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Silicon Integrated Nanophotonics:

Road from Scientific Explorations to Practical Applications
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Si1 Photonics

HEBT, HEMT or
MODFET :
BICMOS
IC
optical
wavaguide

- modulaior
.,r"'m{,"“'”,,,a phoigdiode
Fig. 3. Silicon-based CEIC “superchip.” similar 1o the one pro-

pased by Absireiter [2].
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Deep scaling of optics

CMOS compatible
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Si Photonics scaling in 2 decades: 1985 - 2005 iE
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Planar SOI photonic crystals inv
holes 300nm
pitch 450n
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Very slow group velocities _
Mode is strongly confined to the center of wg S.McNab et al, O, April 2003
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Nanophotonics Toolbox (circa 2002)
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Design of PhC based M/ZI

modulator
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fiber-to-strip coupler
eaccess strip waveguide
ostrip-to-PhC couplers
ssplitter/combiner
esharp bend

ephase shifter
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Single-mode SOI photonic wires

SOl photonic wire

‘450.nm 2% <
| Oxide cladding
Propagation loss 1.7%+0.1 dB/cm
Coupling loss <0.5 dB/port
Alignment tolerance at 3dB +1um
Coupling bandwidth 300nm

McNab, Moll, Vlasov, Opt. Exp. 11 (2003)
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IES
Demonstration of a complete circuit employing photonic crystal
waveguides with record low losses 8 = 2 dB/cm

Si membrane:
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Design of PhC based M/ZI

© 2012 IBM Corporation
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fiber-to-strip coupler
eaccess strip waveguide
ostrip-to-PhC couplers
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Breaking out of the sphere
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Demonstration of the passive Mach-Zehnder interferometer employing
photonic crystal waveguides with losses below 3dB.

Up to 300 & phase shifts

-20 e —

1200 1300 1400 160l

PhC Mach-Zehnder Interferometer

1580 1590 1600

— : — 2 Y.Vlasov et al, Nature, March 2005
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Losses in sharp bends

(measured with 20 bends)

R Losses per 90° bend

1um 0.086=+0.005dB
2um 0.013+0.005dB
sum 0.005%0.005dB

Vlasov, McNab, Opt. Exp. 12 (2004)
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Footprint is as small as 0.03mm?
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Silicon Integrated Nanophotonics (circa 2004)
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Ring resonator delay line

—— -

© 2012 IBM Corporation

3 Gbps 1.7 bit delay
12 Gbps 6 bit delay
20 Gbps 10 bit delay

L 0Ss is proportional to delay

Footprint €-> Loss gy | TMeS)
20 Gbps NR
<-> BW <- Delay o

Time (ps)

o= = F.Xla et al Nature Photonics 2007




Electrooptic Device Design Space

Holes Electrons

200 nm

Switching by free-carrier injection

Small footprint
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HEE

IBM Silicon Nanophotonics — Scientific Impact (2003-2010)

nature
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2005
Slow Light

namre
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2006
Si Modulator

2007
Optical Buffer

Journal papers:

Conferences:

Citation index:

Patents:

2008
Si Switch

2010
Ge Recelver

2009
APD Detector

2010
Amplifier

>60 (including 5 Nature, 6 Invited)
>250 (including >100 Invited/Plenary)
>4000

>30

Fundamental scientific work laid down solid foundation for technology development
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Midway upon the journey of our life
| found myself within a forest dark,
For the straight-forward pathway had been lost.

Longfellow translation
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Fundamental
Research

New materials,
processes, & devices

Si Nanowires

Low Dimensional
Carbon Electronics

Phase Change Memory
(PCM)

Silicon Nanophotonics

IBM Yorktown

| ©2012 IBM Corporation SIS E . fL.

