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WHAT IS SILICON PHOTONICS?

The implementation of high density photonic integrated circuits by 

means of CMOS process technology in a CMOS fab

Enabling complex optical functionality on a compact chip at low cost
Pictures, courtesy of imec
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THE PAST 20 YEARS: STUNNING RESEARCH PROGRESS

PUBLICATIONS EACH YEAR

(Conferences not included)

Citation report for 9,982 results from Web of Science Core Collection 
You searched for: TOPIC: (silicon) AND TOPIC: (photonic OR photonics) AND YEAR PUBLISHED: (1998-2017) 
Indexes: SCI-EXPANDED. 
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WHY SILICON PHOTONICS

• High index contrast  very compact PICs

• CMOS technology  nm-precision, high yield, 

existing fabs, low cost in volume

• High performance passive devices

• High bitrate Ge photodetectors

• High bitrate modulators 

• Wafer-level automated testing

• Hierarchical set of design tools 

• Light source integration (hybrid/monolithic?)

• Integration with electronics (hybrid/monolithic?)

n1(=3.5)>n2(=1.45)
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SILICON PHOTONIC WIRES

Si substrate

silicon-oxide

500 nm

200 nm

n1(=3.5)>n2(=1.45)
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ON-CHIP SPECTROMETER (200 X 350 ΜM2)
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SILICON PHOTONICS: EXTENDING THE WAVELENGTH RANGE
WITHOUT LEAVING THE CMOS FAB
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OUTLINE

Silicon photonics for high speed optical transceivers

Silicon photonics for sensing and life science

Integrated light sources
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MODULATOR BASED ON CARRIER DEPLETION

10

Year Group Electrical structure Optical structure Efficiency Loss ER Bit rate Vpp Length 

2007 Intel Vertical PN junction Mach-Zehnder 4 V cm 7 dB — 30 GBps 6.5 V 1 mm 

2009 Kotura Lateral PN junction Ring 1.5 V cm 3 dB 8 dB 10 GBps 2 V 2π · 15 µm 

2010 Kotura Lateral PN junction Mach-Zehnder 1.4 V cm 2.5 dB 7 dB 12.5 GBps 6 V 1 mm 

2011 MIT Vertical PN junction Microdisk — 1 dB 5 dB 12.5 GBps 1.5 V π · 3.5 µm 

2011 Southampton U. Lateral PN junction Mach-Zehnder 2.7 V cm 15 dB 10 dB 40 GBps 6V 3.5 mm 

2012 Paris-Sud U. Lateral PIPIN junction Mach-Zehnder 3.5 V cm 6 dB 6.6 dB 40 GBps 7 V 4.7 mm 

2012 Washington U. Lateral PN junction Mach-Zehnder 2 V cm 5 dB 3.7 dB 20 GBps 0.63 V 5 mm 

2012 Yokohama U. Lateral PN junction PhC-MZI — 9.1 dB — 40 GBps 5.3 V 90 µm 

2012 I. Semicond. Zigzag PN junction Ring 1.7 V cm — 3 dB 44 GBps 3 V 22 µm 

2013 Colorado U. Interleaved PN junction Ring — 4.5 dB 5.2 dB 5 GBps 3.6 V 2π · 5 µm 

2013 Paris-Sud U. Interleaved PN junction Mach-Zehnder 2.4 V cm 4 dB 7.9 dB 40 GBps 6 V 0.95 mm 

2013 IMEC/Gent U. Lateral PN junction Ring - - 11 dB 10 GBps 1 V 2π · 40 µm 

2014 MIT Vertical PN junction Microdisk — 1 dB 8 dB 44 GBps 2.2 V π · 4.8 µm 

2014 McGill U. Lateral PN junction Michelson 0.7 V cm 3 dB 3.3 dB 25 GBps 4 V 500 µm 

2014 Valencia U. Vertical PN junction — 0.4 V cm 4.7 dB — — — — 

2014 A*STAR Lateral PN junction Mach-Zehnder 1.65 V cm 7.65 dB 5.66 dB 28 GBps 1.3 V 5.5 mm 

2014 Delaware U. Lateral PN junction Ring 2.2 V cm 7 dB 6.2 dB 40 GBps 4.8 V 2π · 7.5 µm 

	

p n

p n

Applied voltage

Change of free electron/hole density

Change of refractive index

Change of optical phase

Change of 
optical 
intensity
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GE PHOTODIODES

Lateral PIN Vertical PIN

SiSi
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GE PHOTODETECTORS: STATE OF THE ART

Intel, 2005. 

IEF, 2009. 

Sandia Lab., 2011.

Luxtera, 2008. IME, 2008. 

IMEC, Gent Univ., 2015.

