Silicen Photoenics for HEP. Applications

Myth or Reality?

Special thanks to CERN-EP-ESE for supporting this R&D activity,
and to Sarah Seif-el-Nasr-Storey, Marcel Zeiler and many. others for
generating such excellent results and beautiful plots.

Credit for other illustrations:

EU-FP7 Helios Silicon Photonics course ( )
STM (Group IV Photonics 2014, )
Université Paris Sud (CERN-EP-ESE seminar ) Cm
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http://www.helios-project.eu/Download/Silicon-photonics-course
http://www.photonics21.org/uploads/DQcQ0X4ZRv.pdf
https://indico.cern.ch/event/291295/

What Is Silicon Photonics ?

A phoetenic system using silicen as an eptical medium
The silicon waveguide lies on tep of a silica cladding layer (SOI)

Silicen Is patterned with stb-micren precision Into: planar
MICrOPABLENIC COMPORAENTS
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B) Radiation

Expectations:
a Fuel Moore's law by enabling lew-pewer high-density chip scale eptical
communication
= Replicate for phoetenics the amazing success off CMOS electronics

= Open the possibility to explore and exploit light-matter mteractions at
sub-wavelength dimensions

C) Design

D) Integration
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Electronics and Photonics, a histoerical perspective

Electronics
m 1947: 15t transistor
m  1959: first planar transistor
m 1961: first planar IC

s 1962 first semiconductor laser:
m 1970: 15t R CW: semiconductor: laser
15t low, less optical fibre
m 1984: 15t InP opto IC (HBIT plus laser)
m  1985: Reports about Si eptical medulaters
s 1988: 15t RTF CW VCSEL
s 1989: 1°t Er-doped fibre amplifier
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Phoetenics
w1960 1°t Ruby laser;
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Silicon for optics: Pres

B Transparent in 1.3-1.6 um region

\  Low loss waveguides
B Take advantage of CMOS platform
\ Mature technology
v High production volume
Low cost
Silicon On Insulator (SOI) wafer
v Natural optical waveguide
B High-index contrast (ng=3.5 — Ng;5,=1.5)
v Strong light confinement
» Small footprint (450nm x 220nm)




Silicon for optics: Pros and Cons

Transparent in 1.3-1.6 pum region

\  Low loss waveguides
Take advantage of CMOS platform
\ Mature technology
v High production volume
Low cost
Silicon On Insulator (SOI) wafer
v Natural optical waveguide
High-index contrast (ng=3.5 — ng5,=1.5)
v Strong light confinement
» Small footprint (450nm x 220nm)

B Indirect bandgap material
v No or weak electro-optic effect
\  “Lacks” efficient light emission

» No Si laser
B No detectionin 1.3-1.6 um region

B Strong light confinement

\  Large mode mismatch with fibre




B) Radiation A) Technology

C) Design
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E) System

Silicon Phoetonics for HEP Applications

Outline

Technology, Process and Devices
Radiation Resistance Tests and Simulation
Phoetenic Circuit Design

Co-Integration with' Electronics

System
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A: Process and Devices 1: Waveguiding

>
1. Waveguides and in/out-couplers
i 2. Modulators
< 3 Detectors Silicon optical wavequides:
# Silicon on insulator substrate
4. Fu” C”’CU“’_S ¢ Rib or strip waveguide

B) Radiation

C) Design

D) Integration

E) System
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Process and Devices 1: Waveguiding
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Silicon optical wavequides:

Silicon on insulator substrate
Rib or strip waveguide
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B) Radiation

C) Design
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D) Integration
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E) System
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Process and Devices 1: In and Out-coupling

Lateral coupling Vertical coupling
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B) Radiation
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« typically based on inverted tapers « typically based on gratings
* spotsize: ~3 ym * spotsize: ~ 10 um
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C) Design
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D) Integration
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Displacement 1-2 pm
Penalty < 1 dB

E) System
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Process and Devices 1: Waveguiding and Coupling
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) SOl wafer

2

- waveguide modulator Grating Coupler
Pattern/etch

BOX

C) Design
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BOX
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Oxide regrowth

E) System
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Process and Devices 2: Phase Modulation

Plasma dispersion effect in silicon.

