on InP [KAS20] 

• First valorization of an IMOS-based technology: MantiSpectra bv 

• Scalable method for fiber-tip transfer of semiconductor membranes [PIC20] 

• Invited Topical Review paper on global research of III-V photonic membranes [JIA20]. 

 
THEME 2.1 Generic integration platform for photonic ICs on silicon 

 Project leader: Yuqing Jiao 

The IMOS platform continues to attract attention from academia and industry. In 2020 the team has the 
honor to be invited to write a Topical Review for the IOP journal Semiconductor Science and Technology, 
providing a first review on the global research and development of the III-V photonic membrane 
technology [JIA20]. Besides, the IMOS work also received several invited talks in conferences [JIA20], 
[TSA20], which were delivered online due to the pandemic. 

PHASE MODULATORS BASED ON ELECTRO-OPTIC POLYMERS 

Phase modulators are essential elements for both communications and free-space beam steering in 
LiDAR. Electro-optic (EO) polymers can provide extremely high electro-optic coefficients, which are 
beyond what is possible in conventional semiconductors. It has been a popular topic in silicon photonics, 
but is not yet studied in III-V photonics. Realizing an EO polymer slot modulator on the InP platform 
features several advantages over its silicon counterpart. Firstly, the control over the layer thickness and 
doping concentration in InP can be more precise than in silicon-on-insulator (SOI). Secondly, InP, in 
comparison to Si, features lower optical loss (due to free carriers) and higher carrier mobility at the same 
doping levels. These properties enable InP based devices to achieve higher doping concentration levels 
to reduce the electrical resistance of the device, while keeping the insertion loss low and the mobility 
high. 

We have proposed an EO polymer-based slot waveguide phase modulator on the IMOS platform (in 
collaboration with Lightwave Logic Inc.), see Figure 17a, and have made significant progress in 2020 
[KAS20]. The key breakthrough is the successful application of the polymer into the narrow slots, as well 
as the functionalization of the polymer. A picture with the polymer overcladding on the slot waveguide 
and filling in the slot is shown in the inset of Figure 17a.  

 

Figure 17. (a) Schematic of the InP-based EO polymer modulator. (b) Measured small signal frequency response 
of the device. 
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We also discovered that operating the polymer in an InP slot waveguide is different from that in silicon. 
Due to strong charge accumulation inside the InP slot, which creates a counter electric field against the 
applied bias voltage, DC characterization in the InP device is not possible because the net electric field 
inside the slot is very weak. This was not observed in silicon-based devices. With a kHz level frequency 
modulation applied, the problem is solved. The effective electro-optic coefficient (𝑟𝑟33) in the slot is 
measured to be 12.5 pm/V, which is lower than the bulk value of 110 pm/V provided by the company. 
However, this is a well-known effect; the 𝑟𝑟33 reduces significantly in narrow slots due to pronounced 
surface effects. This can be optimized in the future by applying surface passivation techniques to the 
slot structure. 

Frequency-domain measurements revealed that for a 500 μm long device, an electro-optic bandwidth 
of 10 GHz can be achieved, as seen in Figure 17b. This is the first EO polymer modulator demonstrated 
on InP. The bandwidth is lower than the best reported in silicon (up to 100 GHz). However, the root of 
the limiting factors on the electrical performance has been identified. The polymer used in this work 
aims for long lifetime and reliability, and thus sacrifices on the 𝑟𝑟33 coefficient. By using polymers with 
higher coefficients (e.g., the best reported polymers have a bulk 𝑟𝑟33 over 500 pm/V, and effective 𝑟𝑟33 in 
slot over 200 pm/V [HEN17]), the length of the modulator can be reduced significantly, which is beneficial 
for the RC performance. Other improvements include a better velocity matching of the RF and optical 
waves, a wider slot for reduced capacitance and a higher doping level in the conduction layer. 

COUPLING INSENSITIVE DEVICE CHARACTERIZATION 

IMOS devices, similar to silicon counterparts, are typically coupled to vertically placed optical fibers 
through grating couplers. The uniformity of the grating coupler efficiency can vary across the wafer 
during epitaxy and fabrication processes. We proposed and demonstrated a 4-port measurement circuit 
for any passive devices under test, that can extract the key parameters in high accuracy and insensitivity 
to the uncertainty in the grating couplers.  

The schematic of the 4-port circuit is shown in Figure 18. It has been applied to measure the reflectivity 
of photonic crystal (PhC) mirrors [REN19] and the conversion efficiency of polarization converters 
[REN21]. For the PhC mirrors, by measuring the power transmission between the grating coupler pairs, 
the reflectivity can be extracted while the efficiencies of all the grating couplers are cancelled out. 
Similarly, for the polarization converter, the two ports of each MMI coupler are connected to one TE 
grating coupler and one TM grating coupler, respectively. By measuring the transmission between each 
grating pair, the conversion efficiency can be derived independent of the grating coupler efficiency.  This 
circuit architecture can be applied to the measurement of a wider range of devices. 

 

Figure 18. Schematic of the 4-port measurement circuit, and the pictures of the photonic crystal reflector and 
polarization converter that have been measured with this circuit. 
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MULTI-PROJECT WAFER RUN 

Based on the successful demonstration of a SOA building block and various lasers on the IMOS platform, 
we initiated experimental multi-project wafer (MPW) runs with active functionality, mainly for internal 
designers. Through the framework of the IMOS4ALL project, we also invited ASML to participate and 
design PICs for their metrology sensing application. All the designs are made using the PDK developed 
for IMOS, and are organized centrally using the JePPIX MPW server. The wafer fabrication is scheduled 
to start in February 2021.  

Furthermore, our internal previous wafer runs by the PhD students also carried a few designs from other 
groups and external designers, which have been measured recently and some of the results have been 
published in journals [ZHA20, KAP20], while a few more are in preparation/under review. 

TARGETS FOR 2021 

• For 2021, the main research focus is the development of the butt-joint integration technology, 
which will enable taper-free active-passive interfaces for high-speed compact cavity lasers. The 
first-generation of butt-joint SOAs and lasers on IMOS have been fabricated, showing good I-V 
diode characteristics. However, the optical part requires further investigation as first 
experiments did not show lasing. We will continue integrating the DUV scanner technology into 
our membrane process flow. For circuit-level development, we focus on the design of a LiDAR 
beam steerer circuit, based on the developed grating antenna. 

• From 2021, we will start a new line of research on nanostructured phase change materials. Dr. 
Ann-Katrin Michel will join the Gravitation team from May 2021 as an assistant professor. 

• Also, by the end of 2021, new industry-grade epitaxy, etching and deposition tools, with 4-inch 
InP wafer capability and a main focus on process precision and stability, will be installed in our 
cleanroom. These tools can significantly benefit this work package, providing order-of-
magnitude higher precision control over composition, dimensions, and uniformities in the 
membranes, as compared with the current research tools. 

 

THEME 2.2 Ultralow-power components 
Project leader: Andrea Fiore 

NANOPHOTONIC SENSORS 

In the last year we further developed the IMOS spectral sensor introduced last year (Figure 19a). The 
sensor consists of 16 resonant-cavity detectors, each featuring a unique spectral response in the near-
infrared (1000-1700 nm). The linewidths of the pixels were reduced down to 50-100 nm using a new 
lithography process to improve the uniformity. A module was realized, including the sensing chip (Figure 
19b), preamplification, ADC conversion, connectivity and light source and sensing experiments 
performed on relevant application cases. Figure 19c shows the result of fat prediction in milk using a 
partial least square (PLS) regression model based on the photocurrent output of the detectors 
(R2=0.942). A spin-off company, MantiSpectra, has been established to commercialize this technology. 
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Figure 19. (a) Schematics of the IMOS sensor; (b) Photo of a bonded chip; (c) he fat content predicted via iPLS 
regression using normalized photocurrent values from the sensor compared to the expected fat content. 