Main characteristics of all detectors:
 Bandwidth > 40GHz
 Low dark current < µA
 High responsivity > 1A/W @ 1550nm
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IMEC STATE-OF-THE-ART SILICON PHOTONICS PLATFORM

Co-integration of the various building blocks in a single platform

Today available on 200mm wafer size, coming soon on 300mm

95% compatible with CMOS130 in commercial foundries

56G Ge Electro-Absorption Modulator

56Gb/s eye diagram

56G Silicon Ring Modulator

56Gb/s eye diagram

8+1-channel DWDM (De-)Multiplexing Filter In-Plane Coupler

Surface-Normal Coupler

50G Ge Photodetector 50Gb/s eye diagram

56G Silicon Mach-Zehnder Modulator
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Hybrid CMOS Si-Photonics Transceiver Module

HYBRID CMOS SI-PHOTONICS TRANSCEIVER DEMO

Putting it all together

40nm Foundry CMOS Chip

imec Si Photonics Chip

Single-Mode

Fiber Array

40nm Foundry CMOS Chip

4x20G Driver array

4x20G TIA array

imec Silicon Photonics Chip

4x 25G Ring 

Modulator Array

4x25G Ge PD array

DWDM Filter

F
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r 
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Driver2 (mux) @ λ2 Driver3 (mux) @ λ3 Driver4 @ λ4Driver1 @ λ1

~12ps ~19ps ~11ps~18ps

Transmitter Eye Diagrams (4x20G)

4x DWDM Wavelength Channels 

Each operational at 20G

~ 2mW/Gbps power efficiency*

*Excluding laser and thermal control power

(Rakowski,  ISSCC 2015)

Receiver Eye Diagrams (4x20G)
1.5mm

1mm
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THE PAST 5-10 YEARS: STUNNING INDUSTRIAL DEVELOPMENT

IN SILICON PHOTONICS, DRIVEN BY TELECOM/DATACOM

• active optical cables (eg PSM4: 4x28 Gb/s on parallel fibers)

• WDM transceivers (eg 4 WDM channels x 25 Gb/s on single fiber)

• coherent receiver (eg 100 Gb/s PM-QPSK)

• fiber-to-the-home bidirectional transceiver (eg 12 x 2.5 Gb/s)

• monolithic receiver (eg 16x20Gb/s)

• 40Gb/s, 50Gb/s and 100 Gb/s Ethernet (future: 400Gb/s)

• …

http://www.google.be/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.wkrb13.com/markets/392665/morningstar-issues-bbb-credit-rating-to-stmicroelectronics-nv-stm/&ei=yWlfVK3VA8HvmAW46IDgBA&bvm=bv.79189006,d.dGY&psig=AFQjCNGwA_SK-vY1MtdS3ehbbIQ5D9ozQw&ust=1415625533773108
http://www.google.be/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.wkrb13.com/markets/392665/morningstar-issues-bbb-credit-rating-to-stmicroelectronics-nv-stm/&ei=yWlfVK3VA8HvmAW46IDgBA&bvm=bv.79189006,d.dGY&psig=AFQjCNGwA_SK-vY1MtdS3ehbbIQ5D9ozQw&ust=1415625533773108
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OUTLINE

Silicon photonics for high speed optical transceivers

Silicon photonics for sensing and life science

Integrated light sources
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SENSING APPLICATIONS ENABLED BY SILICON PHOTONIC ICS

Vibrational spectroscopy (absorption, Raman)

C6H6

Refractive index sensing (biosensing, gas sensing)

PoliMilano

3D imaging (Lidar, OCT, LDV)

NKT Photonics

Fiber sensor readout  (FBG, Brillouin, Raman) 
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VIBRATIONAL SPECTROSCOPY: FINGERPRINT TECHNIQUE FOR CHEMICAL ANALYSIS

Infrared absorption spectroscopy
Very sensitive

“Poor”/expensive sources and detectors
Less compatible with biology

Raman spectroscopy
Very insensitive (but there are tricks)
Mainstream sources and detectors

More compatible with biology
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GLUCOSE ABSORPTION SPECTROSCOPY

First overtone band: 1500 - 1800 nm Combination band: 2000 - 2500 nm

Objective: Continuous Glucose Monitoring (CGM) 
by means of subcutaneous implant

For glucose sensing in humans (3-15 mM): Largest change in transmission is 0.5 %
Required sensitivity : 0.02%

hypoglycemia

hyperglycemia

hypoglycemia

hyperglycemia
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PROOF-OF-CONCEPT DEMONSTRATION IN THE LAB
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GLUCOSE ABSORPTION SPECTROSCOPY: PROOF-OF-CONCEPT

Use measured 
spectrum of 36 
mM solution as 
the basic vector

Demonstrated sensitivity of 1mM

E. Ryckeboer et al, Biomedical Optics Express (2014)
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Subcutaneously implanted IR spectral 

analyser connected wirelessly to external 

transceiver (>6 months implantation time)

Continuous Glucose Monitoring enabled by silicon photonics

Epidermis

Dermis

Hypodermis

Adipose tissue with glucose containing 
interstitial fluid

GluCARE implant spectrally 
analysing interstitial fluid

Light sensing 
glucose (in reality 
invisible IR)
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LASER DOPPLER VIBROMETRY (LDV): DISPLACEMENT MEASUREMENT

Δ𝑑(𝑡)

Phase shift of reflected light: 𝜃 𝑡 =
2𝜋

𝜆0
⋅ 2Δ𝑑 𝑡 + const.

