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Introduction ¢ Silicon Photonics for Hignergy Physics

0000
BackEnd

Silicon Photonics

Highspeed data
transmission

.~ Low mass

~~ Low power consumption

CMOS compatible
process flow

? Radiation hardness

PIC: Photonic Integrated Circuit
PD: Photodiode



Introduction ¢ Overview of a SiRbased transceiver
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Input
light

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

’QA !J\ 'J\ !J\

Rx

Rx

Rx

Rx

\ laxa|dnjnwag / \ laxa|dnnn /

unmodulated light

ﬁ

_

modulated light

fiber

array
unit

0000

CCC

—
Mirco-Ring
Modulators Waveguides
(RM)

two of the main photonic
components exposed to
radiation !
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Introduction ¢ Light coupling and waveguides {)’ ‘

Edge coupler Vertical coupler OO00O0
Angle of ; :
Optical fiber incidence Qpatiigs Waveguides crossection

/ ~10’_off— /
7 vertical &L / (@) 380 nm _  strip

¢ A 220 nrrﬂO’
\ substrate . —

Si
waveguide rib
(b) ' _ (deep etch) m
5 | T I I | _ ‘ - ‘ —
= — Edge-coupling Edge | Vertical Q
T 0fF —— Vertical-coupling| ' c
s Insertion Loss n X —
_Q_ B e o e e e e
3 S | Bandwidth n X
é 10+ — Packaging n
2 Complexity -
[¢h)
21or Wafer Level ’

Probing

-20 | ] | ] ]
1260 1280 1300 1320 1340 1360

Wavelength (nm)
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Introduction ¢ Ring Modulators ) ‘

OOO0O
Input light , Outp%ht

Working principle: Si
ap P —_—
A Lightcoupledinto the siliconmicro-ring \\

A DestructiveinterferenceA resonance

Optical power Free Spectral Range _
1 A (FSR) Top view SIQ

A\

» \Wavelength

fenn Ay ¢ : effective refractive index
EAN AT 0: round trip length
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O000O
How do we modulate it? yeo (Y0 Vi) )
A Modulation of the resonancepeakthroughthe appliedvoltage
- Injection/depletion of carriersA variationof the effectiverefractiveindex Y (yU Yu )

e

@ Optical power

a

p-heater Cladding
. oxide (Si0O,)
slab core

- letch depth

| S
r— P

Waop Buried oxide —V
(Si0,) °

Si substrate

» Wavelength

Phase shifter crossection

OMA: Optical Modulation Amplitude
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A Tungsten p-heater to shift the resonance SiQ

wavelength
A Localizecheating Q . 400 K
A Thermeoptic coefficient of silicon stronger

than electricalmodulationbut slower I 300 K

Optical Power [dBm]

Si waveguide W-heater

p-heaterQa St S O GaNdteéipdratute)?2 g S NJ
e —

TTTT T T

15k -

A Thermalshift coefficientof 70 pm/ACfor O-band (1310nm) and 80 pm/ACfor G
band (1550 nm) ring modulators, significantly larger than the modulation
efficiency¢ 35pm/V)

20k -

A p-heaters canbe usedfor localizedthermal annealing

Free Spectral Range (FSR)
1

1.305 1.310 1.315
Wavelength [nm]




Ring Modulators
X-ray Irradiation tests



X-ray testing of Ring Modulatorg Motivation

& o)

otal ionizing dose
(TID) reached:
PC& U OwY QU

Irradiation time:

X WQOWI

Dose rate:

\X L UQ"OEQ YQLy

Static Test

A Characterizationof ring modulators and
photodiodesunderionizingradiation

A Online acquisition of electrical (I-V) and
optical (spectra)deviceparameters

A Investigation of temperature effects and
thermalannealingpostirradiation

Optical
fiber
~ array

Temperature
sensor

e

Dynamic Test

A Measurement of electro-optic (EO)
frequency response of ring modulators
underionizingradiation

A Analysisacrossdifferent temperatures and
in the 10 MHz - 25 GHzfrequencyrange

A Investigation of thermal annealing during
andafter irradiation
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Modulation Efficiency [pm]