On another line, an important step has been realized towards the development of novel fiber sensors. 
A simple and reliable method was developed to transfer micro- and nano-photonic structures from a III-
V wafer to the tip of a single-mode fiber, see Figure 20a [PIC20]. It is based on defining the structure on 
a suspended thin membrane and inserting the fiber through a hole etched from the backside, so that it 
breaks the supports, leaving the membrane attached to the fiber by adhesion forces. Photonic crystal 
(PhC) sensors on InP membranes were successfully transferred (Figure 20b), and sensing of refractive 
index based on the shift of the spectral resonance was demonstrated (Figure 20c), with a limit of 
detection (3σ) of 5.7x10-4 RIU. Due to its simplicity and flexibility this method could be employed to 
realize a wide range of bio- and gas-sensors.  

 

Figure 20. (a) Fiber-tip transfer method; (b) SEM image of a transferred PhC sensor; (c) Measured reflectance 
from the fiber tip sensor in different liquids. Inset: Wavelength fluctuations over time 

 
LAYERED 2D SEMICONDUCTORS 

Our research on 2D semiconductors for nanophotonics started expanding towards optoelectronic 
sensors. In 2020, we published our results on the sensitivity of a monolayer semiconductor due to 
interaction with its nanoscopic environment [GOD20].  We demonstrated that the fluorescence of an 
atomically thin material is strongly influenced by charge transfer events. For a WS2 monolayer deposited 
on a gold film, we showed excitonic emission fluctuations that are spectrally, temporally, and spatially 
correlated. We aim to exploit this phenomenon for imaging sensors that detect charge transfer events 
from nanoscale objects such as nanoparticles and molecules of biomedical interest. 

(a) (b) (c)
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Figure 21.  Fluorescence fluctuations in a monolayer semiconductor due to charge transfer events. The monolayer 
is deposited on a metal film. Traps interface interact with neutral excitons and charged trions, resulting in 

emission intermittency over areas several micrometers in size. 

We have also investigated how the presence of nanophotonic structures influences two key exciton 
properties for light-emitting devices: exciton diffusion and exciton-exciton annihilation [RAZ20]. Both 
usually have detrimental effects on emission enhancement. Our theory allowed us to understand the 
implications of the limiting regimes of high and low exciton diffusion and annihilation in modifying the 
conventional Purcell enhancement. We identified remediation strategies that can turn these deleterious 
effects into increased emission through a careful balance of excitonic and nanophotonic parameters. 

In 2020, we published results on the spectral tunability and stabilization of few-layer black phosphorus 
as a direct bandgap semiconductor for infrared nanophotonics [KHA20]. Through laser-induced defect 
creation and encapsulation, we swept the emission spectrum continuously through the near- and mid-
infrared, as the thickness of the defect-engineered material goes from a monolayer to several layers and 
bulk. Patterning is thus a promising strategy for integrated hyperspectral sensors fabricated using a 
single detector material. 

TARGETS FOR 2021 

• Exploration of different applications for the IMOS spectral sensor 

• Further improvement of the fiber-tip sensors (linewidth) and of its readout.  

• Demonstration of nanophotonic enhancement of spin-polarized emission in atomically thin 
semiconductors. 
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THEME 3 Ultimate Control of Matter and Photons 
Theme coordinator: Bert Koopmans 

Highlights: 

• Design and Modelling of a Novel Integrated Photonic Device for Nano-Scale Magnetic Memory 
Reading [DEM20] 

• Surface Passivation of Germanium by Atomic Layer Deposited Al2O3 Nanolayers [BER21] 

• Direct Band Gap Emission from Hexagonal Ge and SiGe Alloys. Published in Nature [FAD20] and 
recognized as “Breakthrough of the Year” by the Physics World magazine 

• Hex-SiGe received funding from the European Union’s Horizon 2020 research and innovation 
program under grant agreement No 735008 (SiLAS) 

 

THEME 3.1 Quantum effects in nanophotonic devices 
Project leader: Jaime Gómez Rivas 

This subproject has offered new perspectives and possibilities on the ultrafast manipulation of the 
optical properties of semiconductor metasurfaces. Metasurfaces, two dimensional arrangement of 
particles that exploits the local optical properties to achieve new functionalities, have attracted a great 
deal of interest in the last decade. The range of possible metasurface functionalities is vast: flat lenses, 
selective mirrors, dispersion and polarization control, holography, and spontaneous and stimulated 
(lasing) emission control. These functionalities can be tuned to almost any desired frequency spectrum 
simply by selecting the size of the particles. These possibilities make metasurfaces great candidates for 
applications in lighting, sensing, optical communications, self-driving car and even quantum computing. 
However, one the main barriers that must be overcome concerns the tunability of their functionalities 
to allow a selective response. Many applications require metasurface to switch their optical properties 
on and off, or from one state to a different state, and in a very fast time scale.  

All-optical modulation allows tuning of the optical properties using laser pulses, thereby creating 
electron-hole pairs (i.e. free carriers) that modify the refractive index of the particle. This occurs in a 
femtosecond to picosecond time scale, which translates to switching/tuning frequencies in the GHz – 
THz range required in many applications. 

In our work we have shown that the physics behind all-optical modulation in semiconductor 
nanoparticles are governed by the competition between the free-carrier effect and lattice heating, and 
that this competition is dependent on frequency and on the laser intensity. Our results show that is 
possible to engineer the swithcing time with the geometry of the nanoparticle. 
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Figure 22. Designing the ultrafast response of a metasurface with geometry. Figures (a) and (b) correspond with 
the change in refractive index Δn=n^*-n_0 where n^* and n_0 are the perturbed and unperturbed indices of 

refraction, respectively. Blue and red regions correspond to regions of wavelength and time where the refractive 
index decreases or increases, respectively. The change from positive to negative is wavelength and carrier density 
(N_0) dependent. This affects to the resonance shift and the measured transient absorption signal ΔT/T.  Figures 
(c) and (d) show two metasurfaces A1 and A2 with resonances λ_1=640 nm, λ_2=600 nm, and λ_3=550 nm. A1 is 
a square array with period a = 320 nm, and silicon disk with diameter d = 175 nm and height h = 80 nm. A1 is a 

square array with period a = 340 nm, and silicon disk with diameter d = 225 nm and height h = 80 nm. For 
equivalent carrier density, we observe that the decay dynamics are different in figure (e). 

 

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 
[KOO18a]. We envision that by combining ultrafast magnetization dynamics, spintronic phenomena, and 
photonics, we can create high-density magnetic memories where photonic data can be stored and 
retrieved at high rates without the need for intermediate electronics. In this phase we focus on better 
understanding the mechanisms behind the optical manipulation of magnetic materials, as well as 
integrating these magneto-optical phenomena with PICs. More specifically, we focus on femtosecond 
laser induced all-optical magnetization switching in free space to write data, while we investigate novel 
magnetic claddings on photonic waveguides for data reading. 

In recent years we have shown that all-optical switching (AOS) of magnetic bits using femtosecond (fs) 
laser pulses is a feasible way to energy-efficiently store data in a magnetic racetrack [LAL17, LAL19]. 
Moreover, we have shown that by combining our ultrathin Co/Gd bilayers with an additional 
ferromagnetic reference layer, we can deterministically set the magnetization in a desired direction, 
instead of merely toggling the magnetization [HEE20]. This is especially relevant for applications, as this 
removes the need for an additional reading or resetting step before optically writing a bit. In the past 
year, we have made progress in better understanding the physics at play at the picosecond timescale, 
so as to further optimize this process. We have also shown that the ultimate time delay between two 
writing events can be as little as 10 ps (see Figure 23), implying writing speeds of up to 100 GHz [HEE21]. 

(a) (b) 

(c) (d) 

(e) 
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This holds not only in Co/Gd bilayers, but also in the recently developed more complex Co/Gd-based 
multilayer systems, which will be addressed next. 

 

Figure 23.  Demonstration of the ultimate data writing speeds using all-optical switching. The magnetic sample is 
exposed to two fs laser pulses (red and blue outlines) that can both independently switch the magnetization (light 

gray to black). In the region where the pulses overlap, the magnetization is switched twice, if the time delay 
between the two pulses is long enough (in this case, 10 ps) [HEE21]. 

