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Silicon Photonics Silicon Electronics & Challenges

First, why silicon?

+ Si has higher melting point than Ge
+« Cut in Voltage of Si (0.7 eV)is greater than Ge(0.3 eV)
+ Si has a larger band-gap than Ge and because of this,

MOORE’S LAW AND
MICROPROCESSOR PERFORMANCE

* “The number of om0 More Perormance
transistors in a

the phenomenon of thermal pair generation is smaller dense integrated
in Si than in Ge. This means that at the same circuit doubles
temperature the noise of the Si devices is smaller than approximately )
the noise Of Ge deViceS every two years. ” ol
+ Peak Inverse Voltage ratings of Silicon diodes are — Gordon Moore
greater than Germanium diodes. 1965.
+» Reverse current for Si device is in nanoAmps whereas 15000

it may be upto mA for Ge devices.

+ The good quality and extremely controlled oxide of
silicon, SiO;

« Silicon is the second most abundant material on earth




Electronics & Challenges

42 Years of Microprocessor Trend Data
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Silicon Electronics & Challenges

Interconnect delay

» Interconnect Bottleneck Metioneck  /
in microelectronics!

* When data transfer
rates exceed 10
Gbit/s, copper
induces delay
comparable to the
computation time!

Delay
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Traffic growth inside the Datacenters

Data Center Within Data Center o Within Data Center (77%)
to user 77%

=N Storage, production and
14% &) development data,
| authentication
Data Center
D) e Data Center to Data Center (9%)
Data Center
9%

Replication, CDN,
intercloud links

Source: Cisco Global Cloud Index, 2015-2020.

° Data Center to User (14%) Web, email
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Mega Datacenter Architecture

Core Network / Inter Data Center

Increasing need for 100G & 400G low-
cost optical interconnects
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Why Optical interconnection VS
Electronic interconnection ?

v Faster speed

v'Higher bandwidth
v'Energy-efficiency

Global data centers used roughly 416 terawatts (4.16 x
10 watts) (or about 3% of the total electricity) last year,
nearly 40% more than the entire United Kingdom. And
this consumption will double every 2/3 years.
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Optical VS Electronic interconnection
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The dawn of Silicon photonics

» Silicon is the second
most abundant material
on earth

» Silicon photonics uses
the same fabrication
techniques as
microelectronics

» Information is transfered
as light, rather than
electrical current

» The light travels inside
patterned silicon/silicon
nitride waveguides

The dawn of Silicon photonics

Moderate index contrast ~ Temperature tolerant Large transparency range ~ CMOS material
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¥ Ny AW)/6 compared to SOI ¥ ne(&TY5 vs SOI V Visible to mid-IR v Mature manufacturing
> Low spurious reflections > No thermal stabilization v *No* NL absorption V Reliabiiity
> Low propagation losses » Low power » Expand SiP application range  Low deposition T
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http://www.independent.co.uk/environment/global-warming-data-centres-to-consume-three-times-as-much-energy-in-next-decade-experts-warn-a6830086.html

The dawn of Silicon photonics

» Silicon photonics combines passive and active
components to manipulate light in order to transfer and
compute information

» The devices and structures are patterned with
nanotechnology on a Silicon-on-insulator (SOI) substrate

Integrated
optical transceiver//\vv cPU

Light source

Receiver Optical modulator

Transmitter

Silicon Photonic Devices

Waveguides

» The light in silicon waveguides is guided via total internal reflection
— like in optical fibers

» When the waveguide dimensions are chosen properly, the mode
couples into the waveguide

» Silicon benefits from very high refractive index ng;~3.5.
» Very high index contrast with SiO, - An = 2.
+  Tight confinement of light! Si

SiO;

Silicon Photonic Devices

Waveguides
» Silicon is almost transparent at wavelengths > 1100 nm
» Optical fibers have minimum losses at ~1550 nm

* 1550 nm is often used as the transmission wavelength in
silicon waveguides
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Silicon Photonic Devices
Waveguides

» Examples of waveguide structures
«  Strip waveguide

sio,

*  Wave-equation:

VXVXE — ke E =0,
E = E(x,y)e™ke?

