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Applications for Silicon Photonics .

Communications = 2N
Satellite networks .
Avionics
Secure terrestrial networks
Commercial networks

P. K. Lam and T. C. Ralph, “Quantum Cyptography:
Continuous improvement’, Nature Photonics 7, 350-352 (2013)

Computing (interconnect)
High performance computing

Q. Li et. al., ‘Scaling star-coupler based optical networks for

D ata Ce n te r'S avionics applications, Optical Communications Networks, Vol
5pp 945-956 (2013)
BE
L (R

Electronic Warfare
High frequency agile processing

Kirill Zinoviev et. al.,, “Silicon Photonic Biosensors for Lab-on-a-Chip
Applications,” Advances in Optical Technologies, vol. 2008, Article ID

Sensing
Sensing networks
Bio/chemical sensors \jg-lt;

M. E. Manka "Microwave photonics fo

electronic warfare applications", Proc.
IEEE MWP\'08 Conf., pp.175 -178 2008
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What is Silicon Photonics? )

Active and Passive Photonics on/in Silicon Oxide Encapsulation

Passive:

= Waveguides, spectral filters, splitters, polarizers,
polarization rotators, gratings, isolators*

Active

= Modulators(EO), switches, detectors (OE, Ge),
lasers™

= Thermal Shift of index
= Electro-refraction

= Electro-absorption (SiGe) 3?;95tt24_ '
— . Si-Microdisky
Most applications require intimate %

4um

integration with CMOS Electronics
= Heterogeneous integration

= Flip-chip bonding, Wafer bonding, etc.
= Monolithic integration
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Microsystems and Engineering Sciences Applications (MESA):

. . .y Sandia
400,000 Sg-ft Complex with >650 Employees in Secure Facility i) Natonal
- — . _l :.
silicon Compqnd
* Trusted Digital, Analog, Semiconductor

Fabrication
Mixed Signal & RF abricatio

Integrated Circuits Design
& Fabrication

* Custom |C:Design

- Secure microcontrollers

- Sensor Readout ICs

- Analog/Digital/RF

- IBM Trusted Foundry

- Tamper Resistant

Micromachining §

RAD Effects and Assurance  * ik PR - ‘ 2 Co‘mpc‘)und Semiconductor

* Failure Analysis, Reliability : il pa— Epitaxial Growth (UV-THz)

Physics == =T e Photonics: Si & IlI-V

Fabrication

e Test & Validatioh R _ I o MEMS, VCSELs, Plasmonics

* 3-D Integration Features ' | | = il < Specialized Sensors, FPAs
= e B . . B = Materials Science, Graphene
: I | . N - Nanotechnology, Chem/Bio
> &._-_._ — -

Heterogeneous-Technology

* Advanced Computation — Materials Integration & Processing

" * Modeling & Simulation 1 Research
* COTS Qualification

* Advanced Packaging

* Custom Electronic Components

» System Design & Test

ITI-V Semiconductor Devices
Rad-Hard mElectronics
Rad-hard Optical Links
Solid-State RF Devices
- GaN Power Electronics

MESA is an FFRDC-based development and production facility for any microsystem component

or technology that cannot or should not be obtained commercially.



Microsystems and Engineering Sciences Applications
(MESA) Fabrication Facilities

Silicon Fabrication Facility

* Total clean room area 33,000 ft2 (12,500 ft2 Class 1)
* 22 Separate laminar flow clean room bays
* 5V Bulk & 3.3V SOI Rad Hard CMOS in production

* In-house microelectronics technology & facility to
deliver specialized IC products

* Primary supplier of custom Rad-Hard ICs for weapon
life extension programs and Satellite Systems

* Supports silicon bulk and silicon surface
micromachining

* DOD Defense Microelectronics Activity (DMEA)
accredited Microelectronics Trusted Supplier
(design and foundry services)

Sandia
fl‘! National

Laboratories

Microfabrication Facility

3"LTCC

" Al nitride

3" Quartz :
A 3" Alumina

2"GaN  1/40f 2" InP

6" Silicon 4 Silicon 3" GaAs
* Clean room area 89,000 ft2 (16,640 ft? Class 10/100)
* Reconfigurable tools from wafer pieces to 6” wafers

* 6” silicon post-processing facility to support hybrid
substrates and 3D integration (8” compatible)