+ Changing the free carrier concentration in the silicon changes the real and
imaginary parts of the refractive index :
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1. changes to the real part (n) — change the effective index of the waveguide (nes).

2. changes to the imaginary part (k) — change the absorption (a) of the waveguide.

Change in Real part of Refractive Index (n) Change in Imaginary part of Refractive Index (k)

' —_ ) =1550
2[5 1550 nh /- = 1550 nmy

B) Radiation

C) Design

17 18 19 5
10 10, 10 10 10"

Carrier Concentration (cm ) o S
) Carrier Concentration (cm )

Effect is small - large number of carriers needed to get a 0.1% change in n.

D) Integration

E) System
o
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B) Radiation

C) Design

D) Integration

E) System
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Process and Devices 2: Phase Modulation

Theoretical performances:
Optical mode birefringence free device

¢ Gardes et al Opt. Express 13, 8845
(2005)
* V.L.=25V cm
¢ rise and fall times: 7 ps (drive
voltage =-5 volts)

* excess loss: 2 dB for TE and
TM polarizations

P

Vertical junction

@ Ndoped
. P doped

Intrinsic

Optical waveguide

X y z

Lateral pn junction Vertical pn junction interleaved pn junction




Process and Devices 2: Phase Modulation
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B) Radiation A) Technology

C) Design
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E) System

Process and Devices 2: Intensity Modulation

To convert phase modulation into intensity modulation:
waveqguide integrated interferometric structure

A RN

Mach Zehnder Resonators Photonic crystal

E:OE:

7 Sep 2016
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SI modulators performance: a) static

Construciive/Destruciive Inferference

Integrated Mach-Zehnder modulator o Measured Tramsmission Sneet
Measnre . Spectrum

Comstructive
E—> GLC% _ Interference

Electrode o

/ T

A) Technology

Y branch Coupler

B) Radiation

Change phase

C) Design

Transmission (a.u)

Transmission {a,1.)
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Reverse Dias (V) Wavelength (nm) Reverse Bias (V)

E) System



https://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=0ahUKEwiRwaDL4cPOAhXEthQKHYsRBxYQjRwIBw&url=http://opticalengineering.spiedigitallibrary.org/article.aspx?articleid%3D1158454&psig=AFQjCNELmxuKzTLX5oWKru1fAwO12ZjG_A&ust=1471362066839103
https://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=0ahUKEwiRwaDL4cPOAhXEthQKHYsRBxYQjRwIBw&url=http://opticalengineering.spiedigitallibrary.org/article.aspx?articleid%3D1158454&psig=AFQjCNELmxuKzTLX5oWKru1fAwO12ZjG_A&ust=1471362066839103

B) Radiation A) Technology

C) Design

D) Integration

E) System

SI  modulaters performance: b) dynamic

0.95mm long Mach-Zehnder modulator

7 an 013 1508 =
MNumber Averages = 3

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

Frequency (GHz)

—1lateral pn diode
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—interdigitated diode

LN 2,2 Mg

v Extinction ratio: 8 dB
v Insertion loss: 4 dB
v’ Frequency: 26 GHz
v' Data rate: 40 Gbit/s
v Vmod=7V
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B) Radiation

C) Design

D) Integration

E) System

SI modulators performance: c) power

40 Gbit's Mach Zehnder modulator 10 Gbit/s ring modulator

L=1.8mm =>C ~0.5 pF
V=1V Ring radius of 50 ym => C ~0.08 pF
Energy/bit ~ 6 pJ/bit  Laser excluded ~ Energy/bit ~ 0.7 pJ/bit

1pJd/bit = 1mW/Ghps

Optical wavelength-division multiplexed (WDM) links in internet
. o~ i 3 3 W. Dally, “Power Efficient
10 nJ/bit (total) (Tucker, 2008) Supercomputing,” talk at ACS, 2009

Reading from DRAM R. S. Tucker, “Energy and the Internet,”
« ~ 30 pJ/bit (Dally, 2009) OECC '08, Sydney, Australia, July 2008;
Communicating a bit off Chip f-la_lso J. E%liallga‘ K. Hinton, ar_ld R.S.
; . ucker, “Energy Consumption of the
+« Severalto 10’s pJbet Internet,” Optical Internet, 2007 and the