It has become known that in order to reach record-high velocities for current-induced magnetic 
information propagation, our synthetic ferrimagnet system needs to be tuned to the point where the 
angular momentum is exactly compensated. To achieve compensation, our research has focused on 
Co/Gd/Co/Gd quadlayer systems. The basic idea is that the magnetization in the Gd layers is now 
generated from 3 different interfaces rater than the single interface in a Co/Gd bilayer. This concept has 
been demonstrated in MOKE measurements performed in a Co(0.6)/Gd(0-3)/Co(0-2)/Gd(1.5) wedge 
sample, where the numbers between brackets denote layer thicknesses in nm, and the middle Co and 
Gd are grown as a wedge with thickness varying between 0 and 2, and 0 and 3 nm respectively. 
Preliminary studies of the domain wall velocity have also been performed in a quadlayers close to 
compensation. The 500 m/s milestone that was mentioned in the goals of previous year has been 
surpassed, and the elusive barrier of 1 km/s seems within reach adding to the promise of high bit-rates 
in the long term goals of magneto-photonic storage devices.   

As previously proposed [KOO18a], magneto-photonic devices with thin-film magnetic claddings can be 
used for on-chip, all-optical reading thanks to incorporation of the racetrack memory in the claddings. 
Despite the inherently small MOKE which shows as ellipticity and rotation in the guided light’s 
polarization state, models and simulations proved that Kerr rotations as small as 0.2° can be detected in 
the presence of a noise of 10 dB (signal-to-noise ratio) and magnetic memory can be read [DEM20]. New 
designs focusing on the enhancement of the Kerr effect are proposed which works by transferring the 
phase of the guided mode to an intensity contrast. Mode intensity changes of 3 % and 8 % are obtained 
in return of 1 and 7 dB optical losses, respectively [DEM21]. With our collaborators in Photonic 
Integration group (PhI) the mentioned designs are fabricated in the IMOS (InP Membrane On Si) 
platform. Ultra-thin films are applied as cladding on the devices via magnetron sputtering deposition 
technique. The perpendicular magnetic anisotropy of thin-films is preserved which is vital for its 
functioning.  
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Figure 24. An unbalanced MZI for reading out magnetic information in a photonic chip. TE and TM mode selective 
grating couplers are used to couple the light in and out [DEM20]. 

 

TARGETS FOR 2021 

• Finalizing magnetic racetrack investigations for information propagation at > 1000 m/s. 

• Implementation of all-optical switching of magnetization integrated in photonic waveguide. 

• Experimental demonstration of on-chip, all-optical reading of magnetic memory stored in multi-
layered metal thin-films. 

 

THEME 3.3 Nanomanufacturing for photonics 
Project leader: Erwin Kessels 

The photonics nanomanufacturing research within this program is aimed at the atomic scale processing 
of materials. Most prominently the research focuses on the atomic layer deposition (ALD) of nanolayers, 
although other deposition and etching techniques, and combinations thereof, are also investigated 
depending on the specifications of the applications. In previous years, the set of nanolayer materials 
was significantly extended through the development of new ALD processes  

In the last two years, the focus has shifted to passivation of germanium nanopillar- and nanowire-based 
devices and the collaboration between PMP and AND groups was further strengthened, leading to the 
deposition of highly conformal aluminium oxide (Al2O3) films on SiGe nanowires and an improved 
photoluminescence of Ge nanowires covered by GeOx/Al2O3 passivation stacks. Moreover, we 
determined the surface recombination velocity of this stack to be 170 cm/s on planar <100> Ge 
substrates [BER21]. This year we continued the systematic research on the surface passivation of 
germanium by plasma-enhanced ALD of Al2O3 and plasma-enhanced CVD of amorphous silicon. On 
planar <100> germanium substrates, we studied in detail the surface recombination velocity of Ge. We 
were able to reduce the surface recombination velocity down to 2.7 cm/s (Figure 25a) by inserting an a-
Si:H layer as thin as 1.7 nm between the Ge and the Al2O3 film (Figure 25b). This very low recombination 
velocity was found to be the consequence of a low defect density and a high negative fixed charge 
density (Qf = - 8.8∙1012 cm-2), which is presumed to originate from the SiOx layer formed between the a-
Si:H and the Al2O3 film during the plasma-enhanced ALD process of Al2O3 (Figure 25b). Regarding the 
high potential of this passivation stack, we have prepared for a demonstration on nanowires.  

Another goal of the photonics nanomanufacturing program is gaining atomic-level growth control over 
the class over materials known as 2D transition metal dichalcogenides. These layered compounds 
include e.g. molybdenum disulfide (MoS2) and tungsten disulfide (WS2), which are atomically thin direct-
gap semiconductors that exhibit luminescence in the red part of the visible spectrum.  



32 

 

 

Figure 25. (a) Cross-sectional bright-field scanning transmission electron microscopy image of the a-Si:H/Al2O3 
stack on <100> Ge (b) The inverse lifetime versus the inverse wafer thickness of Ge wafers covered with the a-

Si:H/Al2O3 passivation stack presented in (a). From the slope, the surface recombination velocity has been 
determined. 

In previous work achieved growth of Mo1-XWXS2 alloys with excellent control over the alloy composition, 
and observed luminescence properties which could only be interpreted as a result of nanoscale 
clustering of the constituents of the alloy. In 2020, the work focussed on direct imaging and verification 
of the hypothesized differences in atomic ordering of the Mo1-xWxS2 alloys films by high-resolution 
transmission electron microsocopy. The top-view images of monolayer flakes deposited by ALD directly 
onto ultra-thin (4.5 nm) windows are shown in Figure 26. A clear difference can be seen in the clustering 
of the Mo and W atoms in the flakes, which correspond well to results of Monte-Carlo simulations. These 
results confirm unprecedented atomic-scale control over the growth of two-dimensional 
semiconductors by ALD. We anticipate that our technique of controlling the atomic ordering of alloys 
extends to other material systems, and we intend to further investigate the influence of atomic-level 
clustering on the optical properties of 2D semiconductor alloys. 
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Figure 26. (left) High-resolution transmission electron microscopy images of two Mo1-xWxS2 samples grown by 
ALD show a clear difference in atomic-scale ordering (mixing or clustering) of the Mo and W atoms in the alloy, 

which is achieved by tuning the deposition process. The red circles mark monolayer flakes that clearly 
demonstrate the difference between the two samples. (right) Monte Carlo simulations of the deposition processes 
show an atomic-scale morphology that is qualitatively identical to that observed in high-resolution transmission 

electron microscopy. 

 
TARGETS FOR 2021 

• Establish passivation for hexagonal silicon-germanium nanowires by a-Si:H/Al2O3 stacks. 

• Study the initial nucleation and growth of 2D TMDs at the atomic scale 

• Extend the study of 2D TMD alloys to different element pairs (e.g., W &Nb) 

 
 
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 
hexagonal crystal phase SiGe in Nature. Hex-Ge is a direct bandgap semiconductor [ROD19] as shown in 
Figure 27a. Extrapolations between Hex-Si and Hex-Ge predict that Hex-SiGe will be a direct bandgap 
semiconductor at Ge-compositions above 65%. 
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Figure 27. (a) Calculated [ROD19] bandstructure of Hex-Ge. (b) Predicted transition matrix elements. 

The main discussion is whether or not hex-SiGe has a forbidden Γ9𝑣𝑣+ → Γ8𝑐𝑐−  transition, since both the Γ9𝑣𝑣+  
and the Γ8𝑐𝑐− -bands originate from p-type atomic orbitals. Theory predicts a very weak transition in hex-
Ge, which however becomes allowed in hex-SiGe due to a reduced translational symmetry in the hex-
SiGe alloy. A direct measurement of the radiative lifetime in hex-Ge is not possible due to the lack of a 
suitable fast detector with single photon sensitivity in the infrared. We however measure the amount 
of bandfilling as a function of excitation density. A careful Lydane-Stern-Würfel analysis of the 
photoluminescence (PL) lineshape yield a radiative recombination time between 0.3 and 3 ns for hex-
Ge. For hex-SiGe, we obtain a coefficient of radiative recombination of 𝐵𝐵𝑟𝑟𝑟𝑟𝑟𝑟 = 1

𝜏𝜏𝑟𝑟𝑟𝑟𝑟𝑟𝑛𝑛0
~1.1 ∙ 10−10𝑐𝑐𝑐𝑐3/𝑠𝑠, 

which is almost equal to the 𝐵𝐵𝑟𝑟𝑟𝑟𝑟𝑟 of InP. 