- CERN ) UNIVERSITYOF
Static Xray testq Results (\j\ ‘ BIRMINGHAM
pre-irrad irrad post-irrad 0000
100 T C-band: V, 4=10,-2] V r I r
[ 1 hour annealmg E
sor WMMQQ. et
-:‘ lglllllll e m
60 | """h-.,h P
i % .1 A Reduction in MEstrongly dependent on temperature
40} % ;o
o e o # 1 ARMs atintermediate temperaturerange [5@C- 150/C]degrades faster
ol i I LT s S than RM at room temperature
L 148 °C r "‘;"_l.,. l’:_, ? N’r, _ : -
X 210°C Ay R i ; )
orL= - ey o T One hour annealing &t270.C effectively restores ME to pigad
0 10 2 4 6 8 10 120 50 values _4
Time [h] TID [MGy] Time [h] S P ]
. % _8_- ]hnuranncalingi -
o] + p-heater ~ Cladding g FO-10F NG
s oxide (Si0,) | & + ) = i .
s L ’ . - A Pinchoff of the p-slab caused by T P
+ - : : 4k -
positive charge accumulation 3 : .
EE_Q -m E g [—rMorsc P
o ) [ | — RMos, 170°C v
. pincheoffregion + Buried oxide A Increase in the breakdown voltage ok P ]
L+ T+ (si0y) confirms the pinckoff mechanism 0 10 0 2 4 6 8 10 120 50
Si substrate Time [h] TID [MGy] Time [h]
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Dynamic Xray test¢ EO frequency response (S21)
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VNA
port 1

|y Ri a i
— Ing ( ) : R
: modulator Pht()to::ln:)de : VNA
i b (electro- | Of © ) | b i port 2
| optical) (0 > electrica | D2
5 | I | T = 28 OCS Vmod = [03 '2] V T | T

Normalized (S21) EO Response [dB]

10 12 14 16 18 20 22 24
Frequency [GHz]

A TID damage iBequency dependenaindsaturatesaround
2 MGyfor room temperature device

Normalized (S21) EO Response [dB]

-5 -
-10 —
15 — Pre-irrad |

0 2 4 6 8 10 12
20 — | —l
TID [MGy]
_25 | 1 1 1 1 1 1 | | 1 | 1
0 2 4 6 8 10 12 14 16 18 20 22 24

—| T =170 °C, V,,0q = [0, -2] V [———

Frequency [GHz]

0000

A EO frequency response (S21) measured online using a VNA (Vector Netwol
Analyzer) and a highpeed photodiode

A RM at170/Cthanks to the pheatercontinuously anneal
TID damage
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Dynamic Xray test¢ S21 at single frequency (c\f@’i ‘

pre-irrad irrad post-irrad pre-irrad irrad post-irrad 0000

_ 5 f=10MHz, V _4=10,-2]V _ 5 ' I f=25GHz, V,_,4=10,-2]V — —T—
) ] ; :
@ ) OFe2xvvyyter °
: | : T Ty 1 ﬁ:‘g
2 : 2 3 - :
% 1 % _5 - M h. .' [ -
= : & . m‘v\-—q\w N
) : ) . N e :
E\ : E -10F ° .. | ® : [
= ; I~ ° : /
N 1 wn LJ .. I L] ] ]
< -15F annealing only * 10 min E - = -15F o« ° E -
E ® 28°C for RMo2 . annea[ing ! E ® 28°C * u l !

73° - 73° '
g 20 : 123?c I \ r g 20 : 123?c W .
5 170°C I : 5 170°C :
z 25 1 L 1 1 1 1 [ I [ 2 25 ] [ | [

0 10 0 2 4 6 8 10 120 50 0 10 0 2 4 6 8 10 12 0 50
Time [h] TID [MGy] Time [h] Time [h] TID [MGy] Time [h]

A S21 measurements are consistent with ME results from the stathy ¥est:
- Faster degradatiorobserved in thentermediate temperaturerange compared to room temperature device

- After irradiation, triedshorter annealinghan in previous test1i0 minutes at 23@8Csufficient to recover the EO frequency

response
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Dynamic Xray test¢ RMoZ2: annealing during irradiation i ‘

pre-irrad irrad post-irrad pre-irrad irrad post-irrad 0000

A After reaching the TID target of MGy, athermal annealingstep was performeanly for RMo2while keeping irradiating
A RMo2 (only) kept a2304C for approximately 30 minuteswhile measurement loop was continuing for other devices

A After the annealing steghe temperature was lowered backo 73/C
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