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AI creates new challenges for chips
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The exponential growth in AI computing usage

There is a need to address the 

requirements for AI

→ new paradigm –
neuromorphic computing? 

Optical computing? Etc.
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But where is the real bottleneck?

There is a need to address the 

communication bottleneck, by

→ new technology – optical 

interconnect

→ new paradigm - in-memory 

computing?
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Optical networks are already connecting us

1980s our countries...

... datacenters and cities

1990s our homes
2000s within datacenters and supercomputers
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future 

chips

There is a trade-off between length and bandwidth

View of 100G data center fabrics, 

by Mellanox Technologies (2017)

Optical interconnects 

replace copper at shorter 

link lengths with increasing 

bandwidth requirements
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What is integrated photonics?
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Photonic integration: optical chips

A photonic integrated circuit

combines various optical

components, such as 

waveguides, lasers, 

detectors, modulators, filters 

and multiplexers, on a single 

substrate. This is done using

technologies and processes

developed in the 

semiconductor industry.



9 prof. Martijn J. R. Heck - Photonic Integration

Advantages of photonic integration

increased performance

in terms of stability, speed and sensitivity, improves 

electronics performance;

decreased size, weight and power (SWaP)

for use in, e.g., drones, space and aircraft, handheld and 

wearable devices;

decreased cost

at high volumes due to wafer-scale manufacturing.
100 Gbps transmitter

R. Nagarajan, Infinera, 2006
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Monolithic InP PICs – first choice for PICs with lasers

optical amplification / gain

low-loss waveguide

high-contrast waveguide

high-speed phase modulation
polarization rotation
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Lots of exponential “laws” drive electronic-photonic 
integration

Moore’s Law – transistor density doubles every 2 year;

Kryder’s Law – magnetic storage capacity doubles every year;

Butter’s Law – optical fiber bandwidth doubles every 9 months;

Nielsen’s Law – high-end home bandwidth doubles every 21 months;

Koomey’s Law – computations per joule double every 1.6 year. 
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The engineering vs. physics trade-off

Silicon CMOS
(and some SiGe

InP, GaN, GaAs,

polymers, ...)

maturity

Technology trend
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Silicon photonics: CMOS compatible nanophotonics

Silicon photonics uses CMOS-

compatible technologies and 

processes – or even a CMOS 

process – to create a photonic

integrated circuit. Waveguides, 

modulators and photodetectors 

are available for 200 Gbps. 

External lasers are required.

http://www.europractice-ic.com/SiPhotonics_technology_imec_ISIPP50G.php
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Status 2010 – converge on three major integration 
platforms

silica / silicon nitride silicon-on-insulator indium phosphide

wavelength range 0.3 µm – 3 µm 1.1 µm – 4.5 µm 1.3 µm – 1.6 µm

lasers, amplifers NA NA +++

photodetectors NA ++ +++

modulators NA + ++

passive devices +++ ++ +

wafer level packaging +++ +++ NA

electronic SoC and SiP

integration

+++ +++ NA

Si

SiO2

Si3N4

InP

InGaAsP

InP

Si

BOX

Si
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Update 2026 – heterogeneous integration

silica / silicon nitride silicon-on-insulator indium phosphide

wavelength range 0.3 µm – 3 µm 1.1 µm – 4.5 µm 1.3 µm – 1.6 µm

lasers, amplifers NA NA +++

photodetectors NA ++ +++

modulators NA + ++

passive devices +++ ++ +

wafer level packaging +++ +++ NA

electronic SoC and SiP

integration

+++ +++ NA

Si

SiO2

Si3N4

InP

InGaAsP

InP

Si

BOX

Si

lithium niobate

+++
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The challenge ahead

Future PIC enabled systems will require:

• III/V based laser source → only efficient and electrically pumped solution

• silicon transistors → for digital and – likely – analog control and signal 
processing

• silicon substrate → for manufacturability and scaling

Hybrid or heterogeneous combination of technologies is needed

as no platform is overall best-in-class;

How to do this?
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How to combine photonics with 

electronics?