Floating point operation (FLOP) 2007 32nd Australian Conference on
Optical Fibre Technelogy. COIN-ACOFT

« ~ 1pJ/bit (50 pd for double precision (64b) operation) (Dally, 2009) 5007 Jeint International Conference on

Energy stored in DRAM cell 24-27 June 2007, Page(s):1 - 3; K. Hinton
et al., “Power Consumption and Energy

« ~10fJ
L Efficiency in the Internet,” IEEE Network
Switching one CMOS gate 25, 2, Si pp6-12 (Mar. Apr. 2011)

« <11l
(1 electron at 1V, or one photon ~ 0.16 aJ)

(one google search ~1kJ)
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B) Radiation

C) Design

D) Integration

Process and Devices 3: Detection

Ge In Si

O Absorption coefficient of pure Ge
> o~9000 cm? at A=1.3um
= Lps®% ~ 3.3um (!)
= Low capacitance devices

= High frequency operation

O High carrier mobility

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

(wafer-scale and localized)

O Low indirect bandgap: E;=0.66eV

= high dark current for MSM devices

17



Process and Devices 3: Detection

Vertical coupling

eGeZSOO nm \% T

ML R

Butt coupling

SOl waveguide

(LI TTLLT LA U

= Short absorption length => Low capacitance
= Light absorption is independent of Ge film thickness




Process and Devices 3: Detection
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B) Radiation

\4

Ge deposiion s =gy mm =" HC gy =2 e

C) Design

waveguide modulator Photodiode Grating Coupler

sat _.l._l:l:l'.l!:h'm
Contacting

Oxide regrowth

D) Integration
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A) Technology
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S0, Why' IS Si-Photonics of interest to HEP?

Radiation resistance potentially as good as Si-sensors and CMOS
electronics

Passibility terdesign custeom circuits in MPW- framework
Passible Co-integration withy senser and electronics

B) Radiation A) Technology

C) Design

c
o
=
O
L
o
(7}
-
c
(a]

E) System
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B. Radiation testing MZI Medulaters
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coupling done by CEA-LETI.

a) High-intensity neutron beam line at the Cyclotron Resource Center in Louvain-la-
Neuve used to expose devices to non-ionizing radiation (5x10° 1 Mev neqcm'z)

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

\

2 S A

I Devices ready for testing. Devices provided by the Université Paris Sud and fibre




Radiation testing MZI moedulators:
a) displacement damage

Damage from non-ionizing energy loss is very small

A) TechrHlogy

c

o
80
e
<

S
[
Lo
)

Increasing
Fluence

=
S
c
e
®
0
=
%)
-
=

C) Design

2 3
Reverse Bias [V]

D) Integration

O *  pre-lrrad

E) System
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Radiation testing MZI medulators:
a) displacement damage

« Track phase-shift (normalized to its pre-irradiation value) at -1.0 V during irradiation &
recovery periods (all at room temperature)

A) Technology

« neutron 1rradiation

20 MeV neutron irradiation (MZM A)

B) Radiation

| | | |
X Neutrons (UCL)

Relative Phase Shift

! HL-LHC
I Inner Tracker

D) Integration

|
|

: IIII|IIIIIIIIIIIIIIIIIII_ I I I I
1

0 2 3 4 50 10 20 30 40 50

16 2
Fluence (x10 njpev/cm ) Recovery Time (hrs)

E) System




Radiation testing MZl modulators:
a) displacement damage

- Track phase-shift (normalized to its pre-irradiation value) at -1.0 V during irradiation &
recovery periods (all at room temperature)

A) Technology

+ neutron irradiation

. Modylators VS

20 MeV neutron irradiation (MZM A)

B) Radiation

X Neutrons (UCL)

VCSELs
=& 1310 nm
—E- 850 nm

a1

|

pins
—©— InGaAs
—G - GaAs

HL-LHC
Inner Tracker

Relative Phase Shift
Rel. Performance (a.u.)

