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Introduction: Silicon Photonics (SiPh) in High Energy Physics (HEP)

* lIdea of SiPh Integrated Circuits (Si PICs)

* Fabricate photonic devices on silicon substrates infrastructure @
* Leveraging the mature CMOS technology
Sireadout ASICs
 Features: AS’\ gen=®"
* High radiation tolerance
m Currently deployment for HL-LHC: VCSELs + PIN

photodiodes + parallel fibers breaks at 1 MRad/10* n_ /cm? Laa Raje

m SiPh holds up to > 1 GRad TID and > 5x10*° n,/cem’ 404 Gheud
 High spectral efficiency 1024 Ghond .

m Compatible with single mode fiber (SMF) Han et o E\A :’3

m  Multiplexing in wavelength, polarization, phase etc Y % K 4 ¢ 5 Symbol Rate
e Allows it to be tightly integrated with sensors and readout % 2

ASICs —> low mass
Wavelength Polarization

* Easy to scale, low cost, low power consumption
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Introduction: System Concept of a SiPh-based Data Link for HEP
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Ring Modulator (RM) Mechanism

Reverse biased p-n junction

Modulation voltage changes (the electrical signal 0/1)
—> Carrier concentration changes ANe, ANh
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RM Design and Characteristics
* Single channel RM (GF Fotonix - 45SPCLO) “ :
« 6 um radius, 11.4 nm FSR @ 1310 nm
e Radiation-hard designs

e TID effects manifest as a carrier loss because
of trapped charge resulted pinch-off

++ +

nt n*+t

* highly doped I
* P+/N+ doping in theJunctlon
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o 28 fF capacitance — 2 \/
* High speed: 50 Gbps lane -3 V

* ~5800 Q factor (f/Af) 4V|
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Phase Shift [pm/V]
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RM Radiation Performance

10

X-ray Irradiation: dose rate 1.95 MRad/hr
Device biased at -2V during irradiation, 2 Vpp input signal

Extinction Ratio

8_

ER [dB]

Extinction ratio
(ER) = P1/PO
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Leakage Current [nA]
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Optical performance holds up to 100 MRad, electrical to 1 GRad

TID results in a modulation failure (optically) and a rising leakage current (electrically)

Leakage Current at -2 V Comparison
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Current [log(A)]

RM Radiation & Cryogenic Performance

* TID: trapped charges cause a rising leakage current
* Cryogenic: freeze-out causes a lower leakage current

e Both can be improved by higher doping

X-ray Irradiation: dose rate @ 1.95

MRad/hr
ors Highly Doped IVs up to 18.321 MRad - Nominally Doped IVs up to 17.3563 MRad
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Current [log(A)]

Cryogenic test: 300K to 4K

Highly Doped

Cryogenic |-V Characteristics
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Temperature [K]
Current [log(A)]
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4C07: Wavelength Division Multiplexing (WDM) MRM Design

 WDM: Cascaded RMs with different radii to allow each
channel to operate at a different wavelength

e 10 Channel WDM RM TX (GF Fotonix - 4C07)
8 highly doped RMs using the same design as the single RM

5.9 to 6.2 um radius
 11.5nm FSR, 1.12nm spacing
50 Gbps per wavelength lane
20 GHz electro-optic bandwidth for wirebonded and
fiber attached part
6.5 dB fiber -fiber insertion loss
2 integrated electrical drivers
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Polarization Controller

¢ Radiation ¢ Radiation

S
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Pol Chrl Pol Cirl :
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- Need for a polarization control circuit
« Optical power loss in SiPhs is polarization dependent (PDL): TE polarization has less loss than TM
« Designed to be TE mode operation
- Fibers randomize the polarization and causes polarization mode dispersion (PMD)

« Future: can also do polarization multiplexing for 2x bandwidth
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Polarization Controller Design

,’—R-azi;f%; e T '.\\ - Polarization controller on a receiver PIC (GF Fotonix - 45SPCLO)
: Pol Ctrl : - Edge coupled with fiber v-groove & spot size converter

[ ! simultaneously splits and
! rotates the polarization

: « Hybrid Si and SiN waveguide structure

! - 3-stage controller

i - 2x2 directional couplers

\ - Thermal phase shifters (PS) adjusts the phase

~------------—

- p-doped polysilicon resistor alongside to the waveguide

Input Taps Output Taps Metal Contacts

TE->TE
PSR

TM->TE
« multimode interferometers (MMIs) for

high-speed connection
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Polarization Controller Test Setups

