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Outline

ÅIntroduction

- Silicon Photonics for high-speed links in particle detectors
- Ring modulators and waveguides

ÅIrradiation campaigns

- X-ray test on ring modulators: 
· Electro-optic frequency response
· Localized thermal annealing

- Neutron and X-ray tests on waveguides: 
· Radiation-induced attenuation (RIA)

- Heavy ion test on waveguides: 
· Optical single-event transients (OSETs)
· TCAD simulations

ÅConclusions and future work
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Introduction
Silicon Photonics for High-Energy Physics
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Introduction ς Silicon Photonics for High-Energy Physics

Silicon Photonics

High-speed data 
transmission

Low mass

Low power consumption

Radiation hardness

CMOS compatible 
process flow 

Particle sensor

PD

Front-End

Back-End

PIC

Si-PIC

4x25 Gbps

5ͯ Gbps

PIC: Photonic Integrated Circuit
PD: Photodiode

Biereigel



5

Input 
light

M
u
ltip

le
xe

r

1˂

2˂

3˂

4˂

Introduction ς Overview of a SiPh-based transceiver

D
e

m
u

ltip
le

xe
r

Si-PIC

Rx

Rx

Rx

Rx

Commercial
off-the-shelf
components,
FPGAs, etc.

Mirco-Ring 
Modulators 

(RM)
Waveguides

two of the main photonic 
components exposed to 

radiation !

fiber 
array 
unit

unmodulated light

modulated light
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Introduction ς Light coupling and waveguides
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Optical power

Wavelength

Si

5 ˃ m
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Introduction ς Ring Modulators
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Working principle:

ÅLight coupled into the silicon micro-ring

ÅDestructive interference Ą resonance

Free Spectral Range
(FSR) SiO2Top view

ὲ : effective refractive index
ὒ: round trip length
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Introduction ς Ring Modulators

ǧV

OMA:   Optical Modulation Amplitude
ME:      Modulation Efficiency

Popt

time

How do we modulate it?

ÅModulation of the resonance peak through the applied voltage

- Injection/depletion of carriers Ą variation of the effective refractive index

Optical power

Wavelength

V

ⱦἘἋἡἏἠ

V0

V1

P1

P0

OMA

ME
Phase shifter cross-section
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X

X

Modulation
Efficiency
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Introduction ς Tungsten micro-heaters

µ-heaterSi waveguide

300 K

400 K

ÅTungsten µ-heater to shift the resonance 
wavelength

ÅLocalized heating

ÅThermo-optic coefficient of silicon stronger 
than electrical modulation but slower

ÅThermal shift coefficient of 70 pm/ÁC for O-band (1310 nm) and 80 pm/ÁC for C-
band (1550 nm) ring modulators, significantly larger than the modulation 
efficiency ( 3ͯ5 pm/V)

Åµ-heaters can be used for localized thermal annealing

µ-heaterΩǎ ŜƭŜŎǘǊƛŎŀƭ ǇƻǿŜǊ and temperature

SiO2
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Ring Modulators
X-ray irradiation tests
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X-ray testing of Ring Modulators ς Motivation

Static Test

ÅCharacterization of ring modulators and 
photodiodes under ionizing radiation

ÅOnline acquisition of electrical (I-V) and 
optical (spectra) device parameters

ÅInvestigation of temperature effects and 
thermal annealing post-irradiation

Dynamic Test

ÅMeasurement of electro-optic (EO) 
frequency response of ring modulators 
under ionizing radiation

ÅAnalysis across different temperatures and 
in the 10 MHz - 25 GHz frequency range

ÅInvestigation of thermal annealing during 
and after irradiation

Optical 
fiber
array

PIC

Temperature
sensor

5 mm5 mm

Total ionizing dose 

(TID) reached:

ρςȢσ ὓὋώ ὛὭὕ

Irradiation time:

ωͯ Ὠὥώί

Dose rate:

υͯυ ὯὋώȾὬ ὛὭὕ
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Static X-ray test ς Results

V0

V1

ME

ÅReduction in ME strongly dependent on temperature

ÅRMs at intermediate temperature range [50ÁC - 150ÁC] degrades faster 
than RM at room temperature

V One hour annealing at ͯ270ÁC effectively restores ME to pre-irrad 
values 

ÅPinch-off of the p-slab caused by 
positive charge accumulation

ÅIncrease in the breakdown voltage 
confirms the pinch-off mechanism

pre-irrad irrad post-irrad
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Dynamic X-ray test ς EO frequency response (S21)

ÅEO frequency response (S21) measured online using a VNA (Vector Network 
Analyzer) and a high-speed photodiode 

ÅTID damage is frequency dependent and saturates around 
2 MGy for room temperature device

ÅRM at 170ÁC thanks to the µ-heater continuously anneal 
TID damage
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Dynamic X-ray test ς S21 at single frequency

ÅS21 measurements are consistent with ME results from the static X-ray test:

- Faster degradation observed in the intermediate temperature range compared to room temperature device

- After irradiation, tried shorter annealing than in previous test: 10 minutes at 230ÁC sufficient to recover the EO frequency 

response

pre-irrad irrad post-irrad pre-irrad irrad post-irrad
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Dynamic X-ray test ς RMo2: annealing during irradiation

ÅAfter reaching the TID target of 10 MGy, a thermal annealing step was performed only for RMo2 while keeping irradiating

ÅRMo2 (only) kept at 230ÁC for approximately 30 minutes, while measurement loop was continuing for other devices

ÅAfter the annealing step, the temperature was lowered back to 73ÁC

pre-irrad irrad post-irrad pre-irrad irrad post-irrad


