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Overview

* Is a high-performance datacenter platform using InP a silicon photonics
play? This issue will be addressed.

» Designing and packaging InP-based PICs (Photonic Integrated Circuits)
& OEICs (Optoelectronic Integrated Circuits) will be discussed.

e Areview of packaging technologies for datacom products will be
made.

» Particular attention will be a focus on a highly reliable and robust
platform with Photonic Integrated Circuits (PICs) that have included
lasers, modulators, detectors, waveguides, Mux/Demux, and large spot
converters by OneChip Photonics.

e Current products are focused on both client-side and line-side
applications in data and tele-communications networks. Initial
performance levels indicate suitability for 100Gb/s datacenter and
50Gb/s metro opportunities using OneChip's InP-based OEIC platform.

Common denominator is packaging...

 Drivers for photonics integration...

= What drives a next generation IC?
e Photonics packaging =

* History of and evolution over 50yrs

« Silicon for photonics packaging

» Non-hermetic packaging

» One example of ‘generic’ PIC packaging today

e Next generation IC = Photonic Integrated Circuit (PIC)

» Optoelectronic Integrated Circuit (OEIC) |_ PIC/OEIC

« Silicon photonics (and the need for InP lasers) chips

» Photonics integration drivers:
- Miniaturization (and higher traffic capacity) =
- Fast growing markets

- The very essence of ‘green photonics’
- OIDA's movement to accelerate the segment in 2013

= Takeaways... '.]HL ONECHIP

= Packaging

4
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Part 1:
Packaging
(1it’s actually critical):
a quick history...

l]HLiD!\:IF{;H_IP 5

humble crystal triode (later

Source,

Progress over the past 50+ years for photonics
packaging to reach a maturity level to address
PICs/OEICs and the next generation IC...

And the
germanium photo
transistor OCP71

In the beginning, the

(just remove the

known as transistor)
black paint guys)

Packaging: critical for next generation IC... 6

iz Lid Bob Musk
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Laser on

Back Facet Heatsink

Detector

Fibre

Thermo-electric
cooler B

\

Package
(hermetic)

External Heatsink gg"
~ 60

Note: at the critical optical interface between the laser % vertical
and fibre a movement of typically < 1 micron results in 2

~50% optical power loss. Hence, sub micron mechanical
stability has to be maintained over the entire operating

n
S

0|

environment and life

ource: Fntroptix Lid, Fob Musk

-3.0-25-2.0-15-1.0-0.5 0.0 0.5 1.0 1.5 2.0 25 3.0
Shift (um)

Lens to chip interface is critical — distance is sensitive to stability

980nm pump plot

Complex and difficult

Source,

Late 1970s

‘Planar’ package. Fibre
assembly aligned and
bolted down. Non-hermetic

Laser welds

Early 1980s

‘Modular’ package. Fibre
assembly aligned soldered
to fix — this example with
laser welded support.
140Mbps — one of first
laser welded parts
available

STC modular package (850nm, 100/140um fiber
to ease alignment), hermetic; fiber metalized and
soldered to tube, which was soldered to package.

Fat fibers for easier fiber align and fix

iz Lid Bob Musk
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STC hi-rel packages T
Worlds first high reliability laser package

SMF submarine 1300nm RWG laser

Laser heatsink : natural diamond

Laser welding to Invar and copper

Laser welding distortion — tweaking

Projection welded lid

Note: BT divided out Tx to STC, fiber to GEC, and
Rx to Plessey.

Key is high-rel and every part hand made and
organic free. All electrical connections by laser
welding except wire bonding.

First for natural diamond heat sinks

Bottom pkt: $10k > folks thought 850nm would
win over 1310/1550 as pkg easier to build (STC
did not see problems of MM fiber)!

No organics, laser welding and soldering 9

ource: Fntroptix Lid, Fob Musk

SEEw :’.t t',, (courtesy of Bob Musk designer) by using a submount

%

1st Generation

First laser welded DIL — STC based upon submarine
technology. Adaptation of hi-rel submarine parts

from previous lasers, cutting it down and placing it on a
tec — making it the world’s first DIL

Lasertron and General
Optronics using epoxies —
major reliability issues
(outgassing)

Convenient 14 pin hybrid package 10

Source,

iz Lid Bob Musk
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Solid tube holds fiber — problems with stability
— had to tweak and bend (once lid went on
things moved). First custom built cooled
hermetic organic free DIL

Bare fiber for mechanical decoupling —
still moved after fixing. Problem with
laser welding (85C). Needed bake out

NB: fiber attachment 3mm from chip

and tweak alignment back into position.

Improved stability
through bare fiber weld
location 0.5mm from
chip. Easier alignment

Stability problems overcome with bare fiber

ource: Fntroptix Lid, Fob Musk

11

Late 1980s (3™ gen)

1st Generation 2nd generation

—

%€ v L]

3rd generation mini DIL and plastic

Source, iz Lid Bob Musk

12
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Back facet detector

Laser welding
provides alignment
and hermetic seal for
the fibre assembly

Laser on heatsink

Temperature sensor

14 pin DIL uncooled 14 pin DIL with cooler Integrated functionality

Goal was to produce a building block or engine in a tiny package (w/back facet
detector & temp sensor). Set up for automation. Put into plastic uncooled package
with heat sink on back for low cost. Gets around std hermetic package. Big adv was
build with electronics (lower right). CuW/Kovar pkg cost $3.5 in 1988 (lower middle)

BT&D sub-module: building block approach 13

ource: Fntroptix Lid, Fob Musk

Boeing/Berane
k heater under
gold tin for
fiber align

= ¢ - . . =
glass) fibre align/ attach Right: laser

£, 3-— hammering —

b D e | tough to do —

" =l move/align as
| you heat

| Left: hi rel 980nm
pump wedge at end of
fiber. Trying to laser .
weld as close to front of | | aser weldingolid’ saddle
fiber tube as possible —
screwdriver adjust

Laser welding

‘ Alternative fiber align/attach technologies

Source, iz Lid Bob Musk

www.cpmt.org/scv/ 7
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Electrical leadthroug

\/‘f' 177
amtd --jfjrf

Chip on submount

Monitor photodiode
assembly

Metal housing

oy

TEC

hs

Sub assembly platform

.'r f Coupling optics
y
v

Optical feedthrough

Fibre assembly

Extremely complex structure
High piece part count (>20)
Not designed for automation
EXPENSIVE

Metal bellows around fiber to
decouple from package. Collimated
lens system with isolator.