HL-LHC
inner
tracker

T T[T T T[T T T [TrI[1r o
|||I|||I|I|I|||I||
|||I|||I|||I|||I|||

2 3 4 50 10 20 30 40 50 ’ 1 10 20 30 40 50

16 2 ). ]
Fluence (x10 njmev/cm ) Recovery Time (hrs) : Recovery Time (hrs)
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A) Technology
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C) Design

D) Integration

E) System

Radiation testing MZI medulators:
0) Ionizing damage

Devices are no longer functional after exposure to 1.3 MGy of ionizing radiation,

O
pre- Irra d

Increasing o

l\ A
1 L kA
2 /0V (pre-Irrad) °
/ 0,3V (1.3 MGy)
. N \

3
s
c
9
7]
2
£
2]
-
R

0.0 e B g
15640 1545 1550 1555
Wavelength (nm)

oV 3V
O *  prelrrad
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Radiation testing MZI medulators:
) Summary.

« Track phase-shift (normalized to its pre-irradiation value) at -1.0 V during irradiation &
recovery periods (all at room temperature)

A) Technology

« neutron irradiation
« X-ray irradiation

20 MeV neutron irradiation (MZM A) 1.1 kGy/min X-ray irradiation (MZM A)
N

B) Radiation

I I I I LI 1 1 | 1 1 1 1 I 1
X Neutrons (UCL) E |
1.0

I HL-LHC
Unner Tracker

”‘[

Relative Phase Shift

HL-LHC
Inner Tracker

Relative Phase Shift

IIIIIIIIIIIIIIIIIII||=—

|

IIIIIIIIIIIIIIIII'

2 3 4 50 10 20 30 40 50 500 1000 10 20 30 40 50

D) Integration

16 2
Fluence (x10 njpev/cm ) Recovery Time (hrs) Dose (kGy) Recovery Time (hrs)

E) System




Si-Photonics MZM Use range in HL-LHC detector

Before device optimization:

Use-range smaller or pessibly: similar te active (VCSEL-hased)
opteelectronics

m [Large process dependence
m Sensitivity to TID but not te displacement

A) Technology
||

B) Radiation

CMS Preliminary Simulation CMS protons 7TeV per beam

2°;:;L”"“ geometry Dose at 3000.0 [fb™]

C) Design

MZM use limit

HGCal

Dose [Gy]
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-~ Cw
200 500 600 \

FLUKA nominal geometry 1.0.0.0 28 N _/

E) System




Modeling Radiation Damage in a MZM

- Change in phase at a given applied bias can be calculated using :

+ the mode profile of the guided optical mode ().

A) Technology

+ the carrier concentration (e,h) in the silicon at a given applied bias.

+ the dependence of (n) on the carrier concentration.
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A o [/Q-n W (x, y)|2da dy

Guided Optical Mode Carrier Concentration at -3.0 V' + Dependance on n on carrier conc.
IR

C) Design

1016 1017’

Carrier Concentration (cm )

D) Integration

E) System
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Modeling Radiation Damage in a MZM

Adding radiation damage to electro-optic simulation.
+  Fixed charge (Not) and interface traps are added to the device :

Not — positive fixed charge in the oxide.

A) Technology

Nit — acceptor/donor traps in the S1/S10; interface.

6966 P o O
+ -] - - -] -
p+
6636 o © © © ¢ © 6906

B) Radiation

0
X (um)

C) Design

Both are calculated as a function of dose using :
Not :
the electric field m the oxide ( to calculate # e-h pairs ).
the distribution of hole traps in the oxide.

Nt :
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the introduction rate of interface traps

the maximum concentration of interface traps.

E) System




Modeling Radiation Damage in a MZM

Simulating an 1rradiated SiPh MZM.

Parameters describing radiation damage were varied to produce a degradation in
the simulated phase-shift which best matches the measured data :

A) Technology

Simulation Measurement
I T T T T | T T

Measured at-1.0 V
—_— MZMA

B) Radiation

Relative Phase Shift

=]
o=
n
L]
q
i
=
£
=
L]
=5

]
1 1 Il 1 |
500 ' 500
Dose (kGy) Dose (kGy)

Looking for reasonable qualitative agreement!!

D) Integration

E) System




Modeling Radiation Damage in a MZM

Using the simulation to understand why devices fail.