LDV

𝑑0

The displacement Δ𝑑 𝑡 can be retrieved by 
measuring 𝜃 𝑡 .

Vibration target

Laser beam
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SIX-BEAM LDV

Laser input

splitterPhase 
modulator

Transmit-receive 
antenna pair

Optical 
hybrids and 

PDs

PIC

Vibrating target

Confocal 
optical 
system

Common 
focal plane

PIC and external 
optics

PIC

1

2

Measurement 
beams
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CARDIOVASCULAR DISEASES

Cardiovascular disease: The 
biggest killer in the world, 
responsible for 30% of deaths 
(WHO, 2011)

Distribution of major causes of death including CVDs 
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ARTERIOSCLEROSIS, ATHEROSCLEROSIS AND STENOSIS

Arteriosclerosis: stiffening of arterial walls

Atherosclerosis: deposition of plaque on the inner arterial walls (which can lead to stiffening)

Stenosis: abnormal narrowing in a blood vessel

A map of the skin displacement above arteries can help 

for early diagnosis of these pathologies.

Method: laser Doppler vibrometry

Technology: silicon photonics

Use: by general practitioner
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IN-VIVO MEASUREMENT RESULTS

proximaldistal

It turned out that the shapes of the vibrations also changes at different locations. More 
study should be done to retrieve the time delay between the two lines.

(Only 4 out of the 6 beams are used here.)

D
is

p
la

ce
m

en
t 

o
r 

ve
lo

ci
ty

 (
a.

u
.)

Proximal 
velocity

Proximal 
displacement

Distal 
displacement

Distal 
velocity

Time (s) Time (s)
D

is
p

la
ce

m
en

t 
o

r 
ve

lo
ci

ty
 (

a.
u

.)

We measure the pulse wave velocity in the carotid artery, 
which indicates cardiovascular disease risks. 
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OUTLINE

Silicon photonics for high speed optical transceivers

Silicon photonics for sensing and life science

Integrated light sources
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INTEGRATED LIGHT SOURCES: THE HOLY GRAIL

Silicon is an indirect semiconductor  no light emission

Hybrid approaches: combine III-V semiconductors with silicon

HOW?

1. III-V chip + silicon chip co-packaging (or flip-chip)

2. Wafer-level approaches
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HYBRIDLY INTEGRATED TUNABLE LASERS

GaSb gain chip + silicon photonics widely tunable filter

Si photonic IC (mm scale)
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HYBRIDLY INTEGRATED TUNABLE LASERS

2.0x um GaSb gain chip

Silicon photonic IC

R. Wang et al,
Optics Express 2016
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HYBRIDLY INTEGRATED TUNABLE LASERS

Vernier tuning

Single ring tuning

Two-ring tuning

Phase section tuning

R. Wang et al,
Optics Express 2016
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WAFER-LEVEL APPROACHES FOR III-V INTEGRATION ON SI PICS

adhesive die-to-wafer bonding

SOURCE 
WAFER

TARGET 
WAFER

III-V epitaxy on silicon

transfer printing
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III-V ON SILICON BONDING

Silicon waveguide

Buried oxide

III-V wafer

SiO2SiO2

DVS-BCB

 Now routinely achieve <40nm thickness
 < 3nm std. dev. over wafer
 Good reproducibility wafer to wafer (<5nm)
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DIRECTLY MODULATED DFB LASERS

• 34GHz bandwidth through external feedback (photon-photon resonance)

• 56Gbit/s directly modulated lasers

[A. Abassi et al., OFC 2017]
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MODELOCKED LASER

• 1GHz repetition rate modelocked laser
• III-V gain section, III-V saturable absorber & long Si waveguide (0.7dB/cm 

loss) to form the laser cavity

[Z. Wang et al., Light: Science and Applications, 2017]
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MODELOCKED LASER – PASSIVE MODELOCKING

Optical spectrum: 
comb source

RF spectrum
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Transfer printing

40
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THE NEW WAY: TRANSFER PRINTING

Transfer of micro-scale III-V coupons/devices to a Si target 

wafer

InP, GaAs, SOI, 2D materials, 0D materials
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TRANSFER PRINTING OF III-V SEMICONDUCTORS

SOURCE WAFER TARGET WAFER

PDMS stamp

III-V source wafers SOI target wafer
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FIRST III-V-ON-SILICON TP DFB LASERS

Si PIC

III-V coupons

Lasers after post-processingAfter transfer printing of coupons

[J. Zhang et al, Optics Express 2018]
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CONCLUSION

Silicon photonics:

Mature technology in CMOS-fab, low cost (even in moderate volume)

Strong industrial traction for telecom/datacom/interconnect applications

From visible to mid-IR

Very large potential for sensing, especially in life science

Light source integration is gaining maturity
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