* Compound Semiconductor Epitaxial Growth

* Compound Semiconductor Discretes, IC’s and
MEMs

* Silicon MEMS / photonics / optoelectronics /
VCSELs

* Mixed-Technology Integration and Processing
* 3D Integration; Packaging

* Materials Characterization

* Failure Analysis



11I-V Photonics

Master Laser EAM Slave Laser

InGaAsP PICs

On-Chip Injection Locking
Enhanced Modulation > 50 GHz, C-Band

15K (s

VCSE

500 um

L+ PD

Single-Frequency Tunable VCSELs,
For atomic spectroscopy and sensors

nBn FPAs in the SWIR, MWIR and LWIR,
leveraging novel IlI-P and IlI-Sb materials

Strained-layer
superlatices

Sandia
m National
Laboratories

@ €
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RF-Optical Channelizing Filter
1-20 GHz RF on C-Band Light

All-Optical Logic at >40 Gb/s, C-Band

Foundational Capabilities

* 1lI-V compound semiconductor epitaxy,
microfabrication, integration

*  Device physics, modeling, simulation
*  Microelectronics/optoelectronics, and complex
mono/hetero-circuits

Prove, Advance Technology Readiness Level,
Productize

=  TRL1-6+: create, develop, prototype

= NNSA QMS/QC-1-10; trusted
Trusted, low-volume, high-reliability products
for harsh environments




Trusted Advanced Pathfinder Products: Heterogeneous Integration

Sandia
'I'l National

Laboratories

Optical Data Communications Heterogeneous IlII-V/CMOS Microelectronics

underfill

integration substrate (CMOS, AIN, etc.)

* GaAs- and InP-based devices: VCSELs, modulators, photodiodes * complementary integration of GaAs and InP microelectronics
* dense integration onto 32-nm and 45-nm CMOS * 1ll-V microelectronics circuitry on CMOS ASICs
IR Imagers for Remote Sensing Optical and MEMS-based Microsensors
a

* nBn InAs/GaSb MWIR/LWIR detector arrays for large-format FPAs * chemical and bio sensors using MEMS and SAW devices
* 10um indium bump bonding, underfill, thinning, AR coating * g-hard optical microsensors with in-house photonics
* hybridization to silicon ROICs with >99.99% interconnect yield * hybrid device integration with custom micro-optics




Trusted Advanced Pathfinder Products: Heterogeneous Integration
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'I'l National
Laboratories

Microsystem-Enabled Photovoltaics High Performance Computing

Photonic Layer —

!
Fiber
Interface

Package/Printed Circuit Board.

» wafer-level bonding for multi-junction solar cells
* |nGaAsP/InP and InGaP/GaAs devices on silicon

* dielectric interfaces with IlI-V substrate removal * silicon photonics on high-speed silicon ASIC
* integration with collection optics * independent optimization of electronics & photonics
Extreme Environment Applications High Performance Photonics

T=145K

* custom photonics, optics, electronics for cryogenic interconnects * high-power emitters on AIN and diamond
» advanced optoelectronics and integration for radiation hardness * RF packaging for high-speed test and measurement




Silicon Photonics
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Laboratories

balanced homodyne
resonant wavelength
stabilization > 55C

Si Photonics MPW
(CIAN NSF ERC)

24 GHz Si TW MZM

24 GHz 0.7V-cm Travelling
Wave MZI Modulator

45 GHz Ge Detector
3.2fJ/bit at 12Gb/s :

3 fl/bit resonator S, s | 4oBiiaatnieb
modulator, 1V-cm o%% s
MZM Tungsten \ N *
wavelength tunable REIEE A SERNCEN
rings over 35 nm s Mier N

; 4um *— Si-Heaters—»

Si-Bus 9>

2.4 ns Wavelength  Resonant Optical B R AR A Y
selective switch Modulator/Filter .
MicroDisk resonator 45 GHz High-speed Ge Detector
) Tunable Resonant on Silicon
infrared detector Filter
SisN, low-loss MEMS process
waveguides for additional LiNbO, & AIN Sus:%i';i?:oi’slsw
SiON / SiO2 capability
(Clarendon Photonics)

