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Abstract — Silicon Photonics will become a mature technology
at industrial level in one or two years. An overview including the
status of the art of this technology is reported, and the main
technological issues still to be focused on are discussed. Finally,
ST view of the manufacturability status and of volume
applicationsis provided aswell asour vision of a Silicon Photonic
roadmap.
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l. INTRODUCTION

A huge R&D effort in many laboratories of big comjes,
like HP,IBM, Intel..., research centers and start;uzs been
done worldwide on photonic integration on Silicdsi)(since
the early '90s. The basic reasons of their teclgickd
developments are related to the necessity to owercthe
physical limits of the interconnection [1] betweea
transmitting, Tx, and a receiving, Rx, device: whil
exponential reduction in feature sizes on electrashiips is
progressively scaling with the More law, enablirgtér and
cheaper devices, the interconnections between themot.
Moreover, the dimensional scaling of on-chip intencections
degrades their performance and
dissipation relative to that of transistors. Intengections also
add noise and jitter to signals and are today amsague for
gigascale integration [2].

maximum distance of the electrical interconnecbetween Tx
and Rx, the increase of power consumption of thig and the
increasing delay of distributed clock in intra-chip
communications. The targets of Si Photonics foacathn and
telecom applications are: the increase of the ateitrper
channel, the increase of total capacity of a lthk, reduction of
the dimensions of the optical circuits and, finallyvery high
level of integration to dramatically reduce the mae
fabrication cost. For intra-chip communications th&in
targets are different: to reduce the energy pearut to reduce
as much as possible the latency.

Surprisingly, in the recent years, the most relevale to
move the key steps of Si Photonics technology entékecom
field was played by small start-ups, like Luxteral &iOptical

increases their gener

- then Lightwire, now Cisco. Though a lot of dempa®rs
have been realized pushing far ahead the leadigg efithe
device performances in several applications, somikécad
issues are still missing today: in particular, Iqyower
consumption and reliable integrated light sources
transmission or computing applications. Other intgoar
missing steps to reach the market will be discussed

This article is organized in six Sections. Sectibmvill
introduce the main topics of Si Photonics technglagd will
briefly describe the state of the art of the tedbgy today.
Section Il describes the necessary steps towaddistrial
manufacturability of Si Photonics and highlightse timain
bottlenecks for the evolution of this technologyéod low
cost and mass production devices. Section IV inired
forecasted volume applications in Telecom and otharkets.
Finally, Section V provides our vision of a roadmap Si
Photonics, then the main conclusions are drawn.

Il.  SILICON PHOTONICS TECHNOLOGY OVERVIEW

A. Slicon Optical Modulator
Present solutions for the integrated optical madutafor

Si Photonics are based on plasma dispersion effettan be

categorized as either carrier injection, depletioor

f

accumulation modulators. Two main structures aredus

Mach-Zehnder Interferometer (MZI) and Ring ResonéRR).
Alternatively Franz-Keldish or Quantum Confinedr&t&ffect

in Ge or SiGe have been successfully demonstrated t
The main consequences are a strong limitation @n thmodulate light using an hybrid approach.

The carrier injection mechanism is the most effitian

terms of VL product but is limited in bandwidth because of

the characteristic carrier diffusion time throubk junction.

Carrier depletion technique (nearly 10 times weakan
injection) has been adopted in commercial activielesafor
interconnections up to few kilometers [3]. This sien of
plasma dispersion based modulator however candb€up to
40 Gbps or more) but suffers of both the proxinatiects of
the electrodes close to the active area and ofcthders’
absorption in the active junction. Typical insemtioss of 4- 6
dB for a moderate modulation extinction ratio o$dethan
10dB is the common result for a MZI type Si modotatup to
50Gbps [4].