FFFFEr FrFr rr s

2

-*--il(’_._ _ZT'. i. i", -
Technolog
Development

High Perf SOl eDRAM
Technology Alliance

Foundry Bulk
Technology Alliance

Packaging Alliances

IBM East Fishkill
IBM Burlington
IBM Bromont

Albany Nanotech
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Optical Interconnects in IBM Supercomputers inv
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IBM HPC systems ESIE

MareNostrum IBM P775 system
2006 2011

10,240 PowerPC970 processors, 256 P7 processors
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Top 500 most powerful supercomputers

www.top500.or
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Watson — questions answering supercomputer iEmN

NIIE Medical diagnostics

Market predictions
Weather forecast

Grendel
Hero
Unferth



From 5K to 1M fiber links in the system
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MareNostrum P775 system
~5K fiber cables ~500K fiber cables
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: - : =
Cost and Power per bit (unidirectional) £
Year Peak number of optical | Optics Povyer Optics Cost
Performance channels Consumption
48,000 50mW/Gb/s
2008 1PF (@ 5Gb/s) (50pJ/bit) $10,000 per Th/s
2012 10PF 2310 25mW/Gb/s | $1,100 per Tb/s
(@ 10Gb/s) AP
2016 100PF 4x107 SmW/Gb/s | $170 per This
(@ 14-25 Gb/s) P
1000PF 8x108
2020 (1EF) (@ 25 Gbls ) 1mW/Gb/s $25 per Th/s

*Future directions for optical cables:
—Lower cost (reducing >60%/year)

—Much more BW (increasing >210%/year)

—Much lower power (improving >45%/year)

© 2012 IBM f:o__rsqration

Acknowledgment: A. Benner, J.Kash

*New technologies needed
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Off-Chip Nanophotonics Interconnects (2006)

Switches
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IBM manufacturing process integration iEmN

Front-end photonics integration

Shallow Trench Well implants/ Source/Drain

Isolation Activation Gate formation Activation Silicidation Cu back-end wiring

T pm
MODULATOR DETECTOR FIBER COUPLER
Most of the mask levels and processing modules are shared W.Green, et al, SEMICON Japan 2010;
S.Assefa et al OFC 2011
Minimal additional photonics modules added IBM press-release Dec.2010

—— Over 40 base patents
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CMOS front-end monolithic Nanophotonics integration inv

Optical waveguide

Oxide cladding 200nm

i--'-l-lul-.hl-l-l.ﬁ ot el

~> Nanophotonics sharing Si layer with FET body

Al...\6

Deeply scaled Nanophotonics
Most dense integration with CMOS _
Ultra-low power optical interconnects S "'-’jf'_j'";_j'f'_j"*’f 24
Same mask set, standard processing T

Same design environment (e.g. Cadence)

Same EDA tools and design flow

In- Ilne system-level testing
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SNIPER hardware includes complete optical link InR:
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Ge Detector (25Ghps, 40Gbps option in testing)
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Co-design of Photonics and CMOS BN

Library of photonic components
Photonics-enabled design rules
Photonics-enabled DRC, LVS, modeling
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Silicon CMOS- Inteirated Nanophotonlcs (SCI chnolQgy )

CMOS FEOL integrated (G | lon) m !
- Small litho variations - active tuning not required —— . L
;_"‘.“"0.5 mm? per XCVR channel
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Road mapping iEM
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Map of the road iIE

Circa 2015 Circa 2020

“Technologies for Exascale systems”, P. Coteus, J.Knickerbocker, C. Lam, and Y. Vlasov
IBM Journ. R&D, 55, No.5, 2011
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Concept of a single-chip 1Tbps transceiver

WDM DFB Arrays

Single Si Nanophotonics chip

' 25G [ ) |
. TINLA"_{__GB Fe)

Y times fiber ribbon

Y.Vlasov “Si Nanophotonics for Computercom beyond 100G” |IEEE Comm. Mag. , March 2012,

© 2012 IBM f:c_)_ﬁ;c_)ration
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WDI\/I multlplexers

10ch Echelle gratlng
Folkert Horst (IBM Zurich) Invited talk OFC 2011

© 2012 IBM Corporation

Transmission [dB]
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Modulator

Need 5pC for Pl phase shift in Si waveguide

Capacitance per unit length is the key = PN-junction engineering

[fn]]