The measurements show that Hex-Si1-XGeX has very similar properties as a III/V semiconductor. It even 
seems that Hex-Si1-XGeX outperforms conventional group III/V semiconductors since it features a 
temperature independent radiative efficiency between 4K and 300K at an excitation density of 30 
kW/cm2, as shown in Figure 28c. 

 

Figure 28. (a) Recombination lifetime of Hex-Si1-XGeX. (b,c) Temperature dependence of the PL lifetime (b) and the 
PL intensity (c) for 3 different classes on Hex-SiGe nanowires, showing a temperature-independent behavior for 

class I. The right panel shows a comparison between 60 individual nanowires at 4K and at 300K, showing almost 
identical lifetime and emission intensity. 

Other achievements: 

• The dominant defect in hex-SiGe was identified by High Resolution Transmission Electron 
Microscopy. Importantly, the defect does not have a state within the Hex-Ge bandgap. 

• We tuned the hex-Ge bandgap between 3.26 μm and 3.5 μm by using strain. 

• For establishing a single nanowire (NW) laser cavity, we removed  the hex-SiGe nanowires 
from the substrate and embedded them into PDMS polymer. This yields a 50% (35%) facet 
reflectivity for the TE01-mode at a 0.6-1μm NW diameter with the facets in air (in PDMS).   
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• We modeled an external cavity microstadium laser, yielding a ΓQ-product (product of the 
cavity quality (Q) factor and the modal confinement factor in the nanowire) of 100-200. 

 

Figure 29. (a) Design of microstadium laser with a hex-SiGe nanowire on  silicon-on-insulator. (b) Mode profile. 

Hex-Si1-XGeX is thus very promising for providing Si-photonics with a light emitter with a broad tunability. 
Possible applications include chip-to-chip communication, photonic networks on chip, infrared optical 
sensors and LiDAR using passive Si-photonics circuitry in combination with a Hex-SiGe light emitter. 

Our work was chosen to be the “Breakthrough of the Year” by Physics World magazine. This project has 
also received funding from the European Union’s Horizon 2020 research and innovation program under 
grant agreement No 735008 (SiLAS). 

TARGETS FOR 2021 

• Demonstrate lasing in hexagonal SiGe, both in single nanowires and in external (photonic 
bandgap or microstadium) cavities  

• Measurement of the absorption coefficient in hexagonal SiGe using integrating sphere 
absorption measurements and/or photoluminescence excitation spectroscopy 

• Integration of hex-SiGe nanowires on a Si (111) substrate without using an Au catalyst. 
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OUTREACH 
 

While the corona lockdowns in 2020 prevented direct contact with the public in events, our research 
was widely featured in the media, and we started a number of outreach activities, from a magazine to 
a Linkedin page and a permanent exhibit on the TU/e campus (to be inaugurated in the spring 2021) 

MEDIA COVERAGE OF GRAVITATION PROGRAM AND PEOPLE 

1. Silicon-based material with a direct bandgap is the Physics World 
“Breakthrough of the year”, Physics World, 17-12-2020. 

2. “Congratulations to @TUeindhoven for getting the @PhysicsWorld 
2020 Breakthrough of the Year Award. The #researchers proved w/ 
the #SiLASproject that #silicon emits light when grown hexagonally 
which speeds up computer chips”, Tweet European Commissioner 
for Innovation, Research, Culture, Education and Sport, Mariya 
Gabriel, 21-12-2020 

3. Nieuwe vorm van silicium zorgt voor snellere chips, Best Tech-idea 2020, Jury prize KIJK magazine. 

4. Nanowires light the way to silicon photonics, Anna Fontcuberta i Morral, New & Views, Nature 
580, 188 (2020) 

5. Strahlender Halbleiter. Silizium, das leuchten kann, Frankfurter Allgemeine, April 2020 

6. Stalend alternatief voor hete chips, Wetenschapsbijlage NRC 16-4-2020 

7. Doorbraak in fotonics bij TU Eindhoven: laserlicht in chip makkelijker, Algemeen Dagblad 

8. Novel silicon lasers promise semiconductor revolution, European Union 2020, 
http://ec.europa.eu/research/infocentre/article_en.cfm?artid=52207  

9. Researchers present revolutionary light-emitting silicon, Phys.Org, 8 April 2020 

10. Squeezing Light Out of Silicon, A hexagonal crystal could lead to lasing, Neil Savage, IEEE Spectrum 
8 April 2020. 

11. BNR Spitsuur: 
https://portal.rtvmonitor.nl/#/summary/2898373?token=WGRMZG41blBHQ3NzdDNhbkJqVCtHNX
hGMUVLQWdQL2hzby9LQ1o5dzdqQ016ZXZpdHdhMm5WRUk1Rit5Tlh0RUt1cXJzbjdYeUpLbzJZeXE
zREprN05rQmtDL1RJTVZkdm03bjZ1ck9OOWRiakZjamxyWklUQT090  

12. BNR podcast (60 minutes): https://www.bnr.nl/podcast/digitaal/10407991/hoe-licht-een-
computerchip-wel-duizend-keer-sneller-kan-maken  

13. Silicon laser now within reach, Compound Semiconductor  

14. TU/e maakt doorbraak in onderzoek fotonica, Nu.nl, 8 April 2020 

15. New silicon-germanium alloy could light up photonics, Materials Today. 

16. Six-sided silicon lights up, Edwin Cartlidge, Optics & Photonics News 

17. Light-emitting hexagonal SiGe promises integrated photonics breakthrough, Optics.org 

18. TUE researchers squeeze light from silicon, Bits&Chips 

19. Doorbraak in fotonica bij TU Eindhoven: laserlicht in chip makkelijker, Eindhovens Dagblad 

20. Snellere telefoons en computers dankzij nieuwe vinding van de TU/e, Omroep Brabant 

http://ec.europa.eu/research/infocentre/article_en.cfm?artid=52207
https://portal.rtvmonitor.nl/#/summary/2898373?token=WGRMZG41blBHQ3NzdDNhbkJqVCtHNXhGMUVLQWdQL2hzby9LQ1o5dzdqQ016ZXZpdHdhMm5WRUk1Rit5Tlh0RUt1cXJzbjdYeUpLbzJZeXEzREprN05rQmtDL1RJTVZkdm03bjZ1ck9OOWRiakZjamxyWklUQT090
https://portal.rtvmonitor.nl/#/summary/2898373?token=WGRMZG41blBHQ3NzdDNhbkJqVCtHNXhGMUVLQWdQL2hzby9LQ1o5dzdqQ016ZXZpdHdhMm5WRUk1Rit5Tlh0RUt1cXJzbjdYeUpLbzJZeXEzREprN05rQmtDL1RJTVZkdm03bjZ1ck9OOWRiakZjamxyWklUQT090
https://portal.rtvmonitor.nl/#/summary/2898373?token=WGRMZG41blBHQ3NzdDNhbkJqVCtHNXhGMUVLQWdQL2hzby9LQ1o5dzdqQ016ZXZpdHdhMm5WRUk1Rit5Tlh0RUt1cXJzbjdYeUpLbzJZeXEzREprN05rQmtDL1RJTVZkdm03bjZ1ck9OOWRiakZjamxyWklUQT090
https://www.bnr.nl/podcast/digitaal/10407991/hoe-licht-een-computerchip-wel-duizend-keer-sneller-kan-maken
https://www.bnr.nl/podcast/digitaal/10407991/hoe-licht-een-computerchip-wel-duizend-keer-sneller-kan-maken
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21. Doorbraak: Silicium zendt licht uit, De Ingenieur 

22. Forscher bringen Silizium zum Leuchten: Meilenstein auf dem Weg zu echten Photonik-Chips, Das 
Wissensmagazin 

23. SiGe alloys usable in silicon photonics emit light via direct bandgap, Laser Focus World 

24. IEEE Photonics Society Newsletter, Research Highlight “Photonics During Coronavirus”, June 2020 

25. De techniek achter fotonica, BNR Nieuws, radio interview with Ton Koonen 

26. Photonics startup Mantispectra takes chemical analysis out of the lab, Bits & Chips, December 
2020 

27. Working in the lab, from home https://www.tue.nl/en/news/news-overview/14-12-2020-working-
in-the-lab-from-home  

28. TUE’s remote labs enhance experimental setups from home, Bits & Chips, January 2021 
https://bits-chips.nl/artikel/tues-remote-labs-enhance-experimental-setups-from-home/  