The carrier accumulation type is the best perfognimthe
plasma dispersion category. Reference [5] demdastra
excellent results even in long haul applicationsSé$CAP
modulator based on a thin dielectric placed inrthédle of a
Si waveguide for charge accumulation. The advantdghis
geometry is that the electrical field overlaps temter of the

B. Ge-on-S Photodetectors

Ge is a CMOS compatible material used in Si Photoni
circuits for signal detection [8]. Ge operates @itim the 1310
nm band and in the 1550 nm band. The bulk Ge bdgd &
naturally red-shifted when the material is growredily on Si.
The small lattice mismatch can induce up to a 0.2#%n that

optical mode with a good result in terms of powerfyyoraply extends the absorption edge of Ge to 1B80Slight

consumption, as low as < 3mW/Gbps, and a low dyivin
voltage of 1V. Conversely this modulator requiresaaeguide
made of a polySi layer on top of a crystalline fatgeinclude a
thin oxide in the middle of these two layers. Thseition loss
of such modulator waveguide is of the order of 1@dBbut
the total length required by this MZI is only 4Qath.

Integrated RR modulated up to 60 Gbps was demaedtra
with good Extinction Ratio (ER) of 4.2 dB [4] enadg a 4x50
Gbps Wavelength Division Multiplexing (WDM) transteir.
Modulator total footprint is only 0.5 nfmand the dynamic ER
is equal to 5.3~6.1 dB. Other RR structures wersigted
mainly for High Performance Computing (HPC) sysem
where the key quality factors are relatively higlndwidth,
very low power, and scalable optical interconnégtsaintain
balanced communications in future exascale machifbe
first vertical junction microdisk modulator demaraded [6] it
was able to achieve an open eye diagram at 25Gispgy a
circularly contacted microdisk with ap® radius, and a
1.2Vpp drive, reaching an energy consumption off3/b&.

Hybrid solutions based on the direct bonding of poond
semiconductors on Si have been also

demonstrated. In this case 10dB of dynamic exbnctatio,
5dB insertion loss at 50Gbps have been obtainddaniiriving
voltage as low as 2V [7].
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successfull

compensation with device length can countervail Weak
absorption in the long wavelength range approach&@Pnm.
Ge grown on Si waveguide has shown responsivity tlea
quantum limit of 1.24 A/W @ 1.%#m and a good handling of
misfit dislocations during the growth process hhsvwa to
limit the dark current down to the range of few nA.

Reference [9], for instance, shows optical intenzaion
cables using photonic integrated transceivers @ithdetectors
operating up to 25Gbps while [10] reports opto-&tetc
integrated receivers including vertically illumiedt Ge
photodiodes up to 10Gbps. Both products are omtmiet.

Research showed many Ge on Si photodetector witkd go
performance and presently it is widely accepted thia type
of detector is mature for applications with a véow dark
current (at -1V: 25nA at RT; 100nA at 50°C) opeargtiat
40Gbps operation under zero bias at a wavelength5&m
[11] and even at bitrate above 100 Gbps per sicigéanel as
showed in Fig. 1.
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Fig.1. Lateral germanium PIN diode integrated BQ strip waveguide: Cut-
off frequency up to 50GHz and 40Gbps eye diagraft) (btained with zero-
bias at a wavelength of 1.6% and low dark current (25nA @-1V at RT).
Responsivity is 0.8A/W at 1.58. Measured bandwidth is over 100GHz with
zero bias.

C. Slicon photonic passives

Si photonic passive devices are based on SOI phatfand
the most common waveguide is a buried strip witGx200
nn? section [12]. Main challenge in manufacturing thes
waveguides is the edge roughness control that baust 2nm



to target< 2dB/cm propagation loss. Our ST multimode optical fiber would also be required for highly ieint

waveguides have 0.17dB/cm @3, while single-mode ones
have 1.6dB/cm @148n (1.2dB/cm @1.55m). The advantage
of a Si waveguide is the high index contrast tHaws a
control of bending losses down to curvature radli-a@2um.
Very tight curvatures are fundamental to desigteril with
large Free Spectral Ranges (FSR). In fact Si mimmgercan
easily be designed with FSR’s larger than 2 THztoup THz.
Si is also a good thermo-optical material with densitivity
of 2.4-10%/°C, about 20 times the silica coefficient. The
combination of large thermo-optical effect and &rg§SR
makes microrings ideal for miniaturized filterslIt&i tuning
can be implemented by trimming or heating the nings
with metal electrodes placed in the cladding on ¢adpthe
microring. Tuning efficiency of ~ 3-10mW/nm was oefed
[13].