Free-Carrier Concentration in SiIPhMZM at different doses

A) Technology

Pre-Irradiation 1000 kGy
+ +

p-Side

B) Radiation

C) Design

+ What happens to a S1Ph MZM as its exposed to 1onizing radiation?
- Positive charge build-up at the S1-S102 interface leads to this “pinch-off” effect :
+ decrease in hole concentration on the p-side of the slab.

* increased resistance on the p-side of the slab.
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*+ can no longer deplete the p-n junction.

* no phase-shift.

E) System




Tuning simulation to fit characterization

Simulation vs. SSRM(Scanning Spreading Resistance Microscopy)
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Measurement

Irradiaied Sample
P owumpn | Ty
E 0.0 i il ST L Ve
ﬁq

40 45 50 35 60 65 J0 TS

B) Radiation

C) Design

Simulation

D) Integration

5.0 55 60 635 7

log(R)

E) System




Radiation Resistance: Wrap Up

Radiation resistance of MZMs potentially as good as Si-sensors and

CMOS electronics

m  But thick oxide layers: (on top and boettom) make devices sensitive to ionizing
damage
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B) Radiation

C) Design

D) Integration
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B) Radiation

C) Design

D) Integration

E) System

C. Designing a custom MZM for HEP

SOI wafer shared mask layout CERN reticle
200 mm 5x5 mm® (1mec)
130nm node 3.4x3.7 mm® (CEA-Let1)

* Multi Project Wafer (MPW) run chosen to fabricate:
» offered through ePIXfab

» adnmumistered through Europractice

« 2 different designs submitted to two foundries: Cea Lt l~_r3 o
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B) Radiation

C) Design

D) Integration

E) System

Improving MZM' radiation hardness

+ Simulation can be used to optimize performance of MZM before and after considering
the effects of ionizing radiation.

Scan process parameters
available to MPW. user -

Parameter
Doping Concentration in the Rib D

Slab Thickness (/ etch depth) h Shallow-Deep

Model MZM efficiency change
after IMGy o o0 as 05 o8

Relative Phase Shift (1 MGy, -1.0V)

7 Sep 2016 francols.vasey@cern.ch 36



B) Radiation A) Technology

C) Design

D) Integration

E) System

First full custom: Si-Photenices chip from CERN

Cross-section through a typical MZM phase shifter with lateral pn-junction

SID;,_ <— Al bond pad
+—— Cu metallization
+— Wvia
— silicide
: etq:h depth
Nj P

Si0o, waveguide rib width f
Insulating

trench
offset pn—junctlon to center of rib

Free Design Parameters Range
wavegmde doping (P/IN) discrete: nonunal. 2x nominal
etch depth discrete: shallow, deep
waveguide rib width continnous: =150nm

pn-junction offset continuous within rib width

O IMEC 130nm CMOS (65nm-grade litho)
U 5x5mm die, 40 pcs x 2 doping steps
0 9 months turnaround time
U Heterogeneous design flow
7 Sep 2016 francols.vasey@cern.ch

Chip contains
= 12 modulators
+ 3 photo diodes (germanium on silicon )

Various passive test components (e.g. sheet

resistance, waveguide loss)




Pigtailed die

.
£ System ]| D) Integration | C) Design ] B) Radiation J A) Technology
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Characterization
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Pre-lrradiation Characterization

1550nm, deep etch 1550nm, shallow etch

A) Technology
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Phase shift (r/mm)

—~
S
E
B
c
W
= -
SN <
T . v
O
3 B
&
o

nominal doping: nominal doping:

I ~——measured/simulated T /——measured/simulated
2x nominal doping: 2x nominal doping:

T ~——measured/simulated . T /——measured/simulated

C) Design

Y 2V 1v 2V

Reverse voltage (V) Reverse voltage (V)

% U Good agreement between pre-irradiation measurements and simulations
E for CERN designed SiPh MZMs
(a]
Ll deep etch MZMs show larger phase shift because optical mode is more
: strongly confined in waveguide
:;; =» larger overlap with depletion zone of pn-junction (im
o N/ S
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During-irradiation Characterization

deep etch, vV, =-1V

—&— nominal doping

—A—2x nominal doping
Paris Sud MZM (medium etch) |

A) Technology

B) Radiation

shallow etch, V,_ =-1V
—&— nominal doping
—A— 2x nominal doping
deep etch MZM
Paris Sud MZM (medium etch)
1 1 1 1 1