A Adlto University https://www.comsol.com/model/3d-wave-propagation-in-
Engineering silicon-waveguide-with-rib-and-slot-configurations-70551
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Silicon Photonic Devices

Couplers

Input E;, Output E,

Coupler length |
Input E, Output Eg,

Input E; Output E

N— T N
T xS NG

Input E;, Output E,,

Silicon Photonic Devices
Resonators
» Very useful in many

applications

» Especially in lasers
and sensors

(b) T‘Throughggt: Add l

T‘Input‘% ==

Silicon Photonic Devices

Resonators
> When light is coupled into a ring © 10
resonator, resonance occurs if 2 Z:
2MRNefr = MA § 04
» This is seen as a sharp dip in the 02

transmission spectrum
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Silicon Photonic Devices

Resonators
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Silicon Photonic Devices

Resonators
» Small change in
the refractive
index (|e {Ehm Protein binding

particles) causes
the resonance

Wavelength to Aptamer modified
. micro-ring resonator
shift 8 Resonant wavelength
= shift caused by
— E aptamer-protein
L’neff =ml & interaction
AL
= % Wavelength

AL =
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Silicon Photonic Devices
Coupling

Edge (“butt”) coupling
» Coupling with tapered fibers

A
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Silicon Photonic Devices
Coupling

» Edge (“butt”) coupling

*  Coupling with adiabatic
tapers
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» Grating coupling:

Silicon Photonic Devices
Coupling

Periodic refractive index
change in or close to the
waveguide core

Diffraction causes wavefront to
distort

With proper angle, diffraction
period and refractive index
coupling occurs

A
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Silicon Photonic Challenges

» Silicon itself is a poor
emitter due to its indirect
bandgap

+ Emission very inefficient

» Silicon does not absorb g ¢
light at > 1100 nm Indirect -~ X

ecombination
» Modulation/detection are

Si : indirect bandgap

recombination

difficult in silicon as well...

» Integration of other
materials necessary

ﬂ Wave vector
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Laser Sources & Amplifiers
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Laser Sources & Amplifiers

» Hybrid InP-InGaAs laser on Si

T 1
1595 1,600 1605
Wavelength (nm)
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Laser Sources & Amplifiers

» Erbium doped gain

U ———
13/2

1480 nm 1550 nm
1550nm

4
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Silicon Photonic Challenges
Modulators

Electro Absorption Electro Refraction

/ Amplitude modulal‘ion\ [ Phase modulation \ Phase modulation
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Hybrid integration

11I-V integration by
wafer/patch bonding u .

( (@
1I-V-O1 J Hybrid 1l1-V/Si Laser] Hybrid 111-V/Si Electro- Hybrid 111-V/Si
Absorption Modulator MOS-Modulator

e

Y.H. Kuo et al. (UCSB),2008

B. Ben Bakir, et al. " Opt.
Express 19(11),(2011), LETI.

¥. Ikku et al. U. of Tokyo, Optics
Express, 20, B357, 2012

J. Durel et al (STILETI), IEDM JH. Han et al. IEDM 2016, U-
2016
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Silicon Photonic Challenges
Integrated Transmitter : Hybrid Laser + Modulator

silicon modulator region _Fiber-coupled modulated signal

Si substrate

Hybrid IIlV/  Wavelength
silicon region thermal control i

Demonstration of a 25 Gb/s transmission using the transmitter, with 2.5 Vpp on each
MZM arm.

T Ferrott et al
SSDM 2016,

LETUST
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Silicon Photonic Applications
d . qo®
530“‘; Sensing

silicon-Based Optical Biosensors
Laura Lechuga etal.

Automotive
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Intel 400G Interconnection in 2019

SILICON PHOTONICS TRANSCEIVERS IN HIGH VOLUME
OVER 1M UNITS SHIPPED, APPROACHING 2M UNIT RUN RATE
100G PSH4 QSFP 100G CWOMA OSFP

= Fully MSA compliant

= Up to 2 km reach on parallel single ’ = 500m, 2 km and 10km reach on duplex o >
mode fiber AL single mode fiber <o -
P %ﬂv:‘/

= Fully MSA compliant
* Extended temp -40 to 85°C

In volume production /
2 In volume production

4 fibers for
1006

On-die hybrid lasers Single die CWDM4 transmitter

(inteD INTERCONNECT DAY

Intel 400G Interconnection in 2019

WHAT IS AN OPTICAL TRANSCEIVER?