Si microring fabrication tolerances are an impadrigaue.
Average waveguide width variation in the ring detieres a
variation of the resonant frequency in the ordet28GHz for
1 nm of geometrical tolerance at 1,5% wavelength. In other
words, fabrication tolerances should be at sub-meter level
to have an accurate matching of specifications.ctiee
conditions indicate that best fabrication errorstioa average
waveguide width is of the order of 1 nm and Si fayéckness
variation across the wafer is of the order of fenrsar This
means that an accurate control of the resonantérery of the
ring has to be active. The heater and a feedbacdkitonmg
circuit are required to set and stabilize the rasoe of the
microrings against fabrication errors and tempeeatihanges.
This mechanism is valid for few rings but,
applications with several rings as a complex WDMtahving
network, the energy cost and control may beconfecudlif to
handle.

Other types of filters can be implemented in SitBhics
[13], in all cases fabrication errors on the wavdgunave to be
compensated as for microrings. The energy consomjii an
issue that can be mitigated by introducing a capactuning
mechanism rather than heaters based on a contiruorent
flow. A waveguide similar to those in SISCAP modafacan
be a useful approach for trimming or tuning wittvlenergy.

D. Fiber to Chip coupling

The large dimensional mismatch between the SM fibes
and the cross section of a Si waveguide, impliesupling loss
of the order of 15 to 20 dB in the case of simplé&-boupling.
Improving the coupling efficiency is therefore ajamatask in
device engineering to facilitate the commercial@abf PICs.
End-fire coupling techniques using inverse tapek4,15],
grating directional couplers [16] and 3D tapers] [4Z mode
converter have been studied. Coupling efficiendyebé¢han —1
dB can normally be achieved using the inverse tapproach.
The best results are 0.25dB loss @furB5for polarization-
insensitive coupling, and 1dB bandwidth around 1H®® as
reported in [18].

However, these couplers need to be located atdbe ef
the chip, and cannot be used without a carefukpinig of the
edge facets or precise control of the cleaving gsscin
combination with an antireflecting coating. A smedire

coupling in butt-coupling approaches. Strongly rditive
waveguide grating couplers [19] were initially demtrated in
2002 as an alternative. These waveguide gratinglemihave
become of practical interest in recent years becadistheir
many advantages, which include simpler back-endgasing
without facet polishing, flexibility of placement the optical
input/output ports (anywhere on the chip or onwlader), and
compatibility with wafer-scale testing before digin

In a grating coupler, the fundamental mode from the
nanophotonic waveguide is first expanded laterdlly an
adiabatic taper into a waveguide of abougrhOwidth, which
matches the mode size of an optical fiber on trexig. The
light is then coupled out by the diffraction of Bba-etched
gratings with proper geometry on the propagatias amo the
optical fiber. The simplest grating coupler works & single
polarization, which is the practical situation wheterfacing a
laser to a grating, and the best available prochate a 1.2dB
coupling loss at the center wavelength of an opbeadwidth
of nearly 30nm measured at -1dB from the peak [20].

The randomly changing polarization of the opticiginal
received from a conventional optical fiber commatin link
can be coupled into the transverse electric modetwaf
orthogonally orientated SOI waveguides connectesvtosets
of identical photonic integrated circuits, or toethsame
photonic circuit but with the light propagating opposite
directions. Dual polarization grating couplers (déig. 2)
separate the two polarizations and couple them wo t
waveguides in such a way that they propagateseristime’

assUMINGTE way: so they can be used in two symmetrical lsing

polarization circuits and then recombined at thé& ek the
circuit. The best coupling loss demonstrated bytechnology
at ST is around 3.8 dB at 1.3 (3.2 dB at 1 4®)wavelength.