Alternative ap

proaches - expensive 15

| Source: nuroptix id, Rob Musk JOSU (Piligs)

JDSU/Bookham 980nm Pump

High piecepart count
Complex manufacturing process

Limited capability for automation

Nortel 2.5Gb/s MZ mrodulator with Wavelength Locker

Highly complex structure
Multiple interactive alignments

Not designed for automation

Left: Hi rel 980nm JDSU/IBM chip big market for 980nm pumps with limited
capability for automation — traditional gold box — hand built, hand aligned

Right: 1st approach at integration of bulk optics packaging. Clever design as did not
use lithium niobate. Complex, and lots of interactive alignments. Virtually
impossible to automate

www.cpmt.org/scv/

Quite complex and expensive!!l

L_Source. Zniroptix Lid, Bob Musk JOSU Nortel

16
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manipulation.

Same laser welding and many parts tweaked (fiber to laser alignment).
Marginal improvement through precision parts, but still requires post weld

Laser welded parts — but tweaked 17

ource: Fntroptix Lid, Fob Musk

Early 2000s [ ~-

Jﬂ;‘h‘-ﬁl k] SO E Lo AIEEAT) dnd gl
Frked B b

Similar approach to using
add on parts and laser
welding

Marginal improvement
through cheaper parts

Move to standardization
with automation via pick
and place. Ceramic sub.
Hermetic

- Worth $600M?
‘ Welded components on ceramic submount 18

Source, iz Lid Bob Musk
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Fiber feed-through main differentiator. Although 14
pin DIL and butterfly std, package itself was custom

to

each manufacturer.

Many options and variants — standards?

19

urce.

airoptix Lid, Fob Musk

Surface Mounl Ol integrabed package for Migh speed data link

| € Integrated
submount —
electronics on

Problem was
use of high

{ temp for the
| fiber

ok Il o gl MO

No standards >

' Pocdode | Precursors to
sukmount location tOdays multi Iayer

ceramic pkgs

& LTCC — elegant
solution using
thermal vias but
Laser submountlocation| @Xpensive

From LTCC to ceramic pkgs = lots of styles and $$$

20

www.cpmt.org/scv/

Source,

iz Lid Bob Musk
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Plastic lens

Ignis Optics > first serious attempt at automation. Reduction of
clever concept for 2001 SFP OC-48 TOSA

handling —

urce.

‘ Wafer scale hermetic package assembly

21

pizoptix Lid. Bob Musk. Ienis Outics (now Oclaro)

Source,

Late 1980s

So the world could
surface mount their
lasers! Big deal!

mini-DILs (today millions)

Glass ferrule, ceramic
package. Worked well.
Failed as it needed 2
member of MSA to
support

Lower left and right:
Failed due to no
perceived market at the
time.

Market picked up with
SFF and SFP and

detachable connector
(plus drive for surface

1989 OFC — no market for p

Vi & Surface Mosnishle Device

mouric).

‘ Easing assembly at the pcb level

22

iz Lid Bob Musk
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The rise of the
transistor outline...

fponecHir =

Late 1970s, 1980s, 1990s

8

Communications laser packages ;

Late 1970_3 pulge High power
lasers forrange pulse pkgs.

Lo

Asenhenders Reciever-packages of.various designs
' Lens

D0 O O0;/0 0’9 o

Always been there. Low cost hermetic package with plane or lens windows
suitable for automation. Limited in speed and thermal perf. Up to 10Gbps.

.

24

Simple, high volume, low cost

www.cpmt.org/scv/

Source,

iz Lid Bob Musk
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. L CaT R BT -
Tl e
) A A e AR SR A

Mové towards connector receptacles — 1 piece —

low cost automatable

-]
T -
|l. X

'1
Flrgnbass to mngg Txd( left AH; ST scmw pane, mount rest lnt(! 1nodu|es“'

| Easily pig-tailed TOSA and ROSA |

Simple, high volume, easy to use products

25

s—

Source: Fntroptix Lid, Fob Musk

—\'&;

Z Sk

'

\\-Ref: Kyocera Ref Kyocera

TOSA and ROSA with high speed performance, small, and pretty much the way everything is
done today — automatable. IEC standardization. Cost-wise much more competitive. TIAs and

drivers sometimes included. Tunables have complicated electronic drivers as part of the package

Compact hermetic packages for use with transceivers I 26

Source, iz Lid Bob Musk
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Use of silicon for
photonics packaging

'.IHL'[D!\I._IFC_:H_IP 27

Kovar | e | Aumina | e || Seon | ivige | phosphide

Expansion coefficent 58 v ~7 v 4.9 v 45 v 2.6 v 5.8 v 45 v

Thermal conductivity 17 % “180 V' 2% _i0 V0 150 V' 20 8 60 %
Mechanical stability v v v v v ? ?
Reliability v v v v v ? ?
Scales to micro-packaging ® x ® ® v v v
High-speed electrical ® x v v v v v
Bonding of ?glsps passives, % ® v v 7 ? ?
Precision location features % ® % ® v ? ?
Batch manufacture ® ® v v v v v
Batch population v v v v v v v
Waveguides ® ® ® ® v v v
Maturity v v v v v ® ®

Silicon becomes the obvious choice for packaging

Source,

iz Lid Bob Musk

28
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A useful sub assembly, but limited application
(1Gbps Ethernet TxRx). Goal low cost using
wafer scale for lenses and submounts. Serious
attempt at automation.

