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Why silicon ?

= Transparent in the near IR

= High index contrast = miniaturisation
= CMOS compatible

= Low cost

= No photodetection in 1.2um to 1.6pum = Ge photodiodes

= High index contrast= coupling with fiber difficult 2
interfaces

= No electro-optic effect—>Carrier depletion modulation

= No efficient light emission—> external source or IlI-V/Si
heterogeneous integration
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Photonic Electronic Integration

“ Die to wafer integration

= Stud bumping (low number of pins)
= Flip-chip (high number of pins)

= Cu pillars

= Higher yield

= Adapted to chips of different size

= Wafer scale integration
= Front end or Back end
= Yield issues
= Similar chip size required
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Wafer Integration of photonics on CMOS
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eSpecific FE CMOS technology and library

Option 2 *Flip-Chip hybridization of InP components
< I e eModerate integration density
fabrication eEfficient connections of EIC and PIC

BE: Back end FE:Front end
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Main achievements

InP-on-Si

Ge-on-Si integrated )
integrated laser

photodetector

InP-on-Si
integrated plaser

Grating coupler

Inverted taper

Optical switch

InGaAs-on-Si integrated
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InP Laser on Si results

I Major players: INTEL,UCSB, LETI, UGent (IMEC)

UCSB LETI INTEL UCSB UCSB
Si DBR Si DBR Si DBR Ring Si DFB
11 14 30 29 54
65 40 45 175 25
50 >20 50
45 60 90°C 60 50
DML : ER 6 Dﬁf?gr;‘ta
dB for data ratés 1300nm
rates 4 GB/s 5 GB/s
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Modulation results

Specifications UNIS+LETI IEF+LETI
P (Thin (Thick Lightwire INTEL UNIS+LETI UCSB
modulators
modulator) modulator)
Carrier Carrier D(;alrer;[[(ie(;n Carrier [1I-V Bonded
Modulation Depletion in Depletion in a Carrier |F:1 a Depletion in a electro
scheme : lateral pn doped slitin a Accumulation vertical vertical pin absorption
Junction lateral PIN diode L diode (500pum)
pin diode
Structure MZ| MZI MZ| MZI MZI Waveguide
Insertion loss 7dB 5dB - 7dB 7.7dB 1,5dB
3dB bandwidth 8GHz 15GHz - 30GHz ? 25GHz
VrL 6V.cm 5V.cm 0.2V.cm 4\V.cm ? 0,24V.cm
Extinction Ratio 7dB 8db 8.9dB 1dB 6.5dB 19.5db
Tx rate 10Gbit/s 10Ghit/s 10Ghit/s 40Gbit/s 40GDbit/s 40GDbit/s
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Photodiodes results

IEF+LETI IEF+LETI UGhent Intel TUE Luxtera Intel
Ge EIN Ge PIN INGaAs INGaAs INGaAs Ge PIN Ge EIN
vertical lateral lateral vertical
42 GHz 130 GHz 35“?])“2 <10GHz | >20GHz | 20GHz 31GHz

1 0.8 1 1.2 0.45 0.85 0.9
20 nA 2 pA 5nA 50 nA 2nA 10 pA 170 nA

40Gbit/s @ | 10Gbit/s @ . 40 Gbit/s @
4V o0V 10Ghit/s 5V
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Avalanche photodiodes

(11 Z. Huang et al., Group 1V Photonics 2010 FA2 (2010)
[2] S Assefa et al. Nature 464, 80-84 (2010)
[3] S. Zhu et al., IEEE Electron Device Letters 30, 934 (2009)

S TPt | 44 76
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FGe o038, a0
Si:p B il“
buried Si0, | HE]
-l EEEE
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£t Boping densdy
(b}
(a) (b) (c)
Intel ! IBM?! A*Starh!
Gain 10 10 26
BW 29.5 GHz 30 GHz 3.3 GHz
GBW 300 GHz 300 GHz 85 GHz
Reverse voltage 22V 1.5V 22V
F - 3 4
Dark current ~20-30pA S0mA 22pA at - 22V
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1/O couplers

Grating Coupler: Operation

¢ Diffractive structures o B
¢ Basic (IMEC, UPS): up to 55%, 35nm 1dB bandwidth Lmd.
¢ Bottom mirror: (IMEC) 69% + Demonstated paformanc:
¢ OQOverlay (Luxtera, IMEC) > 85% o~

¢ Ideal for waferscale testing
¢ 2D-grating allows polarisation diversity

(a)

Fig. 3. SEM-pictures of focusing 2-D-grating couplers vsing a two-step etch
Fig. 1. (a) Vertical coupling. (b) Near-vertical coupling. In this case. the fiber process (70 and 220 nm depth). Left: short nonadiabatic taper configuration.
is tilted along the bisection line of the grating. Right: Shallow aperture configuration.