",

S ‘
Fig. 2. Dual polarization Grating Coupler (Luxtera)

For all the kinds of grating couplers mentioned\e)dhe
lithography and etching processes needed to fdbrittze
relative structures must be distinct from the cgpomnding
fully etched waveguides, because of the differech eepths
or special fabrication. Fully etched subwavelengtiating
couplers that can be fabricated in the same etgh a$ the
waveguides were first experimentally demonstrated2009
[21]. Apodized subwavelength grating couplers halge been
demonstrated [22].

E. Laser Sources

Si is an indirect bandgap material, and is not nadiu
capable of accomplishing efficient radiative recamakion.
Free electrons tend to reside in the X valley ef ¢bnduction
band, which is not aligned with free holes in tlademce band.



To overcome this basic
considered: to grow some other elements with ofgct®nic
capabilities to fabricate an integrated source @nos the
hybrid integration of such direct gap materialsSon

The realization efforts on the first category aasda on the
recent and widespread availability of
processes which has allowed the traditional phaedeetion
rule in indirect bandgap materials to be relaxett®aking the
crystal-symmetry or by phonon localization throughe
creation of nanostructures in crystalline Si. Heeefind three
main classes of integrated lasers: strained Gerl[a3¢ Rear
Earths doped Si nanocrystals [24], and new epitax@awths
of IlI-V material on Si [25]. However, achieving am-
temperature continuous-wave lasing based on tleebaitues,
temperature dominated processes remains a bigenpell
mainly because of low gain and/or high defect dgnsi

The most promising approach for the industrial deplent
is the heterogeneous integration of Ill-V semicandts on Si.
In order to densely integrate the 1lI-V semicondustwith the
Si waveguide circuits, mainly DVS-BCB adhesive, ahetnd
molecular wafer bonding techniques are used [6{@3hese
approaches, unstructured InP dies are bonded xigpitayers
down, on a SOI waveguide circuit wafer; at a furtsiep, the
InP growth substrate is removed and the IlI-V eqidtiafiim is
processed. Recent results have demonstrated [803lyw
tunable 11I-V/Si lasers, exhibiting 45 nm tuningnge and
hybrid tunable transmitters integrating a Si MZI dulator
exhibiting 9 nm wavelength tuneability, high ERjeen 6
and 10 dB, and excellent BER performance at 10 Gbps

An alternative approach [31] enabled tunable laders
telecom applications and uncooled, wavelength stabk8
WDM laser arrays for datacom applications,
simultaneously on the same wafer
approaching native InP devices.

Following the hybrid approach, the IlI-V epitaxiakterial
was embedded in the silicon on insulator (SOI) chigtal-
bonded directly onto the silicon substrate [324nalr with the
silicon device layer. Advantages of this approaatiude good
thermal conductivity through the silicon substreagpidance
of strains associated with lattice mismatch, amyh lfficiency
direct optical coupling to the adjacent silicon wguides.
Furthermore, having the IlI-V epitaxial materialrimetically
sealed under silicon dioxide, such a solution prisseew
opportunities in commercialization of Si Photonies the
necessity of high cost hermetic packages is remaoiith this
techniqgue an integrated tunable laser, operatingr dve C
band, and fabricated in a commercial CMOS foundgs w
demonstrated [32], even if the threshold currenR@C is
about 41 mA and L-I curve shows still some modepimgp .

I1l.  SILICON PHOTONICS MANUFACTURABILITY

All the technological issues described above haenhhe
focus of worldwide research effort and the bestiltesseem
very promising for several applications. Anywaye thdustrial
manufacturability in volume of Si Photonics reqaimot only
the CMOS compatibility, low loss structures, devisgeed
with low power and small size, good optical coupllretween
the chip and the external world, but also integra@@ptical

nanotechnplog

procgsse
with  performanc

limit two approaches can bdélectronic Design Automation (OEDA) with relatetbriries,

in-line photonic test systems and low cost autothatafer
testing, very precise statistical-process contrlmy-cost
packaging enabling mass production and easy icfagato
optical PCB and backplanes.