29

s—

Wafer scale potential — TO applications

Source: Fntroptix Lid, Bob Musk Infizeon

Optical subassemblies — a good
approach, but only the first
step...serious attempt at
automation. Was successful and

worked well.

Wafer scale tested sub assemblies

Source; ix Ltd. Bob Musk, Agere (formally L tBell Labs)

30

.

www.cpmt.org/scv/ 15
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urce.

Liwer diacie rachall it
wiliging CpteBoATS
ey o

Reference: Hymite

[T 0t EI=)

Integrated waveguides and features
Reference: Kotura

Silicon — silicon welding for light can exit lids on packages

alignment fixing and hermetic . Silicon used for mechanical and
sealing Silicon for component support packaging features.

L el | 1

e =] Use MEMS technology for features

[ a Silicon — Generic packaging platform
gt m ] Silicon transparent at 1310/1550 >

Silicon: a very useful packaging platform

pizoptix Lid. Bob Musk, Kvocers. Kotura (now Mellagox). Himile

31

Non-hermetic
packaging
approaches

I]HH ONECHIP

32

www.cpmt.org/scv/
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Early 1990s

Non-hermetic singlemode optical microbench packaging approach

Tx Sub Assembly Rx Microbench

Edge coupled detector ‘ Substrate entry

detector

Strained MQW laser

V~groove V-groove

(under fibre)

\

Singlemode fibre

Multimode
fibre

Silicon
microbench

Silicon

Fiducials microbench

Use of simple micro-benches (1989/90), but fabrication technology has very
limited capability for enhanced mechanical features due to wet etch technology.
Non-hermetic. In this case laser was active down and height sensor was used
with AuSn as compliant medium. Laser fixed on all 3 axes. Early z control using
height sensor as substrate varied ~7um after positioning.

Potential for automation

s—

33

Late 1990s , early 2000s

Non-hermetic singlemode optical micro bench packaging approach ]

Tx encapsulation Rx encapsulation

Semiconductor - Cross section along fibre axis
encapsulant Silicone
encapsulant Substrate

Silicone entry
Epoxy detector

Semiconductor
encapsulant

Tx micro bench

Rx Micro bench Rxfibre in v

Reference: HP
ECTC 1999

Epoxy  Fibre Detector Rx pre amp I.C.

laser

History interesting — in this case silicone epoxy on top to reduced cost I

Reduced cost — non-hermetic

.

www.cpmt.org/scv/

January 8, 2014
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Late 1990s

Singlemode SFF transceiver : ST
Non-hermetic optical sub assembly arrangement

N

OSA to ESA interface pins

Tx fibre

Rx micro bench
Semiconductor
encapsulant

MT guide .
pins Tx micro bench

R I.C. MT ferrule

Rx fibre

RF shield over
receiver

MT staple

Only first level optical subassemblies used, higher levels of integration will be
required in the future for better performance i.e. integrated modulators and
isolators. In this case MT ferrule used, but lost competitive advantage due to LC
costs dropping when MT entered market. Simple assembly technology.

s—

Simple assembly methodology 35

= PLC (planar light circuit) + flip chip actives and passives

-
= "__'_..
-

|Automated flip-chip assembly; use of silicon/silica optical waveguides |

.

Flip-chip using automated assembly 36

Source, ix Ltd. Bob Musk, FEipopent (ow Hova)

www.cpmt.org/scv/ 18



IEEE Components, Packaging and Manufacturing January 8, 2014

Technology Chapter, Santa Clara Valley

Lightlogic (Intel) — mechanical add on components Axsun — mechanical add on components

\'\‘%’? §- Ui Mt al Snbsirair
S
.\";/« 2= Ciomaproorsin placewl by

pick asd place

3 Amroad aliganar of
T e

Agere — Infineon - Agilent etc  Wet etch technology only

s—

Technologies for discrete components

Source: Fntroptix Lid, Fob Musk Lightlogic (Iptel), Axsun, Agere. Infineon. Agilant

37

Packaging integrated
devices

ﬂﬁb ONECHIFP 38
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1300nm

1530 RS
detector

detector

strip loaded
ridge waveguide

Silica waveguide

_Halt mirror

iR %
5
- /// 3
TS roto dioee

<
X LD-Fiber_coupling unit

N1

rear facet monitor

Rx

waveguide-type
photodiode

laser dicde
with spot-size
converter

thin-ilm filter
silica
waveguide

| 1300nm OFB laser
|

front facet
~ . monitor
A

wavelength--
duplexer

angled tacet L. mputioutput

1300nm electrode Sitefrace
mnput 1530nm

Si ground ptane

Some examples from 20+ years ago!

urce.

airoptix Lid, Fob Musk

39

t Commerical Large-Scale InP PICs
10 x 10Gb/s) Transmitter and Receiver PICs

100 Gb/s Tralpsmitter Photonic IC (OOK
™ e :"' 4

ach PIC
> 50 Integrated Functions
7 Different Integrated Functions
Tunable DFB, EA Mod,
VOA, SOA, PD, AWG

..... 100Gb/s (10 x 10Gb/s) PIC-Based Optical Transport System
i
*.' Fy Yy 60k
-‘; F _‘.-' _J; 50k
=l T 40k

10 Gb/s Port Shipments
ER

o
S
E

7~
/

2005 2006 2007 2008 2009 2010 2011

infinera

IS
E

Using InP PICs to address the 100Gbps challenge

Source; Infigera

40
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urce.

mi:mﬁ; AEPIC T Fitew lirag Grateg ASPIC Y Pule sanaliser for  ASPIC 4: Feel dei serdzting

wanwar madaut chig whimn sansor msdoud chap

KM T Wautring Telsscogs  mabria

* 55 Fraunhofer

WU

New pkg challenge: bigger die, much more functionality

airoptix Lid, Fob Musk

41

e

> 450 Integrated Functions
8 Different Integrated Functions
Tunable DFB, AWG, MZ Mod
Phase Adj, VOA, MMI, PD

100G Long-Haul Ports

Q312 through Q1'13

3,590 ports
Ports Sold Since 2010

InliEFE VendorA VendorB  VendorC  VendorD  Vendor£

In Three Calendar
Quarters Infinera Has

Delivered
29% of All LH 100G

infinera

Stretching performance limits 2 500Gbps & coherent

Source; Infigera

42
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How to address
PIC/OEIC
packaging?