SILICON PHOTONICS

S TR p—————
Mux/Demux High density terconnects made at wafer scale
iCs and Passives Integration with silicon chips

(ineD INTERCONNECT DAY

DELIVERING OPTICS AT SILICON SCALE
SILICON INTEGRATION SILICON SCALE

. .
‘ l U Optical B v -
- - \
Plasma activation and bonding: = ‘- = - o = . |
InP die are bonded & transferred

in parallel to device wafer

Electrical
Advanced CMOS manufacturing

InP-substrate removal: only active at Intel fabs on 300mm wafers

epi layers remain on device wafer
$ Capable of multiple
- W optical wavelengths
r:" . ~— and integration of
Sllicon multiple optical
Hybrid laser >90% coupling efficiency components ety

(@ INTERCONNECT DAY

ComprehenSiye, automated on-
wafer optical, eleettical, and
high-speed test capabilities

Intel 400G Interconnection in 2019
SILICON PHOTONIC INTEGRATION

SILICON PHOTONICS INTEGRATED CIRCUITS

ACTIVES PASSIVES WAVEGUIDE INTEGRATION

" Hybrid laser
Electrons generate photons MUX/ Demux Coupling I/O

—_— =
SiGe Photodetector
Photons generate electrons + Optical Filter Interferometer/Switch »

B B a3

Si Modulator Splitter/Combiner  Polarization Diversity

Electrons control photons =

(ieed INTERCONNECT DAY

14/05/2019

Large-scale PIC &
m f 4 On-chip Interconnects
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Intel 400G Interconnection in 2019

4006 DR4 SILICON PHOTONICS OPTICAL TRANSCEIVER

* 400G Ethernet connectivity for next-generation cloud
data centers based on 12.8T Ethernet switches MUB DSFPDD ﬂr{‘l
Ramping production
end of 2019

. Standards-compliant optical interface with extended
2km reach for 400G or 4x100G breakout

4-channel
transmitter

4-channel
receiver
400GAUI-8

t
Bl < Channel
TIA (Linear)

QSFP-DD and
OSFP form factors

Intel 400G Interconnection in 2019
SILICON PHOTONICS ENABLES OPTICAL CONNECTIVITY AT SCALE

| High Performance Low Power Consumption
. Hyperscale data rates (25G, 50G, * Low power and signal integrity
100G, 400G+) optoelectronic transceiver
* Low power ASIC+SiPh PIC copackage
| % * Remove electrical I/O constraints
& Ultra-compact Tx/Rx chips + Low system power
| =~ High density interconnects

* Reliable performance

SILICON PHOTONICS

| Mature Silicon Technology Easier & Cheaper Module Assembly
i « High volume & proven CMOS process * Fewer piece parts to assemble
| * Can Integrate with IlI-V thru bonding + High consistency and reliability
« High yield & low cost at high volume
|+ Fast time to volume

(@i NTERCONNECT DAY

Intel 400G Interconnection in 2019

4006 DEPLOYMENT WILL ACCELERATE BEYOND 2020
LESS THAN 3 YEARS TO REACH 1M UNITS IN CLOUD ERA

4 years 2.5 years 2.5 years
40 GbE 100 GbE 400 GbE

1.0

-/ TN e Y XL

2010 2012 2014 2016 2018 2020 2022 o
Year 5

(@ INTERCONNECT DAY

Intel 400G Interconnection in 2019

HIGHLY INTEGRATED PHOTONICS LIGHTS UP INTEL SILICON
INTEGRATION DRIVES FORM FACTOR AND BANDWIDTH EVOLUTION

SHIPPING: 1006 NEW: 4006 FUTURE: OPTICAL INTEGRATION

100G PSM4 & CWDM4 MSA Pluggable 400G DR4 MSA Pluggable High density integrated

P,

Technology development for miniaturization, hlgh-mp_

First generation 100G Next generation 400G Silicon Photonics integrated
Silicon Photonics Silicon Photonics for improved:power, cost and
bandwidth'density

(nteD INTERCONNECT DAY
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