29. Programmable Material Cloud Speed Production of Photonic Integrated Circuits, IEEE Spectrum 
Tech Talk, March 2020. https://spectrum.ieee.org/tech-talk/computing/hardware/programmable-
pics 

30. Programmable PICs to propel photonics prototyping, Electro Optics, April 2020. 
https://www.electrooptics.com/product/focus/programmable-pics-propel-photonics-prototyping 

31. “Optical Systems Lab at Eindhoven University of Technology”, Photonics During Coronavirus, 
Photonics Society, June 2020. 
https://www.photonicssociety.org/images/files/publications/Newsletter/Photonics_Jun2020_web
.pdf  

 

INVITED TALKS 

1. Alberto Curto “Excitons in nanophotonic landscapes: fluctuating, diffusing, annihilating”, invited 
talk at Materials Research Society Spring+Fall Meeting, 28 Nov-4 Dec 2020, Online, Boston, MA, 
USA 

2. Alberto Curto “Excitons in nanophotonic landscapes: fluctuating, diffusing, annihilating”, invited 
talk at METANANO 2020 – International Conference on Metamataterials and Nanophotonics, 14-
18 September 2020, Online 

3. Yuqing Jiao “InP membrane technology for photonics electronics convergence”, invited talk at the 
25th OptoElectronics and Communications Conference (OECC 2020), 4-8 October 2020, Taipei, 
Taiwan. 

4. Kevin Williams “Indium Phosphide Photonic Circuits on Silicon Electronics”, invited talk at the 2020 
Optical Fiber Communications Conference and Exhibition (OFC 2020), 8–12 March 2020, San 
Diego, California, United States. 

5. Jos Haverkort “Light out of Silicon Germanium”, invited talk at 21st International Winterschool on 
New Developments in Solid State Physics, February 2020, Mauterndorf, Austria. 

6. Jos Haverkort “Hexagonal SiGe, A Light Emitter for Silicon Photonics!”, invited talk at Conference 
on Lasers and Electro-Optics (CLEO), May 2020, San Jose California (online) 

7. Alain Dijkstra “Efficient Light Emission From Direct Band Gap Hexagonal-Ge and SiGe Alloys”, 
invited talk at IEEE Photonics Society Summer Topicals Meeting, July 2020 (online) 

8. Erik Bakkers “Efficient light emission from hexagonal SiGe”, plenary talk at SPIE Photonics West, 
February 2020, San Francisco 

https://www.tue.nl/en/news/news-overview/14-12-2020-working-in-the-lab-from-home
https://www.tue.nl/en/news/news-overview/14-12-2020-working-in-the-lab-from-home
https://bits-chips.nl/artikel/tues-remote-labs-enhance-experimental-setups-from-home/
https://spectrum.ieee.org/tech-talk/computing/hardware/programmable-pics
https://spectrum.ieee.org/tech-talk/computing/hardware/programmable-pics
https://www.electrooptics.com/product/focus/programmable-pics-propel-photonics-prototyping
https://www.photonicssociety.org/images/files/publications/Newsletter/Photonics_Jun2020_web.pdf
https://www.photonicssociety.org/images/files/publications/Newsletter/Photonics_Jun2020_web.pdf
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9. Erwin Kessels “Selective deposition approaches based on atomic layer deposition and etching”, 
keynote at the SPIE Advanced Lithography Conference, February 2020, San Jose, CA, USA 

10. Ton Koonen “Ultra-High Capacity Indoor Wireless Communication enabled by Photonic 
Technologies”, tutorial talk at ACP2020, October 25, 2020, Beijing 

11. Ton Koonen “Optical technologies to disclose the spatial diversity dimension in systems and 
networks”, plenary talk at ACP 2020, October 26, 2020, Beijing 

12. Chigo Okonkwo “Exploiting the spatial domain in the design of coded-modulation formats", 
invited talk at IEEE Photonics Society Summer topicals, Los Cabos, Mexico, July 2020 

 

WIDE-AUDIENCE PRESENTATIONS 

Ton Koonen and Bart Smolders, TV-interview (in Dutch) about activities in TU/e for 6G and role of optical 
wireless, on-site in TU/e lab, Omroep Brabant May 19, 2020.  

Ton Koonen and Bart Smolders, TV-interview (in Dutch) about beyond-5G wireless networks and role of 
optical wireless, on-site in TU/e lab, NOS Journaal May 22, 2020. 

 
SPOT ON INTEGRATED PHOTONICS 

This year we published for the first time a wide-audience magazine reporting the most significant results 
of the Gravitation program and relevant developments in the TU/e integrated photonics community. 
The digital version is available here. A printed copy has been sent to 500 colleagues and relations. 

 

Figure 30. Cover page of SPOT ON Integrated Photonics magazine 

https://tue-ipi.h5mag.com/dec2020/cover
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INTEGRATED PHOTONICS EXHIBIT 

In 2020 an Integrated Photonics Exhibitio has been set-up in the main building on the TU/e campus 
(Atlas). The exhibition is a self-standing exhibit, and it will be present for at least 2 years. The exhibition 
invites current and future students, and visitors to the TU/e campus, to discover the world of integrated 
photonics. It is divided in 3 areas, each presented in a large panel: technology, industry and society. The 
technology part explains the basis of photonic integrated circuits and various advanced materials and 
novel technologies developed at the TU/e, such as nanowires and 2D materials. The Industry panel 
shows the photonics landscape in Eindhoven, with success stories from TU/e start-ups and related 
ecosystems PhotonDelta and JePPIX. The Society panel explains the societal impact of photonic 
technologies in areas such as communication, automotive and agro-food.  

  

Figure 31. (left) Entry point to the Integrated Photonics Exhibition. (right) Three different areas: Technology, 
Industry and Society. 
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Figure 32.  Industry part of the Integrated Photonics Exhibition showing two TU/e start-ups and their successful 
journeys. 

 

LINKEDIN 

In December 2020 we opened a Linkedin page for the Institute for Photonic Integration, also reporting 
important news from the Gravitation program. The page has already gained over 1000 followers in the 
first six months.  

https://www.linkedin.com/company/ipi-institute-for-photonic-integration
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Institutional embedding and organisational structure 
 

ORGANIZATIONAL AND MANAGEMENT STRUCTURE 

The organizational structure of the program has remained approximately the same as last year (see 
Fig. 33). 

 

 

Figure 33.  Management Structure of the Research Centre for Integrated Nanophotonics as of April 1 2021. The 
group leaders of the involved groups are underlined 

 

As of 1.3.2021 Dr. Oded Raz has replaced Prof.dr. Ton Koonen as chairman of the ECO group (and also 
as Theme 1 coordinator), due to Koonen’s (partial) retirement. The management team (MT), responsible 
for the scientific and organizational management, comprises the group leaders and full professors 
actively involved in the program (Bakkers, Bol, Gomez-Rivas, Heck, Kessels, Koenraad, Koonen, 
Koopmans, Raz, Swagten, Williams) together with the Scientific and Managing Directors (Fiore, van 
Wevelingen). The MT meets monthly and takes decision mostly by consensus, when needed by majority. 

The Strategic Advisory Board (SAB) has retained its composition: 

• Prof. Rod Alferness (Dean of the College of Engineering, University of California Santa Barbara) 

• Prof.dr.ir. Roel Baets (Photonics Research Group University of Gent, IMEC) 

• Prof.dr. Polina Bayvel (Optical Communications and Networks University College London) 
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• Prof.dr. Jonathan Finley (Semiconductor Quantum Nanosystems, Technische Universität 
München) 

• Prof. Sailing He (Director Sino-Swedish Joint Research Center Photonics, ZheJiang University) 

• Dr. Patrick de Jager (Senior Director Business Development ASML) 

• Prof. Henning Riechert (former Director Paul Drude Institut, presently participating on personal 
basis) 

Management members of the SAB are: 

• Prof. Bart Smolders (Dean of the TU/e Faculty of Electrical Engineering) 

• Prof. Gerrit Kroesen (Dean of the TU/e Faculty of Applied Physics) 

Chairman of the SAB is prof. Frank Baaijens, Rector of the TU/e. Secretary to the committee is dr.ir. Jan 
Vleeshouwers, who is also coordinator of the Gravitation program. From 2021 dr. Marija Trajkovic (IPI 
project officer) has been added to the program management and is in charge of the annual report.  