18 prof. Martijn J. R. Heck - Photonic Integration

NVIDIA Spectrum X Photonics – co-packaged optics

• connect millions of 

GPUs in AI factories

• silicon photonics

• 3.5× better energy 

efficiency

• enabling 100-400 Tbps

total bandwidth

https://nvidianews.nvidia.com/news/nvidia-spectrum-

x-co-packaged-optics-networking-switches-ai-factories
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NVIDIA Spectrum X Photonics – co-packaged optics

https://developer.nvidia.com/blog/scaling-ai-factories-

with-co-packaged-optics-for-better-power-efficiency/
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Electronic-photonic integration of separate dies:
copper pillar bump bonding

L. Carroll, Appl. Sci. 6, 12 (2016)

Electronic IC dies are flipped and bonded face-

to-face on the photonic IC die by thermo-

compression bonding of copper pillars, thereby

forming dense and short electronic connections.

http://dx.doi.org/10.3390/app6120426
http://dx.doi.org/10.3390/app6120426
http://dx.doi.org/10.3390/app6120426
http://dx.doi.org/10.3390/app6120426
http://dx.doi.org/10.3390/app6120426
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Intel – Optical Compute Interconnect (OCI) chiplet

Intel 4 Tbps Optical Compute 

Interconnect (OCI) Chiplet

https://www.intel.com/content/w

ww/us/en/products/details/netw

ork-io/silicon-photonics.html
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Waferscale electronic-photonic integration:
through-oxide vias

N. DiLello Heidel, IEEE JSTQE, 22, 6 

(2016)

Full wafers are bonded face-to-face 

and the substrate of the photonic

wafer is removed. Electrical

connections are then made by etching

holes through the top photonics wafer

and into the electronics wafer, and 

filling these with metal, so-called

through-oxide-vias.

https://doi.org/10.1109/JSTQE.2016.2577541
https://doi.org/10.1109/JSTQE.2016.2577541
https://doi.org/10.1109/JSTQE.2016.2577541
https://doi.org/10.1109/JSTQE.2016.2577541
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Waferscale electronic-photonic
integration with InP

3’’ InP PIC wafer from HHI bonded to 
laser-sawn BiCMOS wafer from NXP

http://wipe.jeppix.eu

Intimate co-design to remove components and parasitics

Systematically improve efficiency, speed, and information density

Using wafer scale processes

http://wipe.jeppix.eu/
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Monolithic electronic-photonic integration:
130 nm / 90 nm dedicated processes

Hochberg, IEEE Solid-State Circuits Magazine, Winter 2013

The 130-nm and 90-nm process nodes can be adjusted to realize silicon photonics

monolithically integrated with electronics, like transistors. These are custom processes.

https://doi.org/10.1109/MSSC.2012.2232791
https://doi.org/10.1109/MSSC.2012.2232791
https://doi.org/10.1109/MSSC.2012.2232791
https://doi.org/10.1109/MSSC.2012.2232791
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Global Foundries’ GF Fotonix

• Monolithic integration of Photonic Devices with a 45nm class RFCMOS 

• 65-GHz photodiodes, 50-GHz modulators, 100-GHz TIA

https://gf.com/technology-platforms/silicon-photonics/

https://gf.com/technology-platforms/silicon-photonics/
https://gf.com/technology-platforms/silicon-photonics/
https://gf.com/technology-platforms/silicon-photonics/
https://gf.com/technology-platforms/silicon-photonics/
https://gf.com/technology-platforms/silicon-photonics/
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Zero-change electronic-photonic integration:
45 nm / 32 nm CMOS processes

Sun et al., IEEE JSSC. 51, 893 (2016)

Sun et al., IEEE JSSC. 51, 893 (2016)

Existing, ”off-the-shelf”, processes can be used to realize electronic-photonic integrated circuits, without

any adjustments. Since the 45-nm and 32-nm processes use a relatively thin (<200 nm) buried oxide layer, 

the substrate has to be removed underneath the photonic components, to avoid coupling to the substrate.

