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Outline:

« More Capacity and Speed: are Terab/s enough or do we need Petab/s ?
e Concepts / Status of Large Capacity ETDM, OTDM and OWDM systems
e Device Requirements of Tb/s Lightwave systems

e Towards +200 Gb/s Electronics

e Concepts and State-of-the-Art of Photonic Integration

e Device Examples for InP-based Monolithic Photonic Integration
- Sub-ps Monolithic Integrated Mode Locked Laser Diode (MLLD)
- Compact Semiconductor based sub-ps All-optical Switch (AOS)
- Photonic Crystals (PhC) for monolithic nano-scale downsizing of OICs

e Qutlook: what next ?

FIRST [ [l

Center for Micro- and Nanoscience

All our devices have been fabricated in the clean room facility of ETHZ
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Do we have a commmunication bottle neck ?

 What drives communication capacities and data rates?

- fast growing Internet communication
- optical backbones for wireless
- data-heavy services: video-on-demand, high quality pictures,

- massive parallel computer system interconnections P 100x/decade ?
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Major Challenges:

- After the “2001 bubble-bust”: substantial communication capacity bottle-neck for the emerging data com

- Implementation of novel concepts for 10-100x capacity and spectral efficiencies enhancement

- Massive optoelectronic integrations is underdeveloped but strategic for large-scale communication system
- Energy efficiency: Communication systems consume 2 — 4% of the electrical energy production !
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Current Status and Projections of Lightwave Systems

Increase in the Internet trafflc

120

EXAT
B Technologies
1EF§w —1E
BE i : Multi-level coherent transmission
£n = 2" Booster? £ " - --- Multicore fiber
L 4 New Fibers, < 7% ,«* — Multimode control

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 \
Year d

—
-
I

1P Optical Integration ?7?7?

...... J 0(3)(4 "

~—15!Booster ., ‘ b .
F"""" |} L]
EDFA, an o 10GX80, annnunun

EDFA .’ ;" Per lambda

Moore's Law eenst* 406
4
— e 2.4 . E-TDM 7

—
]
I

1T

Link Capacity‘fiber(s) [bps]

16— 4 16
100M =3 — ' ' : ' | Nakazawa, Tohoku Uni, 2010
1980 1990 2000 2010 2020
Year

« ETDM (electrical time division multiplex) gated by electronic data rates (40 Gb/s %100 Gb/s » 250 Gb/s ?)
and optical modulator bandwidth demonstrated 100 Gb/s.

» OWDM (optical wavelength division multiplexing) has demonstrated 35 Tb/s (69Tb/s, 2010 )
* OTDM (optical wavelength division multiplexing) stagnating at 1.2 — 5 Tb/s (2010)
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Multiplexing Concepts of Tb/s Lightwave Systems

- Optical fiber as ideal transmission medium

+ ~ 60 THz optical bandwith @ ~210 THz carrier Wavelength bands: 180 — 240 THz

» ~60 Tb/s Capacity/fiber (41=400nm) Band | Description Wavelength range
+ low loss ~ 0.2 - 0.5dB/km (optical amplification for long distance) O band | original 1260-1360 nm
; } . . . . E band | extended 1360-1460 nm
+ low dispersion ~5ps/nm/km  (dispersion compensation for long distance) |5 i Terort waverengins 1260-1530
+ small cross-section C band | conventional (“erbium window") 1530-1565 nm
+ nonlinear effects with fs time constants (ultrafast optical gates) L band | long wavelengths 1565-1625 nm
U band | ultralong wavelengths 1625-1675 nm

- fibers are nonlinear at high signal power ( - optical crosstalk, power limit)
- random polarization dispersion effects
- heritage of millions of installed “standard” fiber-km !