In-line photonic test systems do not yet exist, mmggthat
photonic parameters must often be inferred fromrotegy
and electronic test data. Today, transistor modéisn use
hundreds of parameters to create faithful and ptiediresults.
Photonic components are every bit as complex inyncases,
but the available models are comparatively prireitiv

Today’s photonic design tools have difficulty irabog up
to large-scale circuits, and electronic design mation tools
cannot cope with photonic parameters. Photonicuitirand
link simulators (VPI, ASPIC, PICWAVE, OPTSIM) tyaity
handle photonics-only or linear systems, or linkghvimited
complexity. Many EDA tools do support complex citcu
simulation, but are limited to electrical signaBme custom
adaptations allow the representation of opticalnalg
However, this approach scales poorly with many vength
channels or full-spectrum information.

Manufacturing of Si Photonics requires interfacingdels
of photonic building blocks to EDA tools and to gt@mmonly
used EDA design flow to allow the integration obgdnic and
electronic building blocks into one unique desigffectively
enabling full photonic plus electronic codesign aeden
cosimulation. Incorporating production tolerancesnd a
variability into relevant building blocks is one thie major step
forward needed to optimally design analog photairizuits.

If we look at the industrial maturity of Si Photosiin
terms of the nine Technology Readiness Levels (Tik)see
hat most of the laboratories have validated tb@inponents in
ouse (TRL3-4) and some have tested them in naleva
environment (TRL4-5). Only very few, typically sorsartups,
have full system models based on integrated ofEDed tools,
low cost wafer testing and packaging solution to be
successfully compliant with the requirements of astual
complete system qualified through small volume poidn
operating in field conditions (TRL 7-8). System¢v
integration has not yet received enough attentighinvthe
silicon photonic community. No one reaches the lagtl, up
to now, with successful volume production. PushiSg
Photonics to reach full maturity requires todayaftord two
main key issues: packaging and cheaper costs.

A. Packaging issues
The most relevant technical bottleneck preventing S

Photonics from the mass production is the packagiren,
which is still in his infancy. So a big effort isquired here to
pave the way towards fulfillment of market requients of
low cost products in volumes. In fact, most of twest (50-
80%) today is due to not optimized ‘traditional’ cgaging
solutions. Presently the optics community mustrigout how
to attach fibers without the need for active aligmi So far,
the only silicon photonic products to integrateightl source
have used package-level integration, which involverding
the light source to the back-end dielectric of a@®1process
[20]. Many new approaches are being exploredudiof full



front-end integration [33], front-end bonding [344nd

multichip system-in-package approaches [35], aljhonone
of these are yet in commercial production. So paickpand

die-attach costs will continue to represent a suttistl fraction
of the cost of any finished photonic device, atsteantil the

chip value or the global volumes, i.e. the totaleraues, are
increased in such a way to justify the investmémt®duce the
packaging costs.

In line with the history of system-on-a-chip andtsyn-in-
package development in the electronics world, désr that a
diversity of processes will continue to be valuatde silicon
photonics and that heterogeneous process integriatigoing
to remain the dominant paradigm for the immediataré.

The development of high-density interconnect tetdgies
by the electronics industry has substantially raiégl the
penalty due to the parasitic effects for multichipegration.
Furthermore, given the costs of modifying high-ébBMOS
processes, implied by node evolution in the mohiolit
approach, multichip solutions are likely
dramatically more economical in the near future dowide
variety of applications.

B. Low cost issues

An interesting study [36] explores the economichiliy
and technical advances necessary for silicon phegtoto
compete with traditional optoelectronic design andterial
platform alternatives in the long term. MIT papeverages a
case study of four functionally equivalent 1310400 Gigabit
Ethernet (GE) Local Area Network (LAN) transceivkrsigns
to reach a broader insights into the productiomenucs of
the competing architectures and material platfoaosss a
specific market application.