https://doi.org/10.1109/JSSC.2016.2519390
https://doi.org/10.1109/JSSC.2016.2519390
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Monolithic electronic-photonic integration:
bulk CMOS process, 65-nm, 300-mm

Atabaki et al., Nature 556, 7701 (2018)

Nowadays CMOS processes do not use a buried oxide layer anymore, and start from 

bulk silicon. Photonic components are realized in a polysilicon layer, deposited on top 

of a locally inserted (by etching, deposition and planarization) silicon oxide area.

https://doi.org/10.1038/s41586-018-0028-z
https://doi.org/10.1038/s41586-018-0028-z
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Discussion
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Open questions: threat or opportunity?

Which optical modulators?

Silicon or heterogeneous III/V or TFLN? Which type? MZM, EAM, ...

How about the laser? 

On-chip or external? Multiple lasers or a comb laser?

How to attach the fibers? 

Packaging dominates cost

Can we also do the compute optically? 

Dedicated use cases are emerging
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Need: explore synergies in electronics-photonics

• Same or similar manufacturing, same or similar fabs

• Converging electronic-photonic design automation

• Increasingly overlapping talent pipeline

• Joint application space

• PICs need ICs for drivers, control, signal-processing, memory, …
• ICs (might) need PICs for communications, microwave technology, sensing 

interfaces, …

Personal note: Dutch national strategy is trailing the world (and even Europe) in 
this space
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Conclusion

Photonics is replacing copper at increasingly short reach, driven by (AI) 

compute and data

Heterogeneous integration is a must

Open questions drive research, innovation and technology

in chip design, assembly, EDA, etc. and will determine winners

The Netherlands has a lot of strong ingredients…
… but still lacks an overarching national strategy to make the good meal



32 prof. Martijn J. R. Heck - Photonic Integration

Martijn J. R. Heck

Department of Electrical Engineering

Eindhoven University of Technology 

m.heck@tue.nl

https://www.linkedin.com/in/martijnheck/

mailto:m.heck@tue.nl
https://www.linkedin.com/in/martijnheck/

	Slide 1: Integrated photonics and electronics – a forced marriage?
	Slide 2
	Slide 3: The exponential growth in AI computing usage
	Slide 4: But where is the real bottleneck?
	Slide 5: Optical networks are already connecting us
	Slide 6: There is a trade-off between length and bandwidth
	Slide 7
	Slide 8: Photonic integration: optical chips
	Slide 9: Advantages of photonic integration
	Slide 10: Monolithic InP PICs – first choice for PICs with lasers
	Slide 11: Lots of exponential “laws” drive electronic-photonic integration
	Slide 12: The engineering vs. physics trade-off
	Slide 13: Silicon photonics: CMOS compatible nanophotonics
	Slide 14: Status 2010 – converge on three major integration platforms
	Slide 15: Update 2026 – heterogeneous integration
	Slide 16: The challenge ahead
	Slide 17
	Slide 18: NVIDIA Spectrum X Photonics – co-packaged optics
	Slide 19: NVIDIA Spectrum X Photonics – co-packaged optics
	Slide 20: Electronic-photonic integration of separate dies: copper pillar bump bonding
	Slide 21: Intel – Optical Compute Interconnect (OCI) chiplet
	Slide 22: Waferscale electronic-photonic integration: through-oxide vias
	Slide 23: Waferscale electronic-photonic integration with InP
	Slide 24: Monolithic electronic-photonic integration: 130 nm / 90 nm dedicated processes
	Slide 25: Global Foundries’ GF Fotonix
	Slide 26: Zero-change electronic-photonic integration: 45 nm / 32 nm CMOS processes
	Slide 27: Monolithic electronic-photonic integration: bulk CMOS process, 65-nm, 300-mm
	Slide 28
	Slide 29: Open questions: threat or opportunity?
	Slide 30: Need: explore synergies in electronics-photonics
	Slide 31: Conclusion
	Slide 32