]]HﬁDE\I.IIF(;H_IP a3

PARADIGM

Approach to PIC

.
/’ Packaging

Novel concept???

“Design the chip to fit the package” !'!!

‘ Generic package for PICs/OEICs to lower costs 2

www.cpmt.org/scv/ 22
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- Objectives

":'" eStandardised package format
=)= - _E Multiple electrical 1/0
Hh : *High speed capability POSA
i *Multiple SMF suppgst (PlC OSA)
- o *TEC suppe
= 1. . -
W | ol Ermetic capability

*Maximum PIC applications
*XFP/CFP/QFSP support

2 I !l.-.:i-' . r B B
i I - *Capable of IEC standardisation
_].: F U =4l \[ID P

«Compare existing ROSA/TOSA

o ]

L Ea el R

Left standard IEC TOSA/ROSA package outlines. Middle standard
TOSA/ROSA side by side — used basic footprint of combined ROSA/TOSA
to generate PIC footprint size (POSA).

Aim for a standarized format...

_Source; fniroptix Jid, Fob Musk Gooch and Housego (2013)

45

Interposer

TR,
e
\Package ‘

PIC/OEIC is designed to fit the package!!!

www.cpmt.org/scv/

| Source; Eucroptiz Lid. ob Misk Gooch od Holseso (Z013)

46
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« Overall package size — 18.5 x 15.5 x 5.5 mm
« Package cavity for PIC/interposer — 11.1 x 10.65

« Supports TEC temperature control if required

« High current TEC connections (3.5

» Number of fibres supported — up
» Detachable connector

* XFP compatible

« |EC standardisation possible

All work carried out under ICT Programme 257210 PARA

In volume (10k+ pieces) ceramic/CuW 1
high performance package will cost
~30-50Euros (after soft/hard tooling
costs). Many connections on package
should cover 80%+ PIC designs

* Number of DC/low speed connectio
» Number of high speed (up to 25GHz) connections in GSG configuratién -10 >
» Hermetic package — AR coated sapphire window and welded lid

« High thermal conductivity base — copper tungsten

Although parallel connector:

the concept is important 47

Early 2010s

View through the microscope e
B odrra
B e S8 probe
TFG ol A7 pArERR
SLHpE
g LASEFRAN (S8 ALY
P Sge S cabboarien
" - s DL
i bt (o | [ W e
s
: | o
-] Testing from inside to - -
-] outside package o b Reflection testing from
>30GHz @ 3dB down. _ | inside to outside package
- |l * H II Frode mpure fosr saho >30GHz
= W W ;o e gy Pekage sl cibbe — —
i [ um 10 08 g s II_II'. X &40 il
>25GHz per channel
Initial testing =25GHz per channel 8
3)

www.cpmt.org/scv/
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Silicon array lenses on
250um pitch vertically

chip fully connected.

mounted. With test InP PIC

Silicon array
lenses on
250um pitch
vertically
mounted inside
MPO connector

Wirebonded PIC with silicon array lenses

L_Source; fntroptix Jid, fob Musk Gooch and Housege (2013). Oclare (2013)

49

Infinera 500 Gb/s Coherent PM-QPSK Modules

500 Gb/s Transmitter PIC-Module 500 Gh/s Receiver PIC-Module
MZMD ASIC
TIAASIC

PM Fibers > "3 Rx 0.5 Th/s PIC

A
Control ASIC
- Tre'ec"iﬂ Cooler \ Stacked Ceramic

Thermoelectric Cooler LGA Package

Stacked Ceramic Hermetic LGA Packages (1/0 capability > 1000)
l
Dual PM Fibers per Module (1x per pol)
Integrated TIA array (40x14.25 Gbaud), MZMD Array (40x14.25 G|

infinera’

Packaging is becoming complex and expensive

Source; Infigera

50

www.cpmt.org/scv/

January 8, 2014

25



IEEE Components, Packaging and Manufacturing
Technology Chapter, Santa Clara Valley

Part 2
PICs and OEICs

I]HLl ONECHIP 51

What drives a ‘next
generation’ IC?

I]HH ONECHIF 52

www.cpmt.org/scv/
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- Exchange

- Datacente

Lifestyle evolves through heavy use of data and traffic

LSource MIC Japan, Fuiitsu NIT. QIDA Rescarch

N-S flow — legacy
Low connections

Modern spine/leaf
data center

E-W flow — virtualization
Many connections

Cloud era data
* center fabric

lln\:\\‘

=3
N2,

NS

71N

Omni-flow fabric
normous connections

U- 78% CAGR of internet bandwidth growth to 2016

54

—

| Source: Cisco and Juniper

www.cpmt.org/scv/
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What is a
datacenter?

ﬂ
N

1]1LD_I_\JFIE__:H_II=' 55

www.cpmt.org/scv/

= Sound of fans whirring
e ~1Tbps board aggregate

‘ Google datacenters: large buildings use tons of energy... 56

Source: Google

January 8, 2014
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Source.

Sound of 1000s of Crickets..
e ~100kbps ‘board/rack’ aggregate
e ~X10,000,000 slower..

20,

Datacenters have
aroused Interest
recently...