Photonic-phononic
waveguide/crystals

Si PhC & Optical MEMS




Sandia Si Photonics Integrated Circuits (@&

Suspended Top Cladding
p-resonator ‘ i

Metal Pad Opening -
al [ Metal | [ Metal
A

Ultra low crosstalkkAWG

Nitride Optical _
Interconnect and Vertical Junction Ridge Cut

45GHz High-speed Ge Detector on Si
A ‘ A | A

Silicon Handle Wafer

""" g, |
jesdesese ’ 2

Si Photonics Multi-user project chip for

Silicon-based Integrated Devices

= Active Components: Linear and digital Mach-Zehnder modulators, ring and disk ultra-low energy modulators
with/without integral micro-heaters for resonant wavelength stabilization, high-freq. and high power integrated
germanium detectors, integration with rad-hard CMOS, 2 x 2 wavelength selective switches and broad-band
switches, and tunable filters

= Passive Components: wavelength division multiplexers using resonant filters and arrayed grating routers, surface
normal and in-plane polarization beam splitters, polarization rotators, polarization mode filters, directional
couplers and splitters, integral SiN second photonics routing layer, Sagnac interferometers, AWG RF channelizers

= Demonstrated Circuits: transmitters, receivers, on-chip links, resonant wavelength stabilization circuits for both
modulators and filters, optical active beam steering, optical logic (matrix multiply), low noise oscillators, optical
network add-drop node (CIAN), optical channel monitor (spectrum analyzer) (CIAN)

-



Sandia Silicon Photonics MPW ) e,

.
e Sandia’s Role
4. TECHNOLOGY OVERVIEW
.
Sandia National Laboratories (SNL) has developed a Microsystems and Engineering Sciences
* Not to compete with Indust
WI n u r Applications (MESA) facility located in a limited classified area. Trusted custom fabrication of silicon and

radiation-hardened process technologies for digital, analog and mixed signal ICs is currently available
through MESA, which delivers production micro-electronics components to suppert spedal DOE and
DOD programs. The MESA Complex is designed to integrate the numerous scientific disdplines

* Focus on what you cannot get elsewhere T e e e
encompasses approximately 400,000 square feet and includes cleanmom facilities, laboratories and
.
* Collaborative research best
o ag T d oy 7 AL N L o siticon nitride, a ful

omfﬂ?r‘e recently, a silicon photonics process (SPP1) has been engineered and matured in the MESA

aciity 3 crace cartinn of which can be seen in

* Custom work possible within MPW ,
| ] e ide act -
framework or separate program Toiry ‘ D e s S
. T e
TSI == it : : ]
» 2-3 offerings per year i el Bt et e oo moren o e
WWWWW ! L el photonic integrated of the possible implant configurations

i 2 SPP1 has enabled
i
* Process features E )

 Silicon passives (silicon rib, ridge guides,
silicon nitride guides)

* Silicon actives (modulators, switches,
efficient tuning devices)

* Germanium detectors NN B |

* Design tools and features y > -}
 Design guide ML |

* Library (gds/scripted) N eageeeen b A e

¢ Working with vendor on design ' um optical moduistor - -~ S i g It S
environment

2

tonics process is an
nic integrated circuil
nsulator (SOI) wafer
4 thin SPP1 are two

- ers one in crystalline

S8 DETAILS

cess flow of are described in Table 5-1. The base process can be broken

of the partal ridge efch. Fuly etched waveguides, ring and
1|, are all defined in this step. The design rules for this layer

to.an 80 nm point should be less than 200

i

prbbbibiiy
o v

C. T. DeRose et. al., OIC 2014




SNL Si Photonics Design Manual

6.2.1

This is layer is etched after the
disk resonators, directional couplé
include the followmg

A,
B.
c.

D.

E.

F.

Top Cladding Metal

Nitride Optical

Si Cut (GDS |
S1Cut(GDS 1ay ) ierconnect and off-

Minimum line width of 1
Minimum space (line to

Minimum taper point 80 nm. (Note tapers coming to an 80 nm point should be less than 2(

um long.

Minimum overlap with Ridge layer of 500 nm on all sides (Note: ei
Ridge Overlaps Si). This rule may be difficult to implement in somr
waveguide transitions for this we recommend use of a library device
Recommended waveguide width of 400 nm with a minimum bend rac
Recommended waveguide width to couple to ring/disk resonators of .

The design rules for the Si cut layer are illustrated in Figure 6-1, and SEM imag
rule violation are shown in Figure 6-2.

