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What is Silicon Photonics ?
 A photonic system using silicon as an optical medium
 The silicon waveguide lies on top of a silica cladding layer (SOI)
 Silicon is patterned with sub-micron precision into planar 

microphotonic components

 Expectations: 
 Fuel Moore’s law by enabling low-power high-density chip scale optical 

communication
 Replicate for photonics the amazing success of CMOS electronics
 Open the possibility to explore and exploit light-matter interactions at 

sub-wavelength dimensions
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Electronics and Photonics, a historical perspective
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 Electronics
 1947: 1st transistor
 1959: first planar transistor
 1961: first planar IC

 Photonics
 1960 1st Ruby laser
 1962 first semiconductor laser
 1970: 1st RT CW semiconductor laser

1st low loss optical fibre
 1984: 1st InP opto IC (HBT plus laser)
 1985: Reports about Si optical modulators
 1988: 1st RT CW VCSEL
 1989: 1st Er-doped fibre amplifier
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Silicon for optics: Pros


 Transparent in 1.3-1.6 µm region

√ Low loss waveguides

 Take advantage of CMOS platform

√ Mature technology

√ High production volume

 Low cost

 Silicon On Insulator (SOI) wafer

√ Natural optical waveguide

 High-index contrast (nSi=3.5 – nSiO2=1.5)

√ Strong light confinement

 Small footprint (450nm x 220nm) 

3
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Silicon for optics: Pros and Cons

 
 Transparent in 1.3-1.6 µm region

√ Low loss waveguides

 Take advantage of CMOS platform

√ Mature technology

√ High production volume

 Low cost

 Silicon On Insulator (SOI) wafer

√ Natural optical waveguide

 High-index contrast (nSi=3.5 – nSiO2=1.5)

√ Strong light confinement

 Small footprint (450nm x 220nm) 

 Indirect bandgap material

√ No or weak electro-optic effect 

√ “Lacks” efficient light emission

 No Si laser

 No detection in 1.3-1.6 µm region

 Strong light confinement

√ Large mode mismatch with fibre

SiO2

SiO2

Si

Si

4
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Silicon Photonics for HEP Applications

Outline

A. Technology, Process and Devices
B. Radiation Resistance Tests and Simulation
C. Photonic Circuit Design
D. Co-Integration with Electronics
E. System
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A: Process and Devices 1: Waveguiding
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Optical mode in SM fibre
Optical mode in Si strip
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Process and Devices 1: In and Out-coupling
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Process and Devices 1: Waveguiding and Coupling
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SOI wafer

Pattern/etch

Oxide regrowth
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Process and Devices 2: Phase Modulation
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Process and Devices 2: Phase Modulation
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Process and Devices 2: Phase Modulation
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Doping

Silicide/etch

Salicide
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Process and Devices 2: Intensity Modulation
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Si modulators performance: a) static
Integrated Mach-Zehnder modulator

13
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Si modulators performance: b) dynamic

D. Marris-Morini et al, Opt. Exp. (2013)

0.95mm long Mach-Zehnder modulator

14

 VπLπ ~2.2 V.cm
 Extinction ratio: 8 dB
 Insertion loss: 4 dB
 Frequency: 26 GHz
 Data rate: 40 Gbit/s
 Vmod=7V
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Si modulators performance: c) power
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1pJ/bit = 1mW/Gbps

(one google search ~1kJ)

Laser excluded
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Process and Devices 3: Detection

 Lattice misfit with Si of about 4.2%
⇒ specific growth strategies required 

(wafer-scale and localized)

 Low indirect bandgap: EG=0.66eV
⇒ high dark current for MSM devices

 Absorption coefficient of pure Ge

 α≈9000 cm-1 at λ=1.3µm

⇒ LABS
95% ≈ 3.3µm (!)

⇒ Low capacitance devices

⇒ High frequency operation

 High carrier mobility
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Ge in Si
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Process and Devices 3: Detection

17

Vertical coupling

eGe = 300 nm

17 µm

7 µm

Ge

SOI waveguide

17 µm

Butt coupling

 Short absorption length => Low capacitance
 Light absorption is independent of Ge film thickness
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Process and Devices 3: Detection
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Cavity

Ge deposition

Doping
Contacting
Oxide regrowth
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Process and Devices 4: Full Circuit
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So, why is Si-Photonics of interest to HEP? 
 Radiation resistance potentially as good as Si-sensors and CMOS 

electronics
 Possibility to design custom circuits in MPW framework
 Possible Co-integration with sensor and electronics
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a) High-intensity neutron beam line at the Cyclotron Resource Center in Louvain-la-
Neuve used to expose devices to non-ionizing radiation (5x1016 1 Mev neqcm-2)

b) X-ray irradiation facility at CERN used to expose the devices to X-rays (1.3 MGy)

Devices ready for testing. Devices provided by the Université Paris Sud and fibre
coupling done by CEA-LETI.