I]HH ONECHIF 58

www.cpmt.org/scv/
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= 100G technology activity accelerating
= PIC->OEIC integration technology needed

'd N\

-3 Technology sale;
v COGO | 2<30Mms, 2012 TeraXion 406/1006 discrete
bt components

\ \

e e

; Technology sale;
LH-ITW_;E aims, 202 ) ') [rerl. 40/100G silicon
L CISCO ) photonics
e S
$200M rev (2X) to
A\ [ w2 ) AVaAGO st np et
Svoerics thesmmamLERis 40/100G
\ Z \
s N\ 7 3
Technology sale: Silicon
gﬁmw 82 M$, 2013 > Mm‘qm Photonics solution
" Ei 40/100G

\_ < \

e N\ 7 3
- CMOS VCSEL Driver and
Ipr 47M$,2013 > M M'Eﬂanﬂr TIA 40/100G with ~$20-

) 30M rev (2X)

.

‘ Datacenter market becoming active again...

59

Datacenter pain
points

I]HIJ ONECHIP

60
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LARGER » Single Mode Fiber
FASTER * 100G plus
Smallest footprint
DENSER » (QSFP)
GREENER » < 3.5w/port

3= = i
(¥ PICis the ideal
platform to
achieve these

specs

OneChip is taking PIC to

another level by adding
electronics (OEIC)

DC = Datacenter

‘ Advanced technology will win datacenter...

61

‘ Modern data center requires 500m ~ 2km ‘

' VCSEL laser
2@
K\~
100G , .
— Multi Mode Fiber (SR)
‘ ' DFB laser
b
A @ 4 q
wyw %\
100G
— Single Mode Fiber (LR)

Datacenter

|

‘ 100/400G becomes more ubiquitous using SM fiber

62
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Why do we
Integrate?

I]HLl ONECHIP 63

= Like any semiconductor IC: to achieve key goals T
» Size, weight, power, performance, and cost
e Classic CMOS IC allows higher functionality

Cftrpgreeni Brapaial st TT-2500 £ i raien

ETnl|
!

www.cpmt.org/scv/
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Next generation IC
- PIC (photonic
Integrated circuit)

I]HLIDE\:IF(;H_IF' 65

= Compound semiconductor
platform

Indium Phosphide (InP)

Epitaxial growth from IQE

Fabricated by CST Glasgow

= Photonics devices are all

i nteg rated togeth er compound semiconductor with epitaxy
« Waveguides, tracks

100G transmitter chip using InP

Receiver
(a.k.a. 2x4 90°
Hybrid Rx)
(TIA at back) 4x25G PSM4
Transmitter

100G Coherent

Receiver

(a.k.a. 2x4 90°

Hybrid Rx)
‘M‘ S—

GC is a circuit with no electronic circuitry z 66

e —_

www.cpmt.org/scv/
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LA
Bl

= Fully monolithic InP PIC

» Avoid multiple re-growth steps
 Potential re-growth losses
» Use Fe-doped substrates for electrical isolation
» Use etching of structure to enable functionality

» Core strengths

* Waveguide design
- Dilute waveguide for package connection
- Passive guide for routing

« Integration of electrical components
- Resistors/capacitors

» Edge detector for high speeds

 Laser emitter and modulators (DC/AC)

« Fabrication of complex InP devices in a fabless
model

I
-.’,ﬂﬂi‘l_i
" —

7yrs of PIC R&D in I11-V devices at OneChip

N

67

AcTiVE COMPONENTS

distributed feedback laser

wavef wide phorodoorior

semiconductor optical
amplifier

= I

dlecira-abrorpBan
madulstes

P

OneChip Photonics Component Library

PAssIVE COMPONENTS

laterally-tapered spot-size
converter

=S Y Directional coupler —mode
converter

vertical wavelength splitter
planar wavelengthdivision
(de)multiplexer

Comprehensive library of components for integration

—

68
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10x10G MSA Receiver
(with AWGS)

(TRO

4x25G PSM4
Transmitter

4x25G LR4 Receiver
(750 um detector spacing)

OneChip 100G Chip LR4 Rx 4Channel Product Brief
OFC 2013(TROSA included)FINAL.pdf
S:\IExecutive Public\Tradeshows\2013 Tradeshows

100G PSM4 Receiver

OneChip 100G Chip PSM4 Rx Product Brief OFC 2013

S:\IExecutive Public\Tradeshows\2013 Tradeshows

4x10G LR4 Receiver

SA)FINAL pdf

‘ 100G datacenter applicatio

ns 69

4x25G

FINAL.pdf

(250 um detector pad spacing)

4x10G LR4 Receiver (with heater)

OneChip 40G ChipOnCarrier LR4 Rx 4Channel Product Brief OFC 2013

S:\lExecutive Public\Tradeshows\2013 Tradeshows

L 100G Coherent Receiver

LR4 Receiver

This chip has 2 devices:

(a.k.a. 2x4 90° Hybrid Rx)
(TIA at back)

100G Coherent Receiver
(a.k.a. 2x4 90° Hybrid Rx)
(TIA on side)

‘ Integrated chip receivers

70
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Demonstrated InP performance for 100G solutions -

Optoelectronic
Integrated Circuit
(OEIC)

THL ONECHIF 72

www.cpmt.org/scv/
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¢ Indium Phosphide transistors are faster than Silicon
» F; to 400+ GHz allows for future signaling speeds well over 100 Gbps per channel
e Electronics integration enables miniaturization
* No I2C, no pads fan-out
e Electronics integration enables lower power
« Opto-Electronic Integrated Circuit (OEIC)

Customized

Design, no
function loss

OneChip OEIC

12C Control

Commercial TIA

Integrated electronics keeps all functionality!

73

WDM PIC

receiver with &

integrated TIA
= OEIC

2130 diyosuo

e.g.Mindspeed

4x25G TIA

Integrated TIA

300% TIA
footprint
reduction
@ 15% OEIC
real estate
increase

SRR RRRT

-

YY" 3§

BEE R NEE]

o HTHI Y

W T T

| OEIC = Optoelectronic Integrated Circuit: A PIC chip with integrated electronics I

‘ OEIC enables tiny footprint and lower cost solution

Source.