The groups involved in this program are expanding, with six new staff positions being created in the 
photonics area. In 2020, prof.dr. Martijn Heck and dr. Weiming Yao were appointed in the PhI group, 
while dr. Joanne Oh started in the ECO group. In 2021 dr. Ann-Katrin Michel will join the PhI group from 
ETHZ. One more faculty search is ongoing in the Applied Physics Department.  

ORGANIZATIONAL EMBEDDING 

The Gravitation project is the largest project of IPI, the TU/e Institute for Photonic Integration1. Through 
IPI and Nanolab@TU/e, which is one of the world’s most advanced university cleanroom facilities for InP 
Photonic Integration, it has access to world-class facilities for design, fabrication and characterization of 
photonic materials, devices, circuits and systems. The Nanolab@TU/e facility is an independent 
organization within the TU/e, headed by a Managing Director (Frank Dirne) and a Scientific Director 
(Prof. W.M.M. Kessels), but it has close ties with IPI and the Gravitation program, which are represented 
in its management board. 

Photonics is one of the central research themes of the Eindhoven University of Technology, which has 
been strongly investing in this field for more than two decades. TU/e has decided to further expand its 
activities and visibility in the photonics and quantum technology areas, and increase their coherence, 
through the foundation of a new institute, centered on hardware for information technologies, to 
become one of the four institutes of the TU/e. The scientific plan will be defined in the first half of 2021, 
with strong input from several members of this Gravitation program. The IPI institute is expected to 
merge or become part of this new institute. This is not expected to affect the organization and operation 
of the Research Centre for Integrated Nanophotonics.  

In order to facilitate transfer to industry, a complete ecosystem for the development of integrated 
photonics-enabled products has been established (Figure 34). The technical universities TU/e and U. 
Twente form the research part. The industrial side of the pipeline is organized by PhotonDelta 2, a 
foundation funded by the Dutch government, several provinces, and other parties. The Photonic 
Integration Technology Center (PITC) is being set up as a collaboration between the universities and 

 
1 https://www.tue.nl/en/research/research-areas/integrated-photonics/  
2 https://www.photondelta.eu/  

https://www.tue.nl/en/research/research-areas/integrated-photonics/
https://www.photondelta.eu/
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TNO, intended as intermediary between university research at low technology readiness levels (TRL) and 
the applications envisioned by the companies represented in the photonics ecosystem, which require 
high TRLs. After a long preparation phase over more than two years, the PITC is going to start its activities 
in the first half of 2021. It will be initially cofunded by PhotonDelta for the execution of dedicated high-
TRL program lines.  

 

Figure 34. The  Eindhoven part of the national integrated Photonics ecosystem (as of 1.1.2021) 
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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) departments.  

New initiatives aimed at providing specific training programs in Photonics have recently been initiated 
by the members of this program, in collaboration with the Graduate Program Directors of the 
departments Applied Physics and Electrical Engineering. Some of these initiatives, and particularly the 
planned online MicroMasters in Photonics, have been delayed due to the extra pressure related to the 
switching to online teaching in 2020. The planned start of the MicroMaster is in the fall 2021.  

 

DEVELOPMENTS IN THE MASTER PROGRAM 

The Master program in Applied Physics has been revised, starting from the academic year 2020-21. In 
the new program photonics has a much larger role, particularly within the "Nano, Quantum and 
Photonics" track. Two new photonics courses have been created, an introductory "Photonics and 
modern optics" course and a course "Optical sensing and metrology" jointly given by AP and EE teachers 
for the two departments. The “Photonics and modern optics” and “Nanophotonics” courses were the 
most popular elective courses in the Applied Physics Master in 2020-21. A substantial increase in the 
number of students engaging in photonics-related internships and Master projects has been observed 
in the last year.  

 

PHOTONDELTA FAST CAREER TRACK PROGRAM  

A new initiative was launched in 2019 to attract more Master students towards a photonics 
specialization: The PhotonDelta Fast Career Track Program. In this program starting AP and EE Master 
students are offered the possibility to participate to the activities of IPI and of the new student chapter 
(see below), coaching and assistance in finding internships abroad or in industry, and a direct contact 
with relevant photonics companies at the end of their studies. At the moment over 30 students are 
registered to the program. A number of industrial internships and Master projects have been defined 
together with large companies and local scale-ups, which have become popular among the students in 
the PhotonDelta Fast Career Track. 

 

PHOTONICS SOCIETY EINDHOVEN  

An OSA Student Chapter Photonics Society Eindhoven was founded in 2019 under the initiative of dr. 
Alberto Curto, targeted at PhD and Master students. The activities of the student chapter have been 
badly hit by the corona-related restrictions in 2020, but are gradually restarting. A photo contest was 
organized in January 2021 and more activities are being organised online.  

 

BUILDING A COMMUNITY  

The additional scientific and social activities organized in the years 2018-19 have resulted in a much 
more cohese community, at all levels. This is clearly witnessed by the intergroup mobility observed in 
2020 and early 2021: Two PSN PhD students started a postdoc in PhI, one PhI PhD student started a 
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postdoc in ECO, a ECO postdoc moved to PSN, a PhI postdoc became IPI Project Officer, a PhI staff 
member took up a role in a spin-off of another group, two dual-degree (AP/EE) Master students worked 
on a project under joint supervision, two AP Master students carried out a project in EE. The online 
events organized during the lockdowns, including teamwork and virtual lab visits, kept the contacts alive. 
We hope to restart physical program activities in the fall 2021. 
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PUBLICATION OUTPUT 
 
In 2020 we published 142 papers on topics related to the Gravitation project, out of which 85 were 
journal articles, 45 conference contributions, and 12 keynotes and invited publications. They are listed 
here, per theme, with an indication of the involved group(s) and corresponding project. 
The full list of publications since 2014 is provided in the Annex, as a separate document. Patents are 
listed in the Utilisation section. 
 

Theme 1: Pervasive Optical Systems 

Journal publications 

Publication   
Chen, B., Lei, Y., Liga, G., Okonkwo, C. M., & Alvarado, A. (2020). Hard-Decision Coded Modulation 
for High-Throughput Short-Reach Optical Interconnect. Entropy, 22(4), [400]. 
https://doi.org/10.3390/e22040400  

ECO 1.4 

Guo, X., Yan, F., Wang, J., Exarchakos, G., Peng, Y., Xue, X., Pan, B., & Calabretta, N. (2020). RDON: 
A rack-scale disaggregated data center network based on a distributed fast optical switch. Journal 
of Optical Communications and Networking, 12(8), 251-263. [9132989]. 
https://doi.org/10.1364/JOCN.394677  

ECO 1.4 

Huang, J., Cao, Z., Zhao, X., Zhang, X., Liu, Y., Xiang, Y., Gerini, G., & Koonen, A. M. J. T. (2020). 
Optical generation/detection of broadband microwave orbital angular momentum modes. 
Journal of Lightwave Technology, 38(6), 1202-1209. [8902121]. 
https://doi.org/10.1109/JLT.2019.2953629  

ECO 1.1 

Koonen, A. M. J. T., Mekonnen, K. A., Huijskens, F. M., Cao, Z., & Tangdiongga, E. (2020). Fully 
passive user localization for beam-steered high-capacity optical wireless communication system. 
Journal of Lightwave Technology, 38(10), 2842 - 2848. [9035443]. 
https://doi.org/10.1109/JLT.2020.2980428  

ECO 1.1 

Koonen, A. M. J. T., Mekonnen, K. A., Cao, Z., Huijskens, F. M., Pham, N., & Tangdiongga, E. 
(2020). Ultra-high-capacity wireless communication by means of steered narrow optical beams. 
Philosophical Transactions of the Royal Society of London, Series A: Mathematical, Physical and 
Engineering Sciences, 378(2169), [20190192]. https://doi.org/10.1098/rsta.2019.0192  