B. Radiation testing MZI Modulators

16 Sep 2016 francois.vasey@cern.ch 21
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• Damage from non-ionizing energy loss is very small

pre-Irrad

2.5x1015 neq

0 V 3 V
 *
 *

Radiation testing MZI modulators:   
a) displacement damage
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Radiation testing MZI modulators:   
a) displacement damage
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Radiation testing MZI modulators:   
a) displacement damage

Modulators vs VCSELs 
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Devices are no longer functional after exposure to 1.3 MGy of ionizing radiation.

pre-Irrad

1.3 MGy

0 V 3 V
 *
 *

Radiation testing MZI modulators:   
b) ionizing damage
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Radiation testing MZI modulators:   
c) summary
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Si-Photonics MZM Use range in HL-LHC detector

 Straight off-the-shelf, before any device optimization:
 Use-range smaller or possibly similar to active (VCSEL-based)

optoelectronics
 Large process (vendor) dependence
 Sensitivity to TID but not to displacement

MZM use limit

Pix Tk

Strip Tk

HGCal

16 Sep 2016 francois.vasey@cern.ch 27
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Modeling Radiation Damage in a MZM
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Modeling Radiation Damage in a MZM

16 Sep 2016 francois.vasey@cern.ch 29



A
) 

Te
ch

no
lo

gy
B)

 R
ad

ia
tio

n
C

) 
D

es
ig

n
D

) 
In

te
gr

at
io

n
E)

 S
ys

te
m

Modeling Radiation Damage in a MZM
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Modeling Radiation Damage in a MZM
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Tuning simulation to fit characterization
(Scanning Spreading Resistance Microscopy)

Measurement

Simulation
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Radiation Resistance: Wrap Up
 Radiation resistance of MZMs potentially as good as Si-sensors and 

CMOS electronics
 But thick oxide layers (on top and bottom) make devices sensitive to ionizing 

radiation damage
 Possibility to design custom circuits in MPW framework
 Co-integration with sensor and electronics
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C. Designing a custom MZM for HEP
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Improving MZM radiation hardness

16 Sep 2016 francois.vasey@cern.ch

Scan process parameters 
available to MPW user

Model MZM efficiency change 
after 1MGy
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First full custom Si-Photonics chip from CERN

16 Sep 2016 francois.vasey@cern.ch

 IMEC 130nm CMOS (65nm-grade litho)
 5x5mm die, 40 pcs x 2 doping steps
 9 months turnaround time
 Heterogeneous design flow
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Characterization

optical
fiber 
probe

electrical
probe

DUT

80 chips delivered Oct 2015

Pigtailed die

Naked die
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0V 1V 2V 3V

0.00

0.15

0.30

nominal doping:
/  measured/simulated

2x nominal doping:
/  measured/simulated

Reverse voltage (V)
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e 
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 (π

/m
m

)

1550nm, deep etch

Si

SiO2

SiO2

0V 1V 2V 3V

0.00

0.15

0.30

Reverse voltage (V)

Ph
as

e 
sh

ift
 (π

/m
m

)

nominal doping:
/  measured/simulated

2x nominal doping:
/  measured/simulated

1550nm, shallow etch

Pre-Irradiation Characterization

Si

SiO2

SiO2

 Good agreement between pre-irradiation measurements and simulations 
for CERN designed SiPh MZMs

 deep etch MZMs show larger phase shift because optical mode is more 
strongly confined in waveguide

 larger overlap with depletion zone of pn-junction
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During-irradiation Characterization

 measurements confirm qualitative predictions: resistance to dose can be improved
 etch depth, doping concentrations, energies and profiles are not precisely known

 quantitative agreement between model and devices cannot be expected
 Irradiation conditions are not representative of final operational situation

 Room temperature, No bias during irradiation

 More results to be published this fall (Radecs, TWEPP, NSS)

0 500 1000 1500 2000 2500 3000

0.0

0.5

1.0

1.5

shallow etch, Vbias=-1V
 nominal doping
 2x nominal doping
 deep etch MZM
 Paris Sud MZM (medium etch)
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ng
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Dose (kGy)

Measurements: deep etch                                     shallow etch
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deep etch, Vbias=-1V
 nominal doping
 2x nominal doping
 Paris Sud MZM (medium etch)
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Custom MZM Design: Wrap Up
 Possibility to design custom circuits in MPW framework

 Successful first submission
 Preliminary simulation, design and characterization results indicate good 

prospect of developing extremely radiation hard modulators 
 But full control of doping conditions likely to be needed (i.e. dedicated engineering 

run and process customization)
 Modelling effort must continue to the point where a simulation can be trusted 

to validate a design before submission

 Co-integration with sensor and electronics
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D. Co-Integration a) with electronics
 Co-Integration of electronics and photonics can be achieved in a hybrid or 

monolithic fashion
 Si-Photonics requires thick oxide (~1um compared to 10-100nm for current 

SOI processes) 
 Monolithic approaches have been successfully demonstrated, also 

commercially

 But hybrid integration allows more flexibility at least in our specific context
 Electronics and photonics can be optimized separately
 Photonic circuit becomes interposer

16 Sep 2016 francois.vasey@cern.ch

Local photonic substrate creation CMOS integration on photonic substrate
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D. Co-Integration b) with sensors
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Sensor FEH OH