74
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Caveat:
so long as thermal
Issues are adequately
addressed In

packaging...

l]HﬁD!\I.IIF(;H_IP 75

= Addressing datacenter pain-points using PICs > OEICs
« Base platform of InP PICs
e Enhanced platform with integrated electronics (OEIC)

Data Vision
Center

1Tbps OEIC n
e

100G OEIC with

Integrated Electronics Enhanced platform

Immediate focus:

InP PICs 100G client TxRx engine B o

Build immediate value using InP PIC base platform 76
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Receiver CoC/OSA I

Transmitter CoC/OSA .

Many transceiver
companies who can
partner for CFP4/QSFP
and smaller form-factors

~ -
N e T o

T/ROSA

|

Focus on value-added: |
integrated photonics with I
|

|

I

advanced ceramic packaging

OneChip engine

Valued added for OneChip: The optical engine...

Partner transceiver product

7

N

Silicon Photonics
(and the need for InP
lasers)

I]HB ONECHIFP 78
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= Use the economies of scale of a $B CMOS fab
e Design photonics devices onto CMOS IC platform
e Bump/package/bond InP lasers to that platform
« Silicon laser big problem (at least commercially)
= |ssues
¢ Volume? <1% of the business of a silicon fab: attention?

e Lasers? InP best option

Light Source ? Guide Light

Modulator

The Path 1o “Silltonizing” Photonics

Photo-detection  Low-cost Assembly ? Intelligence

*.

Many merits; many questions; InP still plays a role 79

Source: Intel

= Silicon CMOS can utilize large 300mm fabs / infrastructure

* InP has been truly proven to be robust/reliable/high
performance platform for communications ¢/

Vs

(" ™
Monolithic Integration is the
ultimate target gl Silicon can'’t lase!
Opto-Eletronic IC (OEIC) made

possible in single chip A Low power CMOS

Simpler packaging N

N
N

Smaller feature leads to faster IC

B Economies of scale

Indium Silicon
Phosphide Photonics
-
‘ Winner has to achieve metrics: cost, power, perf, reliable 80

www.cpmt.org/scv/ 40
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= Significant compound semiconductor platform
 InP achieves the size, weight, power, performance, and,

a
cost challenges
* Integrating electronics with photonics using InP drives

new OEIC solutions

Miniaturization, performance Cost?
InP compound semicoductor Silicon photonics
Si LD, PIC, Elx, ASIC

InP OEIC (Si ASIC) InP PIC (Si EIx/ASIC)

Si laser[X]

InP CEIC

InP laser v InP laser
InP photonics ¢/ InP photonics Si photonics ¢/
InP driver/TIA v Sidriver/TIA v/ Si driver/TIAV
InP Semi-custom ASIC ? Si Semi-custom ASIC ¢ Si Semi-custom ASICV

81

INP based OEICs drive functionality

A Relative
Datacenter ¥}

revenue ($) HPC I \
Relative volume Metro networks I ‘|
(Units) ,a""~\\ ] \

Long haul networks l' \ " 1

Metro networks I ] H 1

Datacenter 1 \ I ‘|

/—_ - -.'~\ “ 1 HPC 1
/ I \ I Consumer AOC
'I ] 1 v I Mediarich AOC y
! 'I \‘ \ ,' FTTH/Access |
Y} h \ \ \
\
/ ! \ A \
/ / \ Y \
7 ll \ N 1
14 ’ \\ / N \
InP OEIC (Si ASIC) InP PIC (Si EIX/ASIC) Si PIC, Elx, ASIC
InP Laser only (No InP)

InP OEIC

(No Silicon)
82

No one solution fits all: winning requires focus...
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¥ Installed Capacity st

2012 Overall Capacity +14%; 12-inch Capacity +21%

”
$1000/ 8"wafer FAD T [Waler sizs] 4gm FoL | 1212 =1k g 013 g
~$0 chip cost . . . L I
Fab-d (L ake Fit] 1,000 Fob ] FU Fil 258 1912
Fais3 [Lal e 1ikd F e kL] k] 1.8
Falrh [La] L] L TEg 145 L1 E (TT] L1
Fals-dl (Lol L) 1A Fal e na Fa ] LR
Pabd 1 3] 298 1,083 FF) F 5] F. .13 1,057
Fab-iF = ur 133 m T EEL kL 1500
- b
Lt
WalaaTach T
TEMC Chira irj na o m m Fel | 23—
TAAC & Sk iclorion 2134y [FE5) 1883 ANPE irm T LRI
2" Egusviierd e
b3 10 K &5 58 - a4 5 L= S
Totsl TEMC sven s aany [V LA 1sa3 asn e 14080
[Lig Y

1o Pigeemi raaned o @ 1 <ofey Domrips G U apisd cofyrs & iieewd iy Suing St by 111
I Fgerw repwserd muip of " caley Cevwriee b §oansieet s 8 otdered By mufir ey B meeser y 100

Smallest fab runs 440k 8 wafers per year

Source: TSHG, Fraunhofer, Solid State Technology

83

N

3000 8" wafers ™
3000 8” wafers

1000 8” wafers
444,000 8” wafers

8k wafers/week)

= FTTH (best case) 50M units @ 0.3mm?
= DC (best case) 50M units @ 0.3mm?

= LH/Metro (best case) 1M units @ 5mm?
= Smallest TSMC fab @ 8"

N2 20 28 \Z

If all of telecom goes silicon (unrealistic) then maybe 1 weeks work=
Assume negligible development costs

= Typical silicon IC upfront costs:
e 130nm linewidth - fab cost ~$2B, R&D ~10-20% and design ~1-2% of fab cost
e 22nm linewidth > fab cost ~$8B, R&D ~$1.6B, design ~$80M
= Silicon photonics investment for development today:
e Skorpios, Luxtera, Lightwire, Kotura, Ranovus, Kaiam maybe > $250M
e DC and FTTH: $250M/50M units = $5/unit (ok for DC, not so much for FTTH)
* Telecom: $250M/1M units = $250/unit (seems high for telecom)

.