B Sj Cut (gds layer 1)

Si Ridge (gds layer 2)

H T I

Figure 6-1 lllustration of Si cut layer design rules

Vertical Junction

Silicon Handle Wafer

Sandia
National _
Laboratories

i

Pad Opening -* S layer 15)

1 for making ohmic electrical contacts to P+ and N+ doped Si. The
)0 nm. The contact width is specified in order to guarantee proper filling
Jsten contact. For trench type contacts a rectangular shape should be
a length greater than 500 nm. For point type contacts, circular contacts
ir this layer are specified below.

m
) nm
| on all edges by a minimum of 150 nm of Ge cut, Recommended 400

on all edges by a minimum of 150 nm of Metal 1

on all edges by a minimum of 100 nm of P+ or N+ Ge
JO nm

om Ge cutis 1 um

Ridge Cut

B Si N+ (gds layer 5)

9.1 Silicon Waveguide

The silicon waveguide is the most basic element used in optoelectronic device layouts in the SPP1
plalfolm Since the thickness of the SOI is determined by the starting wafer selection, the silicon
has one its width.

Although, the width of the waveguide is the only critical p
losses, effective index, group index, dispersion and bend radius of the waveguide. The waveguide
propagation losses in the silicon waveguide are dominated by scattering from roughness at the
waveguide sidewalls. Currently for our process, the rms value of the sidewall roughness is 1.2 nm with a
correlation length of 100 nm and an exponential autocorrelation function. Losses for a single mode 400
nm wide waveguide are between 4 and 5 dB/cm for the TE izati ing the ide width
results in a reduction in propagation losses but as the guide becomes multimode, coupling between the

9
I >
A

modes is induced by the line edge roughness. The losses for guides of various widths can be seen in I b r
9-1. Typically bend radii of greater than 6 micron can be used for a 400 nm wide waveguide for the TE
polarization | J 1
. - . .
. . . . - .
p W
2t . - . - E
§ I 1
o
T -3
8 - -
]
5
-4 - 5 F § - E
==0.4 um .
_D;“\ 4um optical modulator
Sl—10 um
—20 um
~—30um . N N
1%00 1520 1540 1560 1580 1600

Wavelength (dB/cm)

9-1 Propagation loss for the TE polarization for si waveguides of various widths. Muitimode
phenomena is observed in the wider waveguides.




CIAN Silicon Photonics Multi- ) i
Project Wafer (MPW)

CIAN (center for integrated access networks)
Si Photonics MPW Highlights

=  Five university participants

: - = 1/7t wafer from internally funded
UC San uc Univ. e program (XGC LDRD grand challenge)
Cornell erkeley

R S e e = Sandia has delivered 100+ chips
= 6 conf. & journal papers so far

bus waveguide

19pI0 Y32

L~ JdonyBup |
1.3 mm

readout via Pon ’ .
grating coupler [to lasers & detectors in SFP+] Electrical pads

Optical Spectrum Analyzer Network Node on a Chip

3 mm x 0.3 mm

R. Aguinaldo et. al. OIC 2014 R. Aguinaldo et. el. IPC 2014




Si Photonics for On-chip DWDM )

=000

el e2 e3 e4
o RX e o
: 000
_g—s “‘Q
0]

“Wsa 1545 155 (* i (* £Z

Wavelength(um) 41 d2 d3 da




Si Photonics for Modulators ) e,

Signal Line

Input Port 1 Output Port 1

Input Port 2‘ %% = Output Port 2

o
£
-
5=
=
=
2
O

Modulator Resonances 1
0 T : r
Logic“1”
.2 - -——
0.8¢ 1
4t
— .6-
g 0.6 :
§ 8
~ 0l 0.4f :
-12 L
-14Logic “0” () @OV 0.2+ -
| ———— ' ‘ |—o(t) @3.5V
-1-%0 -10 0 10 20 30 40 50 \/
rroquency (61 70 180 190 200 210 220

Photograph from: M. R. Watts, D. C. Trotter, R. W. Young,
and A. L. Lentine, Group IV photonics 4-6 (2008)




Resonant Silicon Micro-P

Why resonant silicon photonics?

= Small size (<4 um dia.)