The analysis shows that many parameters can dfiect
projected costs of a new technology but the mapairthon the
cost is due to three factors: to annual productioiume
(APV), manufacturing location, and yield. Then tiese study
shows that the most competitive technical solui®rmighly

temporary and can dramatically change as soon as an
application with the proper volumes will emerge.

IV.  SILICON PHOTONIC APPLICATIONS

Considering volume applications for Si Photonicse¢h
main fields could be considered: a) Telecom b) Da¢ater
and c¢) High Performance Computing. Other potential
applications are discussed in [10].

A. Telecom

Mobile data subscriptions are expected to grownsfisoin
the next years and will drive the rise in dataficadlong with a
continuous increase in the average data volumes
subscription while voice communication is alreadcdme a
very small portion of the mobile traffic. Such ageudemand
for an extreme bandwidth expansion is needed dt eeubile
site/node. Moreover, the trend to add a large nurabsmall
cells as a complement to the macro layer, to iserethe

per

to becomenetwork capacity and performances, will lead toraegt the

amount of equipments to be deployed in the netwdtis
translates in two direct consequences for the harelw
platforms of Radio Base Station (RBS) productsrdased
capacity in the interconnections of Baseband ualsn called
Digital Units (DUs), to the Radio Units (RUs) amtieased
computational complexity in the (DU) to handle samssion
combined with a shrinking latency budget.

The properties of Si Photonics make it a very psimgi
technology for the implementation of devices in thex
generation optical communication systems that requitra
high speed > 28 Gbps, very low power consumptiah\ary
small device area with respect to the technologigsently
under development. Si Photonics adds and improves t
functionalities, flexibility and performances. Twareas of
Telecommunication applications, with potential voks above
the threshold previously discussed, can be enuisdge Si
Photonics in optical communications: 1) opticakirbetween
DUs and RUs (back-hauling) shown in Fig. 3; and@ical
intra-board and intra-rack interconnects.

dependent on the APV. At APV below 900.000 units, a

directly modulated laser array on an InP platforith likely be
the most competitive solution. At APVs above 900.G0e
‘Hybrid’ and, above 1.7 million, the ‘Si two chipslesigns
appear to be more competitive. The exact volumeshéth
each design is most cost competitive depends gignify on
the yields achieved.

Most of the published literature presents Si Phiotoas the
best technology to make products with the lowest.don the
basis of a sound analytical approach like [36] &e say that
this statement is correct, provided that APV okeain device
are above a certain threshold, estimated aroundniiiibn
units per year for a 100GE LAN transceiver, depegddn
specific yields of that product.

This type of conclusion, which is more general thha
specific case considered, establishes a direcbltween costs
and volumes, given a particular application. Thdumwes
offered today by real applications are well belohese
thresholds, so that today Silicon Photonics hasersév
competitors, but many companies believe this sdnais

1) In this case Si Photonics can fulfill the requiretseof
optical interconnects of future RBS and Router fptats
developing the following key devices covering lilgkgth up
to 2 Km:

- 4x10Gbps and 12x10Gbps optical transceivers for
DU to RU and high density intra-system intercongéctRBS

- 1x25Gbps and 4x25Gbps transceivers, parallel
optics or WDM, for intra-system interconnect as laetion of
the present 10 Gbps to scale up the capacity.

2) In this case Si Photonics can fulfill the reguients of
intra board/rack interconnects by providing minieted
optical embedded modules for short distances (<m}O@or
example: a 200Gbps/link transceiver assembled @t
Optical PCB, enabling close proximity with the h&St with
aggregate full duplex bandwidth of 50 Gbps X & 200
Gbps/link, an estimated power consumption around
600mW/link and estimated module size for a totglacity of
800 Ghit/s in about 500 mim
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Fig. 3: DU-RU optical interconnections

To cope with the huge bandwidth demands foresedimein
next years it is necessary not only to rely on M&okaw, with
the consequent increase in the clock rate towarGfs, but
also to stack the ASIC chips in an implementatiamed 3D
as depicted in Fig. 4. With 3D assembly, ASIC impdatation
and high signal rate optical interconnection are thost
practical inter-chip communication alternatives fpower
efficient hardware unit fabrication. A Si opticalterposer is
added at the ASICs base providing all the optigauits and
functions for the inter-chip communication.