Smallest fab runs 440k 8 wafers per year

_—
Source. HHI, TSHC, Solid State Technology

84
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A LS
Relative » \‘
Investmdht ($) 1
Relativelnargins 1
(%) ? ,' |‘
1 1
,' [
] “ Silicon Photonics
I 1 —_——m=s
I Long haul networks [’ \\
" Metro networks | # \ ———
i Datacenter |‘ Il Datacenter \\ ,’Hpc \\
I HPC
/] I{‘ Metro networks \\ Elﬂon_sunjer A
/ / \ edia rich AO
/ V4 \ \,‘ FTTH/Access N\
v ——’ ’ - A

Si PIC, Elx, ASIC

InP OEIC (Si ASIC) InP PIC (Si EIX/ASIC)
(No InP)

InP OEIC
InP Laser only

(No Silicon)

Yes: reliability, cost, momentum, pkg, performance...

85

Photonics integration
drives miniaturization
(and higher traffic
capacity)

TIHL' ONECHIP

86
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144 mm?
PLC Discrete
solution 10.2 mm?
SEI'InP PIC 6.75 mm?
(Oct 2013) (1.5x4.5)
OCP solution
Integrated photonics drives higher traffic capacity 87

Switch Density Thps Ultra-small PIC/OEIC
engine for QSFP
at OneChip XXX-SFP 222
(LR4-OSA)
i
QSFP
2.2T (LR4-OSA)
-
Industr
1.6T y ( CFP/4
800G w  CFP2 >
1\}5,-'*""'
400G ‘0 CFP
Source: Molex (modified to fit in the context)
1 1 1 1
L] L] L] L]
2011 2012 2013 2014 2015
Miniaturization with photonics integration drives capacity 88
Source: Ethernet Alliance
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Photonics integration
enables fast growing
markets

.i]]j:D_l_\-IFCHIP 89

www.cpmt.org/scv/

= 100G market window opens in 2015
 Integrated photonics with electronics
enables smaller chip real estate OEICs

» Cost competitive photonics enables 1,000,000
OEICs to penetrate market faster at 100G [

800,000

700,000
600,000
500,000

500,000 - -
Without integrated

photonics

400,000 400,000

300,000 300,000
200,000 200,000

100,000 100,000

units

© >
&> Y
D A

o ©
4 4
DT D

40G LR (LightCounting)
—8~—100G LR/nR (LightCounting)

With PIC integrated
photonics and OEIC
electronics

40G LR4 (OneChip & G2)
—e—100G LR4/nR4 (OneChip & G2)

Photonics integration opens 100G market faster...

Source.

ightcounting

P isaroLien
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$600 -

Sales ($M)

$400

$200

$

——1GigE

—=-10 GigE
40 Gige

~0-100 GigE

N

2009 2010 2011 2012 2013

2014

2015 2016 2017 2018 2019 2020

Source:

100GE is trending up faster than others

91

o Bwin i 08 S5 Conmei o 8 new PLD pregaal i Oriande
| dnsrtton oot ko changs befwess scostsy poly

IEEE P802.3bm, Victoria, May 2013

LR4 is a reasonable
vehicle standard for
100GE

IF anything. The only consersus beely on SMF Basaire & thal =
cannot achiee consenmus wihn the P02 3om adopied
hmalns

Mation to Adopt Bassline

“ History similar to 10G 10yrs ago...a mess...

92
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= |InP
ope

PSM4 -PI

PIC mkt entry; OEIC with integrated electronics
ns more doors (size, weight, power, and cost)

Link architect

(0

Standards ??? Quickest TTM

C
D
an g
D

Market R&D Power Footprint
ure . S
Desire Complex |Dissipation| Impact

CFP4/QSFP

LR4 -PIC

Attractive

CFP4/QSFP

PSM4 -
OEIC

Standards ???

QSFP/Smaller

LR4 - OEIC

Very attractive Complex

QSFP/Smaller

3-star is the best

InP platform will serve LR4 very well

93

04 2008

M0 Mo X N Xl X

8

Mumber of ASPIC Dasigns
'é.
i

o

2008 2010 2012 2004 2014 2018 2020

JePPIX roadmap 2013: Europe drives for PIC solutions

94

Source; JePPIX
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Photonics integration
IS the very essence
of ‘green photonics’

fponecHier o

[——

Value Chain

Wireline/wireless carriers; lighting architects;
consumer services; media/content providers
Datacenters, cross-connects/switches, exchanges

Service

Providers

Green - eco-system and energy efficient design
Green photonics systems and components (PICs, OEICs)
Home display, solar cell, lighting windows/panels

Modules &
Packaging

Systems

Components

P Photonics materials (InP, GaAs, GaN, Silicon)

Technology Breadth

v |

Green photonics enabled by materials, components, pkg’s I 96

——
Sources: Michael Lebby OIDA research
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= Status and future of photonic integration:
» Classic USA roadmap workshop Gi 513‘

~60 attendees: all from photonics integration field
» Both InP and silicon photonics senior engineers/leaders
» 1 day workshop with sessions on

« Industry, role of government agency

» Customer needs for PICs

» Consortia experi
per with high points:
Growing bandwidth requirements
Need to support scaling in challenged industry economics

Exploration of industry partnerships sharing common technology and
manufacturing platforms

Ways to improve the competitiveness of US industry
* RO s and areas of focus

fay=¥

Drive to position USA to be more competitive in PICs 97

» Photonics integration is here to stay ¢/

» Complex technology: requires use of CMOS silicon infrastructure and
InP experience in communications

Combination of silicon and InP will be a successful vehicle for
communications (at all levels) consumer, HPC, DC, to metro/long haul‘/

» Stakeholders i
 Co rative programs between industry, government, an
esting/characterization sharing of resources

Foundry for packaging, assembly and prototyping new PIC/OEIC
platforms

Building of software libraries for advanced photonic components (bot
ilicon and InP)

Drive collaboration in USA...not an easy thing to achieve 08

www.cpmt.org/scv/
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» Packaging of photonics now challenged by integration

= Next generation ICs will be integrated photonics
» Driven by traffic into datacenters

« Datacenter pain points drive photonics integration
» Photonics integration will grow to include electronics
¢ PIC = OEIC (optoelectronic integrated circuit)

« Silicon photonics will play a role using InP and impact high volume
opportunities

¢ Miniaturization through integration drives higher traffic capacity
through performance (package & thermal issues important)
« Photonics is green and will enable new technologies and products
that will also be green...
= Photonics integration happening today...