= Resonant frequency 2 DWDM modulators & mux/demux

Benefits

Low energy

Sandia
National _
Laboratories

hotonics

Tungsten

Via

= High bandwidth density
Resonant Variations

—

Si-Microdisk

4um

Si-Bus -

= Manufacturing Variations
= Temperature Variations 0.8
= Optical Power (1s density) % 0.6}
= Aging? % 0.4l
Requirements: ':0_2_
= Resolution: +/- 0.25° C (depending) AT=5"°C
= Range:10-85° C (depending) oo 50 0 50 100

Frequency Shift (GHz)




= No pre_emphasis i Transmitter

= No AC coupling '>G—'>G—
o

= No high voltages
= CMOS logic levels

________________________________________________

Fwd
+.250 +.250

-.250 / -.250

o
i B B v B
§ ST TS e, ReV i e
= Common Mode:
= .25V, .8V, 1.2V

= 3 fJ/bit

W.A. Zortman, et. al., Opt. Express 19, 26017-26026 (2011)




Integrated Germanium Detectors

= QOperation at 10 Gbps
= equipment limited
= Frequency response ~ 45 GHz
= ~1A/W responsivity at 1500 nm
= <100nAdarkcurrentatl1lV

W Vias '

n+ doped (implanted) Ge

p+ doped (in-situ) Ge

AL/ \lAl

Ge\W Via W Via
Si

cur [ WD [mag O] HFW | tilt | HV
86 pA| 4.0 mm | 47 046 x |5.44 pm| 52 | 1.00 kV

DeRose, D. C. Trotter, W. A. Zortman, A. L. Starbuck, M. Fisher,

C.T.
M. R. Watts, P. S. Davids, Optics Express, 2011

ission

Transm

Relative Response (dB)

-10

Ge Detector 10 Gbps

50

100 150 200

Time (ps)

* Measured
—Fit

10°

10°

10' 10°

Frequency (GHz)

Sandia
National
Laboratories




Technology Gaps )

Laboratories

= |ntegration

= Silicon photonics integration with state of the
art CMOS with low capacitance and high yield

= Cost effective, reliable packaging - Erc])ic‘:)uiig;c%hrﬁetgt

>>

= Silicon Photonics

= Low energy receivers

= Modulator and optical filter resonant Tx
wavelength stability and uniformity

= Fiber coupling and waveguide losses
= Efficient Laser source

= |nterface Electronics

= Efficient clock and data recovery
= Data TDM multiplexing (SERDES) di d2 d3 d4

= Efficient Data encoding and error correction RX




First flip chip bonded SiP at Sandia ) .

= Modulator drivers,
receivers, and combinations

= |BM 45 nm CMOS

= Sandia Silicon Photonics

= 10 um bumps/14 um pads
= Test coupons2 umx5um

= 1120 connections

- 400 uA dynamic current draw at 1V
- 80 fJ/bit at 5 Gbps - high bond series R

Vm

Y =|=]

'

B

w \ 1S9O\ seaw 043

ra)
an
=
[=]

Ll L

fararane
Power

Lercentage .I -..él.:- 1 -1...1. + -
a optical output at o GDpPsS

ol
More I
e | Modula
230ct2013 0732
1.8 midiv 3 20 i 4 100 miAdiv © Time:A0.0 psddiv THg: Mormal ™ Pattem
.D.D i I 13.2 IilW l JD.D W l Delax:43.9?30 it I 0oy o | ook

-
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High Transimpedance Receivers ) .

No AC coupli N>
= No AC couplin
P VAN
= No data encoding 1.0V
100 mV
= Low input capacitance =
= High trans-impedance

Low capacitance, high transimpedance gain
" Low delay Lower noise floor, good sensitivity
Might be DC offset limited vs. noise limited

5000 V1
~N
- Py

Ny /\/ 10 mv 0410V % %
: 4T
, V2

Inverter
Telecom Receiver:
Multi-mode data com Rx:
Too much power, delay

Very low energy, poor sensitivity

D. A. B. Miller et. al., PTL 1989
L. M. F. Chirovsky et. al., IEEE Int. Opt. (1994)
C. Debaes, et. al., in IEEE JSTQE (2003)




Receiver Energies (Simulation) ) .

. —
s
” _J IuUuUk_L

-0.2 ‘
1.2 1.4

—
)
.