Opto-electrical converter .
3D ASIC dies

Active optical interposer

Fig. 4: 3D ASIC implementation in RBS Baseband Bssing card

B. Data Center applications
Data Centers are today the platforms providing hthge

communication bandwidth and computational strength Direction 2

required by the new ICT intensive services, likeou@l

Computing. This requires an extensive data exchaegeeen
the nodes of the Data Centers: high bandwidth, letency,

low complexity and low power consumption are esaén
characteristics of the architectures and technetotp be used
in Data Centers. Today the use of low cost, lowvgro
consumption Si integrated, parallel optical inteefacapable of
transmitting up to 4x25 Gbps are demonstrated heg are
close to commercial availability. WDM can also bged to

reduce the interconnection complexity and bettgraaixfiber

capacity.

A further step to reduce the power consumptiont aos
complexity is the adoption of new interconnectiochitectures
which include optical switching fabrics as reporied37-38].

Suitable optical switches have to be scalable sparent to
high rate (28 Gbps and beyond), with a cost ofaation of
$/Gbps of capacity, and a power consumption of few
mW/Gbps. Si Photonics is an optimum candidate for
implementing such type of optical switches. One tbé
proposed device architectures is depicted in Fghdwing an
8x8 optical switch capable of supporting up to 48
wavelengths. If 100Gbps is the rate used for each
interconnection link, this modular switch will bepable of
switching a total capacity above 38 Thps.

The large amount of 100G optical interfaces thdk e
used in large structured Data Centers to creataldei mesh
networks interconnecting servers, switches and ersyt
associated with new concepts about ‘virtualizatiowiill
change the traffic pattern from primarily clientgar (or
north-to-south) flows to a combination of clienthss and
server-server (or east-to-west) streams.

This shift has an impact on application response tand
end-user experience, since today's Data Centers nate
designed for these dual-flows but only for the hdd-south
ones. In order to make Data Centers more dynantcagargy
efficient, IT managers are looking at architectui@smprove
application level flexibility.

Al
A2
A3

Direction 1

Direction 2

Direction 8

Diraction 8
Direction 7
Diraction 6
Direction 5

Direction 1
Diraction 3
Direction 4

Fig. 5: Optical switch architecture based on Rirgséhator elements at
t each cross

New solutions have been investigated, for instaree,
recent standard called Fiber Channel over EthéR@oE), or
the ‘unified fabric’ approach, or TRILL (Transpaten
Interconnection of Lots of Links) technology enaliee
convergence of multiple protocols onto a single sitsl
network [39-41]. The most probable chosen netwalkit is
Ethernet: 40Gbps and 100Gbps Ethernet standards.

Considering the quickly evolving new scenariosadtnes
quite straightforward to imagine the future adoptiof an
Optical Switching Layer in Data Centers, as alrehdgpened



in core and metro networks to provide more scaldtddter,

dynamic, highly available network infrastructurdhe new
Data Center architectures could provide similar aadages
following the same strategy. Here, however, théedéht scale
of dimensions will bring even more stringent reguaients in
term of miniaturization,
important aspect, cost. In this environment Si Bhict is the
enabling technology to produce the suitable hardvgdatform
using ring resonator based architectures like tteeshowed in
Fig 5 which can gain further volumes coming frormigar

applications also in Access Network.

C. High Performance Computing (HPC)

HPC is another area of interest for Si Photonics.
particular, with the appearance of Cloud ComputBC will
also strongly overlap with all kinds of ICT applices. Inside
HPC optical technologies are already massively .ubdgil’s
Roadrunner system contains active optical cabldéis avitotal
fiber length of 90 km, the cost of optics beingslédsan 2% of
the total cost. But it is expected that by 2016&t @b optics will
be 20% of the total supercomputer cost and by 2020
number could be as high as 40% (source IBM). Laeriay,
scalable, and high-throughput interconnection aszitial for
future HPC. As massively parallel computing arattitees and
large data storage systems on the scale of pesafiop being
deployed today, the critical performance bottlenea& shifted
from the computing systems to
infrastructure based on traditional technologies.