Sensor FEH OH

Sensor Si-OH

GOL/LD

GBT
LD
VCSEL

VCSEL/EEL

SerDes
MD
MZM

PA

 LHC Tracker (2005)

 HL-LHC Tracker (2020)

 R&D, full Si module (2025?)
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E. System

 The system-level challenges of Si-Photonics:
 MZM System-on-a-chip

 Maintain stable operating point
 Manage polarization diversity
 Reduce insertion loss
 Reduce power dissipation

 System-in-a-detector
 Feed CW optical power
 Maintain laser polarization
 Manage power budget

 Optical
 Electrical
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Si-Ph Transceiver System on a chip
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Operating point adjust Polarization diversityCW optical power
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Si-Ph Transceiver System on a chip

16 Sep 2016 francois.vasey@cern.ch

The Insertion Loss challenge (typical loss values shown):
• Grating coupler: 2dB

• Waveguide loss: 2dB/cm
• Quadrature point: 3dB

• Modulator loss: 4dB/mm
• Taps and misc.: 2dB

Excess loss: typ 15dB

Rx
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Dynamic MZM transmitter performance

16 Sep 2016 francois.vasey@cern.ch

, Λ=1.554 µm , Λ=1.552 µm
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• Radiation-resistant modulator 

• Radiation-resistant modulator driver

• Packaging solution

System in a detector
 Modulator-based architecture

16 Sep 2016 francois.vasey@cern.ch 47



A
) 

Te
ch

no
lo

gy
B)

 R
ad

ia
tio

n
C

) 
D

es
ig

n
D

) 
In

te
gr

at
io

n
E)

 S
ys

te
m

E. System: Wrap up
 The system-level challenges of Si-Photonics:

 Feed CW optical power
 Maintain stable operating point
 Manage polarization
 Reduce insertion loss
 Co-integrate with electronics and package

 Tough competition with incumbent technology (III-V based)
 Only few commercial successes so far despite considerable hype
 Multiple acquisitions of Si-Photonics start-ups by major actors in networking

 Si-Photonics advantage can be harnessed by:
 moving to complex systems and architectures (multi-channel, advanced modulation 

schemes, wavelength multiplexing, etc…)
 Moving to longer distances and higher bitrates (Single Mode, 400GbE, 2km)
 Moving to large volume chipscale interconnection, as optical interposer

 But must reach << pJ/bit efficiency
 Must develop fJ/b receivers

16 Sep 2016 francois.vasey@cern.ch 48



A
) 

Te
ch

no
lo

gy
B)

 R
ad

ia
tio

n
C

) 
D

es
ig

n
D

) 
In

te
gr

at
io

n
E)

 S
ys

te
m

Conclusions
 Si-Photonics opens access to custom designed, radiation hard optical 

circuits for HEP

 Simulation and design flow is available (but still heterogeneous) 

 Access to MPW foundry services is possible (but long turnaround time)

 First attempts at modelling, designing and fabricating simple circuits are 
successful 

 Characterization and simulation results are promising

 Co-integration with sensor and electronics is attractive
 Packaging and system aspects remain very challenging
 Prepare to invest even more in advanced packaging than in design and process optimization
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So: myth or reality ?
 16 June 2016, CERN EP Detector Seminar by Erik Heijne: Si Detectors: 60 years of innovations
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So: myth or reality ?
 16 June 2016, CERN EP Detector Seminar by Erik Heijne: Si Detectors: 60 years of innovations
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So: myth or reality ?

16 Sep 2016 francois.vasey@cern.ch

• Much R&D effort was required 
in the 80’s to develop the 
microelectronics of the LHC era 
(see for instance the LAA project)

• A large effort is required now to 
incubate the optoelectronics of 
the next decades (if experiments 
are serious about their aim to 
massively extract data from their 
front-ends)

• Only so, will we be able to 
extract the reality from the 
myth
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Backups
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System in a detector

 Current VCSEL-based architecture
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Radiation Resistance of Lasers of different types
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Versatile Link Specification
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Increasing front panel density of GbE modules
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Telecom vs Datacom evolution towards 400GbE
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Si (IV) vs III-V
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A 2008 Si-Photonics vision for 2018

16 Sep 2016 francois.vasey@cern.ch

70Tbps @ 1pJ/b = 70W !!!
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Electro-refraction effect:
√ carrier density variation: accumulation, 

depletion, injection

Refractive index variation

Effective index variation of the guided 
optical  mode

Phase variation

Optical intensity
variation

Interferometers

1 µm

380 nm

70 nm
1 µm

380 nm

70 nm

8.01 82 2 1 05.81 08.8 PNn ∆×−∆×−=∆ −−

62

Intensity Modulation
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Si-Photonics Supply chain

16 Sep 2016 francois.vasey@cern.ch 63



A
) 

Te
ch

no
lo

gy
B)

 R
ad

ia
tio

n
C

) 
D

es
ig

n
D

) 
In

te
gr

at
io

n
E)

 S
ys

te
m

Hybrid laser integration
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