ECO 1.1 

Liga, G., Chen, B., van der Heide, S., Sheikh, A., van den Hout, M., Okonkwo, C. M., & Alvarado, A. 
(2020). 30% Reach Increase via Low-complexity Hybrid HD/SD FEC and Improved 4D Modulation. 
IEEE Photonics Technology Letters, 32(13), 827-830. [9096398]. 
https://doi.org/10.1109/LPT.2020.2995636  

ECO 1.4 

Mohammed, M. A., Melskens, J., Stabile, R., Pagliano, F., Li, C., Kessels, W. M. M., & Raz, O. 
(2020). Metastable refractive index manipulation in hydrogenated amorphous silicon for 
reconfigurable photonics. Advanced Optical Materials, 8(6), [1901680]. 
https://doi.org/10.1002/adom.201901680  

ECO, 
PMP 

1.3, 
3.3 

Mohammed, M. A., Sproncken, C. C. M., Gumi-Audenis, B., Lazdanaite, E., Stabile, R., Voets, I. K., 
& Raz, O. (2020). Reversibly Programmable Photonics via Responsive Polyelectrolyte Multilayer 
Cladding. Advanced Optical Materials, 8(16), [2000325]. 
https://doi.org/10.1002/adom.202000325  

ECO 1.3 

Morant, M., Trinidad, A., Tangdiongga, E., Koonen, T., & Llorente, R. (2020). Multi-Beamforming 
Provided by Dual-Wavelength True Time Delay PIC and Multicore Fiber. Journal of Lightwave 
Technology, 38(19), 5311-5317. [9093174]. https://doi.org/10.1109/JLT.2020.2994536  

ECO 1.1 

Oliari, V., Goossens, S., Häger, C., Liga, G., Bütler, R. M., van den Hout, M., van der Heide, S., 
Pfister, H. D., Okonkwo, C. M., & Alvarado, A. (2020). Revisiting Efficient Multi-Step Nonlinearity 
Compensation with Machine Learning: An Experimental Demonstration. Journal of Lightwave 
Technology, 38(12), 3114-3124. [9091867]. https://doi.org/10.1109/JLT.2020.2994220  

ECO 1.4 

Ospina, R. S. B., Van den Hout, M., Alvarado-Zacarias, J. C., Antonio-Lopez, J. E., Bigot-Astruc, M., 
Amezcua-Correa, A., Sillard, P., Amezcua Correa, R., Okonkwo, C., & Mello, D. A. A. (2020). Mode-

ECO 1.1 

https://doi.org/10.3390/e22040400
https://doi.org/10.1364/JOCN.394677
https://doi.org/10.1109/JLT.2019.2953629
https://doi.org/10.1109/JLT.2020.2980428
https://doi.org/10.1098/rsta.2019.0192
https://doi.org/10.1109/LPT.2020.2995636
https://doi.org/10.1002/adom.201901680
https://doi.org/10.1002/adom.202000325
https://doi.org/10.1109/JLT.2020.2994536
https://doi.org/10.1109/JLT.2020.2994220


48 

 

dependent Loss and Gain Estimation in SDM Transmission Based on MMSE Equalizers. Journal of 
Lightwave Technology, XX(XX). https://doi.org/10.1109/JLT.2020.3044266  
Pan, S., Huang, J., Zhou, Z., Liu, Z., Ponnampalam, L., Liu, Z., Tang, M., Lo, M-C., Cao, Z., Nishi, K., 
Takemasa, K., Sugawara, M., Penty, R., White, I., Seeds, A., Liu, H., & Chen, S. (2020). Quantum 
dot mode-locked frequency comb with ultra-stable 25.5  GHz spacing between 20°C and 120°C. 
Photonics Research, 8(12), 1937-1942. https://doi.org/10.1364/PRJ.399957 

ECO 1.3 

Prifti, K., Xue, X., Tessema, N., Stabile, R., & Calabretta, N. (2020). Lossless photonic integrated 
add-drop switch node for metro-access networks. IEEE Photonics Technology Letters, 32(7), 387-
390. [9007400]. https://doi.org/10.1109/LPT.2020.2975885  

ECO 1.3 

Shi, B., Calabretta, N., & Stabile, R. (2020). Numerical simulation of an InP photonic integrated 
cross-connect for deep neural networks on chip. Applied Sciences, 10(2), [474]. 
https://doi.org/10.3390/app10020474  

ECO 1.3 

Shi, B., Calabretta, N., & Stabile, R. (2020). Deep neural network through an InP SOA-based 
photonic integrated cross-connect. IEEE Journal of Selected Topics in Quantum Electronics, 26(1), 
[8859353]. https://doi.org/10.1109/JSTQE.2019.2945548  

ECO 1.3 

Spyropoulou, M., Kanakis, I., Jiao, Y., Stabile, R., Calabretta, N., Williams, K. A., Dupuy, J-Y., 
Konczykowska, A., Schatz, R., Ozolins, O., Zveřina, J., Žoldák, M., Bakopoulos, P., Patronas, G., & 
Avramopoulos, H. (2020). Towards 1.6T datacentre interconnect technologies: the TWILIGHT 
perspective. JPhys Photonics, 2(4), [041002]. https://doi.org/10.1088/2515-7647/ab9bf6  

ECO, 
PHI 

1.3, 
2.1 

Stabile, R., Tessema, N., Prifti, K., Feyisa, D. W., Shi, B., & Calabretta, N. (2020). Dense photonic 
InP integration for modular nodes in next generation optical networks. In Photonic Networks and 
Devices,  NETWORKS 2020 Optical Society of America (OSA). 

ECO 1.3 

van den Hout, M., van der Heide, S., & Okonkwo, C. M. (2020). Digital Resolution Enhancer 
Employing Clipping for High-Speed Optical Transmission. Journal of Lightwave Technology, 
38(11), 2897-2904. [9072508]. https://doi.org/10.1109/JLT.2020.2988377  

ECO 1.4 

van Weerdenburg, J., Delgado Mendinueta, J. M., Klaus, W., Rommel, S., Luis, R., Shinada, S., 
Furukawa, H., Tafur Monroy, I., Vegas Olmos, J. J., Koonen, T., Okonkwo, C., & Wada, N. (2020). 
Impulse Response Measurement of Spooled and Twisted Few-Mode Multi-Core Fiber for Short-
Range Optical Links. IEEE Photonics Technology Letters, 32(22), 1427-1430. [9208711]. 
https://doi.org/10.1109/LPT.2020.3027771  

ECO 1.1, 
1.4 

Wang, F., Liu, B., Xue, X., Zhang, L., Yan, F., Magalhaes, E., Zhang, Q., Xin, X., & Calabretta, N. 
(2020). Demonstration of SDN-Enabled Hybrid Polling Algorithm for Packet Contention Resolution 
in Optical Data Center Network. Journal of Lightwave Technology, 38(12), 3296-3304. [9015983]. 
https://doi.org/10.1109/JLT.2020.2976549  

ECO 1.3 

Xue, X., Nakamura, F., Prifti, K., Pan, B., Yan, F., Wang, F., Guo, X., Tsuda, H., & Calabretta, N. 
(2020). SDN enabled flexible optical data center network with dynamic bandwidth allocation 
based on photonic integrated wavelength selective switch. Optics Express, 28(6), 8949-8958. 
https://doi.org/10.1364/OE.388759  

ECO 1.3 

Xue, X., Yan, F., Prifti, K., Wang, F., Pan, B., Guo, X., Zhang, S., & Calabretta, N. (2020). ROTOS: A 
Reconfigurable and Cost-Effective Architecture for High-Performance Optical Data Center 
Networks. Journal of Lightwave Technology, 38(13), 3485-3494. [9119111]. 
https://doi.org/10.1109/JLT.2020.3002735  

ECO 1.3 

Xue, X., Wang, F., Chen, S., Yan, F., Pan, B., Prifti, K., Guo, X., Zhang, S., Xie, C., & Calabretta, N. 
(2020). Experimental Assessments of SDN-enabled Optical Polling Flow Control for Contention 
Resolution in Optical DCNs. Journal of Lightwave Technology, XX(XX). 
https://doi.org/10.1109/JLT.2020.3042820  