Relative phase shift change
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o

400 600 800 500 1000 1500 2000 2500 3000
Dose (kGy) Dose (kGy)

C) Design

measurements confirm gualitative predictions: resistance to dose can be improved
eteh depth, doping concentrations, energies and profiles are not precisely known
= guantitative agreement between model and devices cannot be expected

Irradiation conditions are not representative of final operational situation
B Room temperature, No bias during irradiation

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

D) Integration

E) System




Custom MZM: Design: Wrap Up

Passibility te design custom cirecuits: in MPW: framework

W Successiul first submission
m  Preliminary simulation, design and characterzation results indicate good
prospect of developing extremely radiation hard modulaters

But full contrel' of doping conditions: likely to be needed (1.e. dedicated engineering
run and Precess customization)

m  Modelling effort must continue to the point where a simulation can be trusted
to validate a design before submission
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B) Radiation

C) Design

D) Integration
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C) Design B) Radiation

D) Integration
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D. Co-Integration a) with electronics

Co-Integration ofi electrenics and photenics can be achieved in a hybrid or
monelithic fashien

Si-Photonics requires thick oxide (=1lum compared to' 10-100nm for current:
SOl processes)

Moenolithic appreaches have been successiully: demonstrated, also
CommerCia”y Photonics Electronics Photonics Electronics

ii" Il |||| ll
bstrate

Samsung, OCF 2013,GFP2013 Luxtera, ISSCC 2006,
Micron, VLSI tech. 2014 IBM, IEDM 2012
IHP, GFP 2013

But hybrid integration allows more: flexibility at least in our specific context
m  Electronics'and photonics can be optimized separately
a Photonic circult becomes Interposer:




D. Co-Integration ) with sensors

LHC Tracker (2005)

Sensor

SRR

P
N 7R
S
N
N
N
N
N
N
N 7

D) Integration

= Electronic IC ‘ & CERN
: Si F_‘I'H—i‘l?nil_:' H_:_, \

p— S A

7 Sep 2016 francols.vasey@cern.ch



A) Technology

c
)
=
8
T

o
[
)

C) Design

D) Integration

E) System

E. System

The system-level challenges of Si-Photonices:

s MZM System-on-a-chip
Maintain stable’ operating point
Manage polarization diversity.
Reduce insertion 1ess
Reduce pewer dissipation

x System:-in-a-detector
Feed CW. opticalipewer
Maintain laser polanzation

Manage poewer budget
s Optical
s Electrical

7 Sep 2016 francols.vasey@cern.ch

44



SI-Ph Transceiver System on a chip

CW optical power

Operating point adjust

Polarization diversity

7 Sep 2016
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SI-Ph Transceiver System on a chip

The Insertion Loss challenge (typical loss values shown):
« Grating coupler: 2dB
» \Waveguide loss: 2dB/cm

* Quadrature point: 3dB — Excess loss: typ 15dB
» Modulator loss: 4dB/mm
o Taps and misc.: 2dB

- _—-:~:,\

Serial Data out B3¢ { 2 = Trans V4 R
to \ Tx Buffer e Impedance ——uf/ \<> ghsﬁ:c 2
Arnplifier \\\ iber

VLSIChip e | Amplifier Y Input

CW <
Laser's (s
beam o 'D "

input SPGC

M
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_. SPGC to

Splitter /—'ﬂqﬂj;]f SM Fiber

by2  gpiitter Output
by 2

MZ
Modulator

0
Serial Data in [J—> > >
Hom Rx Buffer ?_Evcéls rou DG T‘;A
VLSI Chip Shifter Driver Calib CERN
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Dynamic MZM transmitter performance

File Control Setup Trigger Meacure Amalyze Utiities Help 2016 10:13 AM File Control Setwp Trigger Measure Anaiyze Utiities Help 10 Jun 2016 10:17 4M

measured for 1.0 mm long
travelling wave MZM

measured for 1.0 mm long travelling

wave MZM
10Gb/s, A=1.554 um * 10Gb/s, A=1.552 um
B b 3= Vbias=-3V

Vbia5=—3V Eye w/ER
Vpp=6V

Vpp=6V
ER=7.2dB ER=4.9dB
OMA=-8.7dBm

OMA=-7.6dBm
500hm external termination 0000001 500hm external termination
2731-1 pattern