)

n+

S

PN diode in reverse bias

A. Liu et al., Optics Express 15, 660 (2007).

D. Marris-Morini et al., Optics Express 16, 334 (2008).

S. J. Spector et al., Optics Express 16, 11027 (2008).

J. W. Park et al., Optics Express 17, 15520 (2009).

P. Dong et al., Optics Express 17, 22484 (2009)

T.-Y. Liow et al., JSTQuantum Electron. 16, 307 (2010).
J. Fujikata et al., OFC 2010

D. M. Gill et al., JST. Quantum Electron. 16, 45 (2010).

M. R. Watts et al., JST Quantum Electron. 16, 159 (2010).

J. Rosenberg et al, PDP CLEO 2011, May 2011

© 2012 IBM f:c_)_ﬁ;c_)ration
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Intel 4\V-cm
CNRS/CEA-LETI 5V-cm
Lincoln Labs/MIT 4\V-cm

IME A*STAR PN 2.5V.cm

Bell Labs/BAE Systems 2V-cm

ETRI, South Korea 1.8 V-cm
Kotura/Oracle 1.5V.cm
Sandia Labs 1V-.-cm

IME A*STAR MOSCAP 0.5-0.67 V-cm

IBM* 0.6 V-cm




Silicon ring modulator

s ®s 5.%2.%s.%s %"

Die photo

Insertion loss 1dB

Extinction ratio 3-4dB

130fF; 10 @

CMOS compatible voltages
Consumes 84fJ/bit at 25Gb/s

© 2012 IBM Corporation ; .




Ge waveguide photodetector ism
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Ge detector integrated with CMOS Circuitry

20um long
40GHz bandwidth with CMOS bias voltages

0.5A/W responsivity at 1.3um and 1.5um

S.Assefa et al, Nature, March 2010
S.Assefa et al, OE, April 2010
— /4 'yy i - S.Assefaeal,JSTQE, September 2010 -
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IBM Bulk 90-nm CMOS Receliver Analog IC

Chip Footprint (125 X 600 pm?)

i | Differential W
i : -£L

Transimpedance Amplifier Cherry-Hooper LA

VD-D-_I:DRE

DD_CORE

V
R, R, R,

RS
Vo™
Vot
M, Mi"—o
M, :”—l
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Progress 2010-2011 45 4V8

Oct. 2010 Oct 2011
10Gb/s x4
15 Gb/s
15Gbps
4.7p] /bit
20 Gb/s Som
Assefa et al OFC 2011
6.9 pJ/bit
25 Gb/s 7.1dBm
Assefa et al OFC 2011 PDP
28 Gb/S Assefa et al CLEO 2011 4.84 p] /bit
-10.2dBm
f : 28Gbps
300 mVpp differential output B LTSRN 6 /bt
- m
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Recelver
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Ge WG detector integrated with CMOS Circuitry
25Gbps stable operation
Sensitivity -8.3dBm at 25Gbps

H.Pan et al, CLEO May 2012 PDP session
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25Gbps performance
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Performance beyond 25G

4
LL
)
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BEY -10'-|8 | -Ie T4 2
Average optical power (dBm)

Sensitivity -5.0 dBm at 32Gbps
Power efficiency 1.5pJ/bit at 32Gbps

© 2012 IBM Corporation

H.Pan et al, CLEO, May 2012 PDP session




Performance at 40G

. W00 Waveloims  #Acqs 400 of 400 e

& | Bun/Siop | Acg Mode -:'.y.-.;u,s | Tig| Irtemal Clock :-II-IF Hz ] _I_"_t_‘_if_l

[Frase =][amoinsde =] an|nns| o] nn | o] ane| 58] nn | 5| o] | | 0t FﬁEﬁLE.
Voo . . * - PhaseRel(C5_L6)
AT ST R F'au

Test Pattern = PRBS7Y
Wavelength = 1310nm
Recewver Power = 158 4mW

CTim €3 IIAR
] 29.977 Hns

3
12-11-10 9 8 7 6 5 4 -3 -2 -1 0
Average optical power (dBm)

Error-free (BER < 1e-12) up to 40Gbps

H.Pan et al, CLEO, May 2012 PDP session
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