- Th/s Signal Multi-/Demultiplexing in the Optical Domain

Transmission of modulated, time-interleaved sub-ps —pulses at t, - t, ® OTDM (ps pulses, DEMUX ps-gates)
Transmission of modulated optical carrier waves A, - Ay ® OWDM (sub-nm wavelength control of sources, DMUX)

OTMUX OTDM: OTDMUX OWMUX OWDM: OWDMUX
-; m-: TDOM Multiplexer Demuitiplexer Channel 1 Charnel 1 WDM Coupler WOM Coupler Channgl 1
1) Aoy £y, By | T gl N e 1) hpy By | IR
0’ ™ =ch . Optical Fiber ) 1: Peh
[‘i [‘i _'}"Smps'ﬁ;ﬁ Channel 2 Channel 2 Channel 2
j—b—'—b —— ————
= i Time Channel 3 Channel 3 Channel 3
I H I iy . I Optical Fiber
e = i Timil Channel 4 Channel 4
N) &, t, B [ [i| | Tomsenal Extaction 0 lC“a“““a"1 N) A, B ”"m . J
0’ *N» ch Time S e N’ ch Time == “\\ o Time
Before Multiplexing Role of E’rism After Multiplexing
Ag» Byo=NB, Ay Ay Bioi=NB,,
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Generic Lightwave Systems

* Electronic Time Division Multiplex ETDM (single wavelength)

Channel-MUX, DMUX and Clock/Data Recovery (CDR) in the Electrical Time Domain
=» Total Channel rate B, ;=N B, limited by the electronic “bottle neck” (40Gb/s, — 160 Gb/s, +200 Gb/s ?)
=» Optical components (Diode Lasers, fast EO-modulators, fast Photodetector) operate @ B,

Electronic data rate relaxed by multi-level or coherent multi-symbol/bit modulation (OOK = PSK, DQPSK)

e Optical Wavelength Division Multiplex OWDM

Channel-OWMUX, ODWMUX in the Optical-Domain, Clock/Data Recovery (DCR) in the Electrical Domain
=» OWMUX, OWDMUX and laser sources limit B,, by wavelength A, opt. bandwidth AA>A2/cB_, and spectral
efficiency control —» wavelength critical (AL<<0.2nm ~ 100GHz, ~10#)

High channel rate B, simplify OWDM complexity, trade-off: high device count of OWDM «= simple electronics

Major drivers: Tb/s Long haul, LAN, etc. Photonic Nets, 100GbEthernet, Computer Interconnects, etc.

Optical transmitter

CW DFB-LD
_At
@A EO-Modulators

Transmission line

Optical node

T
Signals

Modulation B, :

- OOK (standard) Optical Wavelength MUX, DMUX
- Multilevel OOK > Signal N (Interleaver, Filter AWG)
- Coherent DQPSK
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State-of-the-Art Lightwave Systems
e Multi-10Tb/s Optical Wavelength Division Multiplex OWDM

Example: “8Thb/s (80x107 Gb/zss) DWDM NRZ-VSB over 500km NZDSF” (K. Schuh et al, 2009 Alcatel-Lucent)

§ DWDM Post-
—— : 4 demux compensation
— a C-band & % 4 4
— >7_<_/ \) booster 5515.25 1545 1565 1585 1605 > C:(r_)l'iical O](E:iiical | 12;;&"{5 - L cmﬁiﬁ&;
aven & =Rt fl ! ; il fecelvier Optical 53.5 GHz | 26.7 GHz
= R C-band " |equalizer : :
| , . 100 GHz 1 Frgmexer EB:;M
interleaver b mj.__w___; il
C-band \/ para .7( .7‘ 107 Gb/s /
even Optlcal Optlcal_ ETDM -
L-band >-C> L-band 510 km :mer ?Iter FESEEEr
odd HOHSERY transmission link
30 + rri I LI I LILIL I LILIL I rri I LI +
— 25| [ :binary o . Requirements, Challenges and Limitations:
2,y ©auaternary o _ - Ultrafast InP-HBTS/HEMTSs, SiGe-HBTs
2 OWDM / ETDM Electronics 40 — +160 Gb/s critical v’
§ B . o - EO-Modulators with low drive voltage, LiNb-MZI, EAM marginal (v~ ?)
S 10 i — - DBR-LD-EAM (integrated) 40 — +100 Gb/s (v ?)
s . ; - side illuminated PD — 300 Gb/s possible v
<] — O -
- 2 . OWDM:
) SN NN NN FE NN AT - AWG-MUX, DMUX, DBRLD are A-critical, sub-nm filtering:
0O 20 40 60 80 100 120 5A<< MZCBy= A2cB /N v
Line rate [Gb/s] - broadband optical amplifiers, total power limitation critical (v ?)
32 Tb/s (320x114Tb/s) over 500 km (X. Zhou, 2010) - dispersion management moderate v’
- high [ t ires int tion! (- ?
69.1 This (432x171Thls) over 240 km (A Sano, 2010) 'gh device count requires integration ! (- <)
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Generic Lightwave Systems
e TB/s Optical Time Division Multiplex OTDM