¢ Adiabatic structures
¢ Demonstrated by NTT, MIT, IMEC, LETI, IBM
¢ <2dB coupling loss
¢ Wide bandwidth
¢ Non ready compatible with waferscale testing

¢ Compatible with standard edge-coupling approaches
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Focus on Datacoms

Annual AOC Revenue

Active Optical Cables: datacenters, o o201
HPC, servers

Revenue ($M)

Major trend: increase in channel N
bitrate: H2011 W2012 72013 "2014 = 2015

= |nfiniband FDR (14Gb/s) and EDR (26Gb/s)
starting in 2011

= 100Gb Ethernet (4x25Gb/s)

= 16GFC Fiber Channel @14Gb/s
VCSELs based solutions are limited
—>oppportunity for silicon
photonics

First silicon photonics products

Lleti
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Helios Component Roadmap

HELIOS

I11-V/Silicon lasers

10Ghbit/s Si modulators
40Gbit/s Si modulators
Slow wave modulator

I/0O Coupler
Mux / Dmux
Polarisation div.

30GHz Photodiodes

Electronic IC & photonic IC
packaging

Design Technology
Integration with CMOS :
- Photonic above IC

- Combined fabrication
- Backside combination

2008 | 2009 | 2010 | 2011 | 2012

2013 | 2014 | 2015 | 2016

2017

2018

2019 | 2020
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> Exploitation
J

Basic building block
maturity reached
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Tunable sources for metro/ access

a p p I ica t i 0 n §05T2%9c t‘o[;‘ Qolggy Blg aod T m azps 2017 | 2018 | 2019 | 2020
|

Highly integrated K

10Gb/s transmitters 2 . = 2 .7 .

I1-V/Silicon lasers K3 1 555/ Fixed wavelength
10Gbit/s Si modulators 3 K4 K5,

Optical mode adapter K s < \

Highly integrated \A \

10Gb/s transmitters -, 5 7
with tunable wavelength 3 % ‘* rinaby -
unable wavelengt

ad

11I-V/Si tunable lasers: | © ¢ s

I1I-V SC optical amplifier 4

o N s

Double Ring resonator 3-4 '5

Tuning Elements 3 -4 .5

(Thermal or Electrical)
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Integrated 16x10 Gbit/s receiver and

[ ]
t ra n S m Itt ezgs | 2009 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020
Integrated 16x10 Gbit/s
receiver and transmitter . “ - g
[11-V/Silicon lasers ® e | 5\
> 4* 10Gb/s transmitter
1 [ [ I *
0Gbit/s Si modulators 3 R G IS 16* 10Gb/s transmitter
Mux / Demux on Si 3 1/ 5 | Full'C-band 10Gb/s tunable transmitter
Optical mode adapter 4 P
10Gbit/s Photodiodes H4 K 5
10Gbit/s Phd with TIA T 4" 10Gbr/s receiver
_ 16*:10Gb/s receiver
Electronic IC & photonic :
IC packaging 2 3 T 4 15
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10Gbps wireless systems

2008 | 2009 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020

Integrated 10Gbps s’

wireless receiver and
transmitter 3 4 5 7

5Gbit/s Si modulators

3N M5
/0 Coupler I, Hs * Point-to-point FWA connections
Demux on Si . W>
; * Wireless coverageiextension of ETTH
10Gbit/s Photodiodes 4 5
* Uricompressed KD video transmission
Electronic IC & photonic N4 5

IC packaging
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Sensors & Biophotonics

| 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020

Biosensing systems . ‘54 s &

Systems with Si passive devices 3:-E4X _ G

I1I-V/Silicon lasers (HELIOS) ' 3 __ &

Mux / Demux on Si (HELIOS) K4 5

Array integrated photodiodes 4 K5

Systems with integrated laser and PD 3 Y, &

Electronic IC & photonic IC 3 K K5

packaging

Integrated interrogation chip 0 3 =5

(reader chip)

Biochip — reader chip 2 3K, X

integration
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