Amplitude

) 2 4 6 8 10 12 14 16 18
Time (s) x 107"

1.8 2 2.2 2.4
x 107

Bit Rate = 10.00Gbps, Energy per bit = 2.74fJ

- 45 nm technology node,

- optimum sample delay = 109 ps, total margin= 70ps,
- BER =0.000000e+00,




Modulator wavelength stabilization

Sandia
'I'l National

Laboratories

Local receiver detects 1s and Os errors
[ |

Shift of the resonator generates asymmetric errors.
= Simple relation sets operating point

——

Input Light

. Data
Link -;:ived

Data Sent

3

opnijidwy

\

W.A. Zortman et. al., IEEE Micro (2012)




Resonant locking of a DWDM filter e

Laboratories
- Wmmw N\F/Lock Enabled

gnal (V)
o

= Problem: locking on minimum power

o

level does not lend itself to a simple T R T
control loop 2

= Solution: Homodyne detection with o
balanced detection gives optimal T TR

w
1

locking solution

N
T

ThroughPower (W Heater Command (V) [Error Si
o

0 10 20 30 40 50

(a) Output Monitor
" Detector

Optical Input

’I
Tunable | | o R O —] e i
Laser E
1

P4 i AN L

0 2;) 40 60 80 1[IIIJ
Wavelength Detuning (GHz)

J. A. Cox et. al., IEEE Optical Interconnects 2013




Silicon Photonics Challenges ) .

= Integration with State of the art electronics

= VERY Low capacitance
= VERY High yield

= Power reduction of photonics connections

Photonic Layer

Fiber
Interface

Package/Printed Circuit Board.

= Rx designs that reduce system energies

1.0V

= Resonant device wavelength stabilization

= Minimize associated Electronics (CDR, Serdes)

= | aser Source
= Significant reductions in cost & power

= Scaling to 100,000s of photonic devices on a chip
= Batch automated testing of photonics

= Manufacturing (wavelength) variations
= High Yield
= Design methodology

= QOptical interconnects as comfortable as electrical
interconnects to IC designers (design guide)




Questions? ) &

Anthony L. Lentine
Sandia National Laboratories, Albuquerque NM
alentine@sandia.gov
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High performance computing: Nationafy g
Security

Finite Element Model (FEM) of a Crushed Can
Courtesy of Sandia CSRI

Laboratories

y

T |+ sumotetens.cu Low

= Physics simulations TS B
5
. i =
= Data analysis el el
Byio/ I 100.00
. . . . . FLOP ga
= Future computing scaling limited by interconnect I—‘J .
= Performance (frequency) not scaling (RC, power) il BN
= Power dissipation not scaling (CV>2f) Ot
p Rate
= Off-chip interconnect bandwidth not keeping up A e e, | T

2025

= Result is highly parallel computing (even more so) 205 200 2015 2020

Year




Approach )

Laboratories

10TB/s
10TB/s Network

Instead of ... Evolutionary
architecture approach:

= Design around limited (network and
memory) interconnect bandwidth (<< 1
bit per second/flop)

Pursue ... Revolutionary approach:

=  Small silicon micro-photonic devices
intimately integrated with network and
processor ICs

=  Chip-scale >100Tbps per second 10  Je Al \RA

Fib‘er Photonic Layer —

Interface

Package/Printed Circuit Board.

Tungsten
= <100 femtojoule/bit 2 <10W IO e — Via| —pl
. . ' Ge W ViaWVi T
Identify and solve critical technology il Si [ RSEMcTNEN |

aps curr | WD | mag O] HFW | tit — 1umGi Blis e 4um
g p TLD |86 pA| 4.0 mm |47 046 x|5.44 um| 52 ° | 1.00 kV Helios ™

Identify fundamental/practical limits s~

Develop models for co-design for link
energy and bandwidth capability

based on experimentally
demonstrated key technological
innovations, particularly in receivers
and resonant wavelength control.