As far as exascale HPC [42] is concerned it isaaly
clear that it can only be achieved with CMOS logiabled
with Si photonic interconnects based on parallel&smd high
capacity of WDM techniques. So, a ring based amtrg43]
similar to the switching architecture showed in Bidnas the
potential to provide suitable answers to some keyirements
put by HPC: no loss of data, minimum end-to-encyglehuge
bandwidth and fast switching speed, network schtiahiith
simple topology.

V. SILICON PHOTONICSROAD MAP

Based on the status of the today Si Photonics téaowy,
described in sections Il and 1ll, on the new claghotonic
devices already demonstrated in the R&D labs, amdhe
main volume applications introduced in Section W& could
envision [44] a Si Photonics technology road map
synthesized in Fig. 6.

The reference generation is based on the assessftst
today technology built on a 200mm SOI wafers withl@S
130nm. The reference key characteristics are suineshin a
total aggregate bandwidth of 40 Gbps on 4 linkshwenergy
per bit below 20 pJ/bit. The Si photonic chip ntegrated in a
QSFP module form factor with a total cost clos&$tGbps.

wide bandwidth at low power and low latency. We eapect
the second generation to be mature for industpglieation in
2015. Cost will be around 1$/Gbps.

The next technology breakthrough will be offeredtbyg
micro ring modulators able to dramatically scalevddoth the

power consumption and, mosmodulator size and consumed energy, so enablingp@cim

coarse WDM. This third generation may be expectedbe
mature for massive production in 2018 and, assextiatith
improved electronics (CMOS 28 nm), could reach powe
consumption below 2pJ/bit. At this stage the lotertay will
offer relevant advantages for chip to chip appiie. Here a
key role could be played by Si photonic interposensable to
scale down the multi layers electrical board sigeatfactor of
I'5. The cost will drop around 0.2 $/Gbps.

Based on the recent R&D demos, a possible fourth
generation could be ready around 2021. The nexkbreough
will appear thanks to the introduction of multi-vedength
hybrid integrated lasers on Si, for example: miéng-lasers.
They will enable the usage of compact, low powesnse
WDM, very likely associated with 3-D Si technologigt2].
This generation could enable the intra-chip interneztions
with the characteristics shown in Fig. 6. When thishappen,
the traditional semiconductors IC volumes will figaoccur,
and the intra-chip communications, today based apper,
could be even achieved by the maltintegrated micro/nano-
photonics [45].

the communication

Opto ASIC/ASSP
2 Tllink

<> Tech. Breakthrough

6 mm?/link
300 fJ/bit

.2 DWDM + iR lasers
Si_Photonics Interposers & Opto
240 Gflink
6 mmlink
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0.2 $/G
CWDM & Low Cost Lasers

O
Opto Modules & Opto Backplanes
30Gllink
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Active Optical Cable

10G/link
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Fig. 6: Silicon Photonics road map
VI.  CONCLUSIONS

From all the above examples it emerges clearlyhtige
potential market impact of Silicon Photonics tedbgg to

Porting this technology on 300mm SOI wafers, withface the dramatic improvement in terms of perforceanand

CMOS 65nm, we can expect to increase the bit ratdink by
a factor of about 3x. Thus, extending the aggregatelwidth
and reducing the energy consumption, the cost ipé& bcaled
down. The driving applications of this generatioancbe
envisaged in HPC and modern Data Centers where
intensive computing and huge routing are stronglyuiring

cost that Telecommunications, Data Centers and MHRIC
need. The convergence of these fields will helpvercome
the volume thresholds required for Silicon Photsnio
become the cheaper solution. Furthermore, the muaktorts
tieward the industrialization make us confident tlabse
achievements are not so far in time.
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