ECO 1.3 

Xue, X., Wang, F., Agraz, F., Pagès, A., Pan, B., Yan, F., Guo, X., Spadaro, S., & Calabretta, N. 
(2020). SDN-controlled and orchestrated OPSquare DCN enabling automatic network slicing with 
differentiated QoS provisioning. Journal of Lightwave Technology, 38(6), 1103-1112. [8955836]. 
https://doi.org/10.1109/JLT.2020.2965640  

ECO 1.3 

Yan, F., Xue, X., Guo, X., Pan, B., Wang, J., Zhang, S., Khani, E., Guelbenzu, G., & Calabretta, N. 
(2020). Load balance algorithm for an OPSquare datacenter network under real application 
traffic. Journal of Optical Communications and Networking, 12(8), 239-250. [9132990]. 
https://doi.org/10.1364/JOCN.394023  

ECO 1.3 

https://doi.org/10.1109/JLT.2020.3044266
https://doi.org/10.1364/PRJ.399957
https://doi.org/10.1109/LPT.2020.2975885
https://doi.org/10.3390/app10020474
https://doi.org/10.1109/JSTQE.2019.2945548
https://doi.org/10.1088/2515-7647/ab9bf6
https://doi.org/10.1109/JLT.2020.2988377
https://doi.org/10.1109/LPT.2020.3027771
https://doi.org/10.1109/JLT.2020.2976549
https://doi.org/10.1364/OE.388759
https://doi.org/10.1109/JLT.2020.3002735
https://doi.org/10.1109/JLT.2020.3042820
https://doi.org/10.1109/JLT.2020.2965640
https://doi.org/10.1364/JOCN.394023
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Yang, B., Chi, H., Yang, S., Cao, Z., Ou, J., & Zhai, Y. (2020). Broadband microwave spectrum 
sensing based on photonic RF channelization and compressive sampling. IEEE Photonics Journal, 
12(1), [8936887]. https://doi.org/10.1109/JPHOT.2019.2960377  

ECO 1.1 

Zhang, X., Zhao, M., Jiao, Y., Cao, Z., & Koonen, A. M. J. (2020). Integrated Wavelength-Tuned 
Optical mm-Wave Beamformer with Doubled Delay Resolution. Journal of Lightwave Technology, 
38(8), 2353-2359. [8985297]. https://doi.org/10.1109/JLT.2020.2972012  

ECO 1.1 

Zheng, H., Wu, K., Chen, B., Huang, J., Lei, Y., Li, C., Balatsoukas-Stimming, A., Cao, Z., & Koonen, 
A. M. J. (2020). Experimental demonstration of 9.6 Gbit/s polar coded infrared light 
communication system. IEEE Photonics Technology Letters, 32(24), 1539-1542. [9262906]. 
https://doi.org/10.1109/LPT.2020.3039177  

ECO 1.1 

 

Keynotes & invited presentations 

Publication   
Ton Koonen “Ultra-High Capacity Indoor Wireless Communication enabled by Photonic 
Technologies”, tutorial talk at ACP2020, October 25, 2020, Beijing 

ECO 1.1 

Ton Koonen “Optical technologies to disclose the spatial diversity dimension in systems and 
networks”, plenary talk at ACP 2020, October 26, 2020, Beijing 

ECO 1.1 

Chigo Okonkwo “Exploiting the spatial domain in the design of coded-modulation formats", 
invited talk at IEEE Photonics Society Summer topicals, Los Cabos, Mexico, July 2020 

ECO 1.4 

 

Conference publications 

Publication   
Alvarado-Zacarias, J. C., Fontaine, N. K., Ryf, R., Chen, H., Van Der Heide, S., Antonio-Lopez, J. E., 
Wittek, S., Li, G., Okonkwo, C., Bigot-Astruc, M., Amezcua-Correa, A., Sillard, P., & Amezcua-
Correa, R. (2020). Assembly and Characterization of a Multimode EDFA using Digital Holography. 
In 2020 Optical Fiber Communications Conference and Exhibition. 
https://ieeexplore.ieee.org/document/9083557  

ECO 1.4 

Bober, K. L., Jungnickel, V., Emmelmann, M., Tangdiongga, E., Koonen, A. M. J. T., Linnartz, J. P., 
Behnke, D., Bök, P. B., & Vazquez, M. M. (2020). A flexible system concept for LiFi in the internet 
of things. In 2020 22nd International Conference on Transparent Optical Networks, ICTON 2020. 
https://doi.org/10.1109/ICTON51198.2020.9203185  

ECO 1.1 

Calabretta, N., Prifti, K., Xue, X., Yan, F., Pan, B., & Guo, X. (2020). Nanoseconds photonic 
integrated switches for optical data center interconnect systems. In H. Schroder, & R. T. Chen 
(Eds.), Optical Interconnects XX [1128605] (Proceedings of SPIE - The International Society for 
Optical Engineering; Vol. 11286). SPIE. https://doi.org/10.1117/12.2550101  
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GLOSSARY 
 

5G 5th Generation Wireless Mobile systems, operating in the mm-wave range, 
intended to provide performance up to 10 times that of the 4G-network 

ALD Atomic Layer Deposition 
AND Consortium group: Advanced Nanomaterials and Devices 
AOS All-Optical Switching 
ASD Area-Selective Deposition 
AWGR Arrayed Waveguide Grating Router 
BIC Bound state in the Continuum 
BiCMOS Bipolar CMOS 
BROWSE Beam-steered Reconfigurable Optical-Wireless System for Energy-efficient 

communication (https://cordis.europa.eu/project/rcn/103158_en.html) 
CMOS Complementary Metal Oxide Semiconductor: most common Si-based technology 

for fabricating integrated circuits 
CVD Chemical Vapor Deposition 
DUV Deep Ultraviolet 
DWDM Dense Wave Division Multiplexing 
ECO Consortium group: Electro-Optical Communication 
EO-polymer Electro-Optic polymer 
ERC European Research Council (https://erc.europa.eu/) 
f, femto 10-15 
FCA Free-Carrier Absorption 
FNA Consortium group: Physics of Nanosctructures 
IMOS InP Membrane On Silicon: a technique to integrate InP-based photonic circuitry 

with Si-based electronics 
IPI Institute for Photonic Integration 
IR Infrared 
LED Light-Emitting Diode 
LIDAR Light Detection And Ranging 
LTE-A Long Term Evolution is a standard for mobile communication which also defines 

frequency bands, such as the LTE-A band 
MDL Mode-Dependent Loss 
MEMS Micro Electromechanical Switch 
MOKE Magneto-Optic Kerr Effect 
MPW Multi-Platform Wafer 
MZI, MZM Mach-Zehnder Interferometer, Modulator 
OFDM Orthogonal Frequency Division Multiplexing 
OVNA Optical Vector Network Analyzer 
OWC Optical Wireless Communication 
p, pico 10-12 
PAM Pulse Amplitude Modulation: PAM4 uses four pulse amplitude levels 
PDL Polarization-Dependent Loss 
PhC Photonic Crystal 
PHI Consortium group: Photonic Integration 
PI Principle Investigator 
PIC Photonic Integrated Circuit 
PITC Photonic Integration Technology Center 
PL Photo-luminescence 

https://cordis.europa.eu/project/rcn/103158_en.html
https://erc.europa.eu/
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PMP Consortium group: Plasma Materials and Processing 
POF Plastic Optical Fibre 
PON Passive Optical Network 
PRA Pencil Radiating Antenna 
PSN Consortium group: Photonics and Semiconductor Nanophysics 
QAM Quadrature Amplitude Modulation: modulates amplitude of two orthogonal 

carriers 
RF Radio Frequency 
RF-OAM Radio-Frequency Orbital Angular Momentum 
SEM Scanning Electron Microscopy (combined with TEM into STEM) 
SLM Spatial Light Modulator 
SOA Semiconductor Optical Amplifier 
SOA-WC SOA Wavelength Converter 
TEM Transmission Electron Microscopy (combined with SEM into STEM) 
TL Tunable Coupled-Cavity Laser 
TRL Technology Readiness Level 
UV Ultraviolet 
VCSEL Vertical Cavity Surface Emitting Laser 
XT Crosstalk 
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