Optical Interconnects ) 2,

Laboratories

50 ohm lines with | HIGH POWER DISSIPATION
Pre-emphasis & BETWEEN ELECTRONICS AND
Equallzatlon PHOTONICS

= Evolutionary (Modules)

= 10Gbps Products are low cost

= 100 Gbps modules available
* Expensive, big, power hungry

= TbE modules on the horizon

IO Bandwidth has
Nothing to do with
optical interconnects
(3 Tb/s, 2005)

* Revolutionary (3DI)

— Higher bandwidth density OPTICS FOR DISTANCE
- DraStiC DOtential power No 50 ohm term_inations Ultra-small devices (100ks of them)
red U Ctl O n mg Z:]ec-;;g;: asieslEQ Lo Cﬁc?wrrlloc(z)l;:?_;?;d to E driver
 No 50 Q lines, pre-emphasis SonanPove Drer O olags swing > irect o Logic

or equalization

* Receiver has high
transimpedance, low
number of gain stages

® Shared CDR (|eSS delay DWDM for 100 Gb/s to Cost can approach
variation and jitter) 1Tbls PER 10 pennies per Gb/s”
1000 10 = 1 Pb/s!
« Laser Power (more
sensitive receiver) OPTICS FOR LOW POWER, HIGH BANDWIDTH DENSITY,

COST, SIZE, WEIGHT, DISTANCE




Electronic-Photonics Integration — @E.

= Heterogeneous integration

= |ndependent optimization of
electronics & photonics

Fiber — Photonic Layer
Interface

= Need very high yields and small size




Lack of scaling in Moore’s Law is
an interconnect problem .

Gate delay (transistor performance)
speeds are scaling

On-chip RC lines are not scaling
= Capacitance is nearly constant (fringing)
= Risincreasing as line widths narrow

" Increased repeaters for long lines

Power = CV?f (C dominated by interconnect)
= Capacitance is not scaling (fringing)
= Voltage also not scaling (transistor)

Off-chip (electrical)

= Looming divergent capacity compared to
on-chip processing capability

Inverter Delay (ps)

Number of off-chip interconnect channels

-
o

Sandia

10000 [

1000

# Channels @ on-

|I1 National
Laboratories
L)
",
)
o, .
."
L)
e
%
L3
o..‘
II..~.
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Figure 2.2: Inverter Delay as Derived from ITRS.
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SNL Si Photonics Platform )
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Beyond Optical Interconnect ) .

= Various technologies exist for optical transceivers
= Silicon Photonics, VCSELs & 1lI-V integrated optoelectronics

= |ntimate integration with high-value electronics

= Lower power and higher bandwidth density, lower cost?

= From a networking perspective, optical interconnects aren’t
that interesting

= More interesting are routing functions
= Passive routing (wavelength intermixing)
= Active provisioning (not reconfigured often)
= ‘Flow’ or packet routing (reconfigured every ps/ns/us)




Low Energy Optical Modulators

Modulator Resonances

=  Very small device

Sandia
National _
Laboratories

)
= Limit doping in ring Tungsten -.§
Via|  —p £.10 VNN // —06vFoward Bias
- 5 w \ ,"\\‘\ - / --QV
= Slight drive into forward b et . Vi 0.6V Reverse Bias
bias for reduce voltage 4pm 15 ~"2V Reverse Bias
30 20 -10 0 10 20 30
Frequency Shift (GHz)
3.5 micron Disk 12.5Gbs 0.9V 3.5 micron Disk 12.5Gbs 1.4V
1p
5 5 s |
2 3 2
£ 4dB extinction s 2dB extinction g 6dB extinction
0 BER<1e-12, 6=3.7dB BER<1e-12, 6=2.8dB o BER<1e-12, 6=2.2dB
100 200 300 400 500 100 200 300 400 500 100 200 300 400 500
Time (ps) Time (ps) Time (ps)
Energy/bit: 0.9V 1.2V 1.4V
Analysis: 3.8f)/bit 6.8f)/bit 10.6f)/bit
Measured: 3.2f)/bit@1V 10.1f)/bit@1.5V

W. A. Zortman, M. R. Watts, D. C. Trotter, R. W. Young, and A. L. Lentine,
‘Low power. high speed silicon microdisk modulatorsi’ CLEO 2010



mh

Active switching technology choices

Sandia
National
Laboratories

= MEMs, Liquid Crystal (WSS)
= 1:N (good!) or 2 x 2 (bad)
= Slow (1 us—1 ms)
= Often free-space (grating for WSS) {expensive}
= Fairly scalable to large sizes?