- Polarization scrambler randomly rotates through all - Kr-85 Irradiation

polarizations  Dose rate 7 rad/s

- Step VOA (variable optical attenuator) to adjust the » Track the key metrics over TID
+ IV sweep on each PD

« Input taps to measure the PSR performance, output
taps to measure PS performance

input power
« Optical power meter to monitor the input power
+ IV sweep on thermal phase shifter

I
75/25
Splitter

Fiber Power
Meter

— Electrical
- COMM
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Polarization Controller Radiation Performance

Device PIC PSR PD PS

Metric AL PER ID Ppi

Value <0.5dB >15dB 10-20 nA 27 mW
Rad

Hard? ‘/ \/ \/ ‘/

« TID effects manifest as a
drop in efficiency
(optically) and/or an
increase in dark current
(electrically)

- No degradation observed
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Summary and Next Steps

- Silicon photonics is an excellent candidate for the development of the next generation optical
links for HEP
 High bandwidth (multiplexing in wavelength, polarization)
- Radiation hard

- Key components of SiPh devices have been radiation and cryogenically tested and the
performances are excellent
 Ring modulators
- Polarization controller

- Next
- Further radiation-hardness studies
« Higher dose for polarization controller
« Displacement damage tests (neutron irradiation)
« Dose rate effects
« Ring modulator and polarization controller integration

« Readout ASICs (RD53)/Quad integration
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Introduction: Current Technology Starts to Break
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Our Devices

« Ring modulators

5 CH4r=9.9um s CH3r=10.0 um

PiN junctions for forward bias —> not promising

4 channel nominally doped WDM
« 3 nominal PN channels
« 1 channel w/ design error (lower doping PiN)

No impact on phase
s shift efficiency i
(interesting?) but a _
much worse Q factor
(therefore lower
extinction ratio)

Optical Power [dB]

vIipkfs 4 channel highly doped WDM

1 1 1 1 | 1 1 1 1
25 25
1305.2 1305.4 1305.6 1305.8 1306 1306.2 1304 1304.2 1304.4 1304.6 1304.8 1305

O channel highly doped WDM ) Wavelength [nm] Wavelength [nm]
First SiPh polarization controller radiation

results

UUEY D(dense)WDM
Polarization controller

PSR+PS for TE operation

PSR+PS w/ additional amplifier for TE operation

W/ recovery circuit for polarization multiplexing
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Irradiation Setups: Ring Modulator (XRM)

: . irradiation 2 and 3 + X-ray Irradiation
didn’t have this + Beam spot and dose map calibrated
+ Dose rate 1.95 MRad/hr
« IV sweep/optical readout at a fixed
interval
« Track the key metrics over TID:

+ Leakage current
« Increases with TID due to trapped

Keithley charge
2401 « Optical performance
- ER =P1/PO

- OMA =P1-PoO
« Modulation Efficiency AMV

raMaghine _
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Phase Shift [pm/V]

Irradiation Results: Ring Modulator (XRM)

Run 1: channel with design error

« No degradation observed to 100MRad
-« Modulation Efficiency AMV

Extinction Ratio

« ER =P1/P0O
Phase Shift Efficiency
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Run 2

« No appreciable difference between design
error / correct channels

Leakage Current at -2 V Comparison
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Irradiation Results: Ring Modulator (XRM)

IVs for Device CH 2 up to 1103.283 MRad
Run 3

« No degradation observed to 1 GRad
- Starts to break over

Current [log(A)]
&

- Combine 1+2+3 runs .
« Optical performance holds up to 100 MRad =7 .
. Voltage [V.
« Electrical to 1GRad oe [V

Leakage Current at -2 V Comparison

Leakage Current at -2 Comparison
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SiPh Transmitter: Polarization Controller

«  On-chip polarization controller

simultaneously splits and rotates the
polarization
« Hybrid Si and SiN waveguide structure

TE->TE
PSR

TM-TE
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Polarization Controller:

Ppi = Power needs to shift the phase 180°

Photocurrent [mA]
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0 100

Heater Power [(mW]
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Polarization Controller: Radiation Performance
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