2731-1 pattern

optical power { W)

1.53E-006 1.54E-006 1.55E-006 1.56E-006 1.57E-006
wavelength (m)

7 Sep 2016 francols.vasey@cern.ch 47




System in a detector

Current VCSEL-based architecture

High Levels of Radiation

[ 5

Sensors

Read-out & Controls

Radiation Resistant
Transceiver

Back-End
Electronics




System in a detector

Modulator-based architecture

 HighLevels of Radiation

et
7R Back-End
Sensors i Electronics
Read-out & Controls

Modulator

®) Optical
_E>| Power

Radiation-resistant modulator

Radiation-resistant modulator driver

Packaging solution CE/R;JN
\
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B) Radiation

D) Integration C) Design

E) System

E. System: Wrap up

The system-level challenges of Si-Photonics:
x  Feed CW. optical power:
x  Maintain stable operating point
x Manage polarization
s Reduce insertion: loss
s Co-integrate with electronics and package

Jough competition With incumbent technoelegy: (I11-V: based)
x  Only few commercial successes So far despite considerable hype
= Multiple acquisitions; of Si-Photonics spin-ofis by major actors in networking

SI-Photonics advantage can be harnessed by:
®  Mmoving to complex systems and architectures (multi=channel; advanced modulation
schiemes, wavelength multiplexing, etc...)
= Moving te lenger distances and higher: bitrates (Single Mode, 400GhE; 2km)

x Moving to large velume chipscale interconnection, as optical interposer
But must reach << pJ/bit efficiency Cw
Must develop fJ/b receivers \
S
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Conclusions

SI-Photonics Opens access to custom designed, radiation hard optical
circuits for HEP
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Simulation;and design flow: Is available (lbut still heteregeneous)

Access to MPW feundry services Is possible (but long turnaround time)

B) Radiation

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

C) Design

Characterization and simulation results are premising

Co-Integration With sensor and electrenics IS attractive

a  Packaging and system aspects remain very challenging
u Prepare toinvest even more in advanced packaging than in design and precess optimization

D) Integration

£
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o
[
>
(%)
G
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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

msiips (+Pixets) (HER) i SyStems in physics/space experiments
OStrips (Astro/Mucl) CMS aggmz
oPads

A) Technology

B ]

ATLAS 64 m2

—
=]

AMS-02 O
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)
=
8
T

o
4
o

5
COESVXII o
= = ZEUS
DELPHl .ms-010 _BaBar

N_CLEO-mM___WBele
PAL

—

g
g
=
@
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8
=

C) Design

Ess7m M Mark. Lucky coincidence: 1979 Mead & Conway design, using multi-project

0 BOL o B Esol Carver Mead and Lynn Conway, Introduction to VLS| systems, Addison-Wesley New York 1980
MNAla
m AT Bernard Hyams asks SLAC, begins Microplex with Sherwood Parker

NATD aims at DELPHI tracker 128 channels NIM A226 (1984)

— : ‘Gerhard Lutz initiates CAMEX64 with in Dortmund/Duisburg
1970 1S 1980 1985 1300 1995 P00 used in ALEPH and elsewhere 64 channels IEEE TNS 36 (1989)

L Erik Heijne and Pierre Jarron begin CCD-based readout with Philips Heijne
first try to include pipeline memory, no good result
begins collaboration ESAT/IMEC (Leuven) resulting in AMPLEX Stuart
used in UA2 Beuville et al. NIM A288 (1990
Kleinfelder and David Nygren at LBL: Microplex 2 for CDF
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So: myth or reality ?