1x4 Wavelength-Selective Switch (WSS)

. Fox oot womussome gl
= Products Si-Bus—»
= |ntegrated Optics (Silicon Photonics, IlI-V) fT}'"gstE“ |
= 2x2 (bad) '
= Slow (1 us) or very fast (<100ps) . >
= Scalable (with more maturation) ‘% g
= Flex bandwidth Si-Microdisk ”‘.-"iwg
" Research . :Vétts et. al., Group IV Photonics 2008




Sandia 2 x 2 silicon photonics switches@m .

Si-Bus=»

Tungaten _
Aia =

t-;jx‘:b

~. »
T?a =
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Du"’?df

Si-Microdisk

MR — free carrier effect
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MZ - thermo-optic MR - thermo-optic




Sandia 2 x 2 silicon photonics switches@ k..

= Fast (< 100ps) r[m |{ = Fast (< 100ps) ‘
= Broadband -5 | = Wavelength selective*

= 1pl/switching event = 1fJ/switching event

= No static power " No static power

= 1 mm size " <10 umsize

MZ — free carrier effect Ring — free carrier effect

= Slow (10 us) TB\= = Slow (10 us)

= Broadband ﬂ = Wavelength selective

= ~ 15 mW/2n = ~4 uW/GHz (200uW)

= Static power in one state = Static power in one state
= <10 um size + coupler = <10 umsize

MZ - thermo-optic Ring — thermo-optic




Si Photonics 2 x 2 WSS ) e,

Simplified Cross state transfer function
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LONG TERM (IDEAL) SPECS:

= Ultimate Switch time < 25 ps
= Loss (cross state) 1—2 dB

= Loss (bar state) < 0.2 dB

= Crosstalk (15— 30+ dB)

= Resonant wavelength
stabilization

= RingSize~4-6um

= Coupling gaps ~ 200 - 500 nm

= Ringtoring spacing~4 -6 um*
Size<12um X A X 10 um.




WSS Networks ... )

oJoJe. oJoJo) 000
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= Variety of networks from 2 x 2s
= Squaring of crosstalk (EGS, Dilated Benes)
= Tradeoff between initial fan-out and number of stages (EGS)

= |nterconnects require planar crossings or two level optics

= Nitride, Polysilicon: crosstalk can be very good, careful of loss

-



What is Sandia National Lab?
1950s 1960s 1970s 1980s 1990s 2000s 2010s

NW production Development Multiprogram Missile defense Post-Cold War Expanded national LEPs

Sandia
m National
Laboratories

engineering & engineering laboratory work transition security role New START
manufacturing post 9/11
engineering Vietnam conflict Energy crisis Cold War Stockpile Evolving national
stewardship security challenges

100%

90%

80%

70%

60%
50%

40%

30%

20%

10%

0%

= DOE FFRDC: Initially Z-division of Manhattan Project (Non-nuclear Components, Weaponization of NEP)
= National security tech transition: Gov’'t Agencies (&/or Academia) = SNL =» Industry

= DOE supports our “Strategic Partnership Projects” (with Industry & other gov’t agencies (OGAs))

= QOur Big 3: Non-compete with Industry, Fairness of Opportunity, No Organizational Conflict of Interest
= Managed by LMC, but see OCl above

= CRADAs with many Defense Contractors, Many STTRs & SBIRs, BAA response teaming

= Experience handling sensitive & proprietary information
I ———————



Silicon Photonics At Sandia

Free-carrier Effect (high-speeqd)

Fast Reconﬁable
Interconnects.

3.21J/bit at

(o)
<, 2\
/)O/( S‘Q‘“
/,
®

o L‘(\e

Tungsten
Via —
Si-Microdisk

4um
Si-Bus

Resonant Optical

Modulator/Filter ITT—
Thermally stabilized

modulator

Broadband Mach-Zehnder
Filter/Switch < 1V-cm at 10 Gb/s

Input Port 1 Output Port 1

L i P R P

= Si-Heaters~+

tt

Si-Tethers

= Si-Heators =+

Thermo-optic Phase
Shifter

- —— ] —
4, w

Low loss N

Thermal Optic Effect (wide-band)

Silicide / Silicon
Insulating Leads

Integrated

Tungsten Si-Heater

—_—,e—— e ;
gt Port 2 S —— Optlca/ ]
LI coupler Switch Arrays

Sandia
National
Laboratories

mh

High-speed
Ge Detector in

-

Si Photonics-
CMOS
Integration