» OIDA uncovered weaknesses - Innovation, funding, collaboration, design
tools for chips/packages, test/characterization...

» Standards: chips, packages, test, simulation, characterization all needed

Photonics integration is emerging...both InP are Si can win

99

End

(thanks for listening)

michael.lebby@onechipphotonics.com
m.lebby@glyndwr.ac.uk
michael@lebby.com

TIHL ONECHIF 100
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Backup

ﬂﬂb ONECHIP 101

Dd arouna ana ariver to e WO OP | o
““"-—_

= National Photonics Initiative (NPI) )1( . ,: ! i .
¢ Founding sponsors OSA and SPIE (with APS, IEEE, LIA) lm JN [:."‘
* Making photonics a priority for USA I

= Harnessing Light (National Academy report 1998) > NPI
« Identify and advance areas of photonics critical to maintaining competitiveness and

national security

= (1) Drive funding and investment in areas of photonics critical to maintaining USA
competitiveness and national security
« Advanced manufacturing, defense, energy, health and medicine, IT, and communications

= (2) Develop federal programs that encourage great collaboration between USA industry,
academia, and gvt labs
«  To better support the R&D of next-generation photonics technologies

= (3) Increase investment in education and job training programs
« To reduce the shortage of technically skilled workers in photonics positions

= (4) Expand federal investments for university and industry collaborative research
*  To develop new manufacturing methods that incorporate photonics

= (5) Collaborate with USA industry to review international trade practices
« impeding free trade and the current USA criteria restricting sale of certain photonic technologies overseas

Make USA more competitive in photonics 102
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= Key observations

10c per Gbps metric (distances up to 2km) maybe 1 solution fits all
Expectation that DC pricing fall in line with HPC (soon) ¢/

400G to 1.6T range for total data rates

HPC thinking about SM fiber in addition to MM fiber ¢/

Move data rates from 25G to 50G; wavelengths from 4 to ~16
Packaging trending towards optics being close to signal sources
PIC technologies aiming for next generation super computer

Power constraints problematic but not seen to be extreme

Creating eco-system that allows performance to go form teraflops to
exaflops

Create 400G/1T interfaces (100/200G parallel not attractive solution) ¢/

Extend OOK to alternative modulation techniques (non-coherent), and
increase use of DSP as complexity increases

<L Challenge in cost and performance >103

= Silicon photonics observations:

Focus on PIC interfacing with optics and chip
Focus on testing and evaluation ¢/

Exploring single materials platform for all device types (going for best
overall performance even if device is not best in class)

Looking at ubiquitous interfaces with electronics (more work required)
Aiming to achieve goals of 1pj/bit in optical links

» Today Tx ~50pj/bit @10Gbps & Rx 250fj/bit @10Gbps

Aiming to communication >1Tbps between photonic chips

CMOS industry: leverage, leverage, leverage ¢

300mm wafers, how to achieve economies of scale (volume) and
serious attention when photonic throughput is 1% of CMOS capacity

Excite CMOS industry to design and package optics ¢/
* Need package innovation — high performance optics on a par with ICs

Leverage CMOS industry; test/evaluation; package 104
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InP material system observations:

» Extend performance to 4Tbyte devices using more complex
modulation schemes (line side)

» Push performance beyond 500Gbps (5x114Gbps) Tx PIC architecture

 Find easier ways to package using ceramic CoC engines ¢/

* Maintain reliability levels in the <10Fit rates (down to 1Fit)

 Drive cost reduction 5-10x in $ per Gbps ¢/

« Explore ways to integrate driver/TIA functions in InP ¢/

» Create common platforms for testing and evaluation (similar to I1Cs)

 Drive client-side DC solutions to 50Gbps

e Create more cost effective CoC/OSAs for QSFP and smaller Tx/Rx
boxes ¢

» Challenge to improve packaging = look at 2.5D and 3D assembly with
advanced Flip-chip and BGA approaches

Cost reduction, package, higher performance, smaller

105

System (line-side)
» Extend use of QPSK even though QAM being deployed in field
* 16QAM is complex

» Increase card performance from 100G to 500G with PIC if it helps
reduce the overall equipment cost ¢/

* Promote CD ROADM (Colorless, Directionless, ROADM)
» 80-100 wavelengths/fiber and 50GHz spacing with 32G symbol rates

System (metro)
* PIC preferred for many designs ¢/ ¢

Fiber cable:

» Explore multicore fiber to increase capacity

» Explore fiber-chip coupling issues

e Explore ways to increase MM performance to 300m at 25G (1310nm
with SM/MM launch

Make the system more efficient

106
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Glossary

I]HLI ONECHIP 107

C (100G) Form-factor Pluggable

C (100G) Form-factor Pluggable 2 (half size)

C (100G) Form-factor Pluggable 4 (a quarter size)
Chip on Carrier

Electro-Absorption Modulator

European Conference on Optical Communication
Integrated Electronics

Laser Diode Driver

Long Reach (10km)

Long Reach 4 (contrary to PSM4, LR4 uses WDM muxing)
Modulator Driver

Multi Mode Fiber

Modulator

Medium Reach (500m)

Opto-Electronic Integrated Circuit

Optics Fiber Conference

Photonic Integrated Circuit

Parallel Single Mode 4

Quad Small Form-factor Pluggable

Receive Optical Sub-Assembly

Single Mode Fiber

Short Reach (100-300m)

Spot Size Converter

Transimpedance Amplifier

Transmit Optical Sub-Assembly

Combined TOSA and ROSA

Wavelength Dvision Multiplexing

I]HU OMNECHIP 108
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