Si systems in physics/space experiments
CMS agng

¥ Sirips (+Pixels) (HEP)
OStrips (Astro/Mucl)

A) Technology
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C) Design

CER‘H NFM
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0.001 ot n
1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

Year Compiation ¥. Unna (KEK), Erik Heijne Update 20157124

D) Integration

E) System
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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
CER/W
\

5/ NCA
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Radiation Resistance of LLasers of different types

A) Technology

B) Radiation
=

< = o
= o %o

C) Design
=
381

—_—
=
=
=
'JEJ-
=3
o
=2
£
o
z
=
[—.
[
o
—

Relative Slope Efficiency [E/E, |

<
=

5 10 100 1000 Fluence (10 n/cm?)
Fluence (10" n/cm?) Annealing time (hrs)

D) Integration

E) System
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Versatile Link Specification

Radiation penalties in Link Budget

(/r Versatile Link
N

Tracker Grade

MM_VTx_Rx | MM_Tx_VRx | SM_VTx_Rx | SM_Tx_VRx

Min. Tx OMA -5.2 dBm -1.6 dBm -5.2 dBm -3.6 dBm

Max. Rx
sensitivity -11.1 dBm -13.1 dBm -12.6 dBm -15.4 dBm

Insertion loss 1.5dB 1.5dB 20dB 20dB

Link penalties 1.0dB 1.0dB 1.5dB 1.5dB

Tx radiation
penalty 0dB - 0dB

Rx radiation
penalty

Fiber radiation
penalty

Margin

7 Sep 2016 francols.vasey@cern.ch

Power budget 5.9 dB 11.5dB 7.4dB 1.8 dB
Fiber
I attenuation 0.6dB 0.6 dB 0.1dB 0.1 dB



Increasing front panel density of GbE modules
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Tomorrow's
Possible
Interfaces

B) Radiation

C) Design

D) Integration

Figure 1. Possible form factors for 400GbE (source: ethernetalliance.org/roadmap)

E) System
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B) Radiation

C) Design

D) Integration

E) System

o _;_Enler rise &Telecnm____i____________ N S
i driving technology and
i product development

Hyperscale taking

the lead in new,

2006 2010 2014 2018

Figure 1. Telecom and datacom adoption timelines.

1 Level 3 Level

2 Level
1 Level

0 Level 0 Level

PAM4

Figure 2. NRZ and PAM4 modulation. (Source: http:/iglobaltek.us.com/awg6010/)
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B) Radiation

C) Design

D) Integration

E) System

Si (1) vs 111-V

A Band An/n (%) Rx  waveguides  Optical
(um) gap component

1.1 | 70 Yes Yes Yes

InP/InGaAs 155 D

Wafer size Wafer size Wafer cost | mm?

(R&D) (commercial) (€) substrate
cost

€
i G
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A 2008 Si-Photonics vision for 2018
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B) Radiation

5

C) Design

Logic plane
Memory plane
Photonic plane

D) Integration

E) System
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“PROTONIC PIafE ——
Memory*Plane

Logic Plane

~300 cores

~30GB eDRAM

On-Chip Optical Network
>70Tbps optical on-chip
>70Tbps optical off-chip
70Tbps @ 1pd/b = 70W !

19 Optical Interconnects in Next-Generation High-Performance Computers

francols.vasey@cern.ch

Vision for 2018 — Optically connected 3-D Supercomputer Chip

36 “Cell” 3-D chip

Silicon photonics layer
integrated with high
performance logic and
memory layers

Layers separately optimized
for performance and yield

Photonic layer not only
connects the multiple cores,
but also routes the traffic

System level study:

IBM, Columbia, Comnell, UCSB
Co-Pls:

Jeff Kash (IBM)

Keren Bergman (Columbia)
Yurii Vlasov (IBM)
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Intensity Modulation

Electro-refraction effect:

carrier density variation: accumulation,
depletion, injection 380 nm |
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B) Radiation

r Refractive index variation

Effective index variation of the guided
optical mode 1

C) Design

E Interferometers Phase variation
| === ¥
Optical intensity Cw
variation \
S
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SI-Phoetonics Supply chain

Si Photonics |\Y0 LE

Acquired by J oéveloppement

Activity (2014) >
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A) Technology
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B) Radiation

C) Design

D) Integration

E) System
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Hybrid laser integration

Flip-chip bonded on the chip
(example Luxtera)

optical signal infout
metal stipport ~ fiber coupling

Figure 4: Si CMOS photonics die module —tilt

view

Chipworks

Figure 5: Si CMOS photonics die module —

Figure 8: Laser module — side-view X-ray
optical cross section
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