Channel-OTMUX, OTDMUX and Clock Recovery (CR) in the Optical Time Domain (sub-ps bit slots At@A,)
®» sub-ps optical pulse sources with repetition rate of the channel rate B, required (mode-locked lasers)

=» Ultrafast OTDMUX (gate) and OCDR operate at the aggregated optical Tb/s data rate B, , with sub-ps
switching times ® all-optical switches and nonlinearities required ® time critical (At<<1/B,_,~ 100fs !)

=» Optoelectronic devices (Mode-locked Laser, EO-modulators, Photodetector) operate at the electrical channel rate B,

Only one optical pulse source and one wavelength required - moderate device count of OTDM (~1/B,)

Major drivers: Tb/s long haul, high capacity Data-Highways, transparent All-optical Routers (future)

Concept of OTDM:
Optical Short Pulse Generation
Optical Demultiplexing
Optical Multiplexing (Switching)
/ 100 Gbit/s = 1 Thit/s/ch .é—tn / .
1 1 S
N e e
- = | i E—t
! e
l o - e
\ ]
Signal Clock '

Recovery |/

Monitoring ]
/

Adaptive Dispersion
Equalizing

/ i\ R P /7
Clock ~
Recovery

b

Requirements, Challenges

and Limitations:

- Forefront INP-HBTs/HEMT, SiGe-HBT
Electronics v~

- EO-Modulators with low drive voltage (v

_PD VY

- dispersion management critical (v)

- Miniaturization to SC-OTDMUX, MLL
desirable (- ?)

ODMUX, MLL, 3R are time-critical:
ot<< At=1/(NB,)=1/B,;
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State-of-the-Art Lightwave Systems

e TB/s Optical Time Division Multiplex OTDM

Example: Research State-of-the-Art (fiber based)
“1.28Thb/s — 70km OTDM with fourth-order dispersion compensation” (M. Nakazawa et. Al, 2000, NTT)

Setup for generation of 10 GHz clock light
LD (ow) LN %

FC Hero-Experiments:
EO-MZI Modulat i EHigh E.DF'F )
l not showno u?lglgck:1542 EEnF)A ?iEOGHZ ERER E%ﬁ 1 nm 2.56Tb/s over 160km

D-NOLM — Prechirping unit l Clack light (Weber, HHI 2006)
Bosmardvele 1oy S ngn  OMUX (waveguide dglay intdrleafer)q ., 5 1Tb/s
fiber laser E%“:_i OF DDH 8- E%v:i S Egmlr;ee\r .
PC LN .
GNP . S [l SN S o (Hansen Mulvad, Uni Denmark 2010 )
10Gbitfs . pPE DCE | ppp | & SMF Ln ROF i Trangiissior =~
(%= 1544 nm) 3nm 15 {PI) FLC MUX 1.28 Thilg - ==~ “Fiber
N\ SHER L ot B, (S OTDM is about 10x
Setup for generation of 1.28 Thit/s signal Lt 70 km transmission line
MLFL P o e slower than OWDM
19 -
- -E%r’:;l ‘Au_tc:correlator BFE
Transmitted -
1.28Tbils __---~ -
< sigraat ‘: & e I
Clock extraction EDFEA 1
circuit
10 GHz BFF BPF Walk-off free, Sarmnpling oscilloscope
1nm 1nm Rk dispersion-

Control [N

(R I E

> B
High BRF Isolator
power 15 nm

flattened
MNOLM
(450 1)

ODMUKX (fiber nonlinear optical loop mirror,
NOLM)

Setup for demultiplexing of 1.28 Thit/s OTDM signal to 10 Ghit/s

FLL mode-locked
fiber laser

(A=1533nm)

All components are fiber-based and large
®» Miniaturization and Integration: need for stronger nonlinear effects in semiconductors DEMUX, CD
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Toward aggregated Tb/s data rates in Computer Links

CMOS Roadmap (ITRS) for short distance, parallel Tb/s Optical Interconnects:

Year of production | 2006 2008 | 2010 | 2012 Electrical 1/0-Bottle Neck
gate length 43nm 38 30 24 for Computers/Servers:
! Supply voltage 11V 1.0 1.0 0.9 - box-to-box
On-chip clock 6.8 GHz 10.9 15 20 _ board-to-board
Transistor count 550 M 1100 2200 | 2200 - processor-to-processor 10m -1cm
I/0 Count per Chip 2100 2200 2400 2500 - on-chip ?
Max Chip Power (10W per.) | 180 W 200 200 200
Serial Data Rate 6 Gb/s 10 14 18
Channel Number 200 200 200 200
Aggregated Date Rate 1.2 This 2.0 2.8 3.6
Max Power/Transceiver 8.2mW/Gb/s | 5.5 4.3 3.3 4x10 Gb/s CMOS-VCSEL interconnect @2.5mW/Gb/s

(Kromer et al., IfE, ETHZ)

. Photo Diode Array |
50um multimode ———

fibers

High performance optical interconnects
benefit from optical / optoelectronic integration

= low power (<10mW/Gb/s) for for high I/O count

= integrated dense optical “wiring” through the - e 5} S | Rod
whole packaging hierarchy = :

= scalability and cost effectiveness

‘!
k

{

W=250pm W=50pm
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Device Requirements for Tbh/s Lightwave Com

» Fast Analog and Digital Electronics for RX/TX and ETDM front ends (+40 - +200 Gb/s):

- +150 Gb/s demonstrated with HBTs, +250Gb/s projected
- Integration with Optoelectronics very difficult, few demonstrators (mostly PD+Amp) marginal

» Fast Active Optoelectronic Devices (+40Gb/s):
current modulated LDs ~40GHz marginal, EO-MZI/EA-modulators ~40—100GHz, photodetectors ~40—-300GHz

« Compact Passive Optical Components:
A-MUX/DMUX, couplers, isolators, dispersion compensators, A-converters, ... @ higher / denser functionality ?

 Ultra broad band optical amplifiers
» Cost-effective packaging with low insertion-loss, high bandwidth and I/O count

* Integrated Waveguide / Free-Space Technology on board-, module- and chip-level

- Ultra-fast All-Optical Devices for multi-100 Gb/s for OTDM:
Compact sub-ps pulse sources, all-optical switches, 3R (transition from fibers to semiconductors) marginal

» Optoelectronic Integration and Miniaturization:

&

1:10% in area density
(wiring limited, waveguide bend radius)

marginal
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Progress towards +200 Gb/s Electronics for ETDM

- Higher channel data rates in ETDM simplify OTDM or OWDM system complexity
- Improve bandwidth efficiency (bit/Hz)

100 N — ——
Scaling Electronics to +200 Gb/s : A ANTTGMNWET | @ SiBT
. . . I % InFHBT
- lateral / vertical device nano-scaling,
o & GaMHFET
» keeping acceptable signal voltages % ® Sinmos
- new materials for band engineering, g :
high carrier velocity and breakdown $10 Xindium o~ c e .
. . . I . [ InP SHBT
« ultimate reduction of device / wiring parasitics % NEC '"P%T..I'STJHBT
=
3 | _
. = uc
InP-/ SiGe-HBT Speed Performance: g M si . InP SHET |
e ks ks Blmans —~ g Smns NG e
Speed Si BJT Hitachi Py T
Function Technology (Gb/s) Year SiGe HET
1+ Daimler-Benz -
Mux4:] SiGe 0.13 um 132 2004 L . Fong, & Siron, 0.Lcaruth ang 0. g 209 HET IBM siGe |
| Mw21Sice 100 2007 ! [ Proc.[EEE,Feb,2004) P EY
“MuxdT T P DRBT T T T 768 T 2005 10 100 — 5 1000
Mux4:1 InP HEMT 144 2004 Transitfrequency f_(GH2) +100 Gb/s
Mux2:1 InP HBT 120 2004
150 Gb/s "2 Frequency Divider 100 Gb/s Demultiplexer and Clock Recovery
D 1:2  InPHBT 100 2007
S ’ InP HBT-IC NTT, 2004 SiGe HBT-IC Siemens, 2006
Demux InP HEMT 100 2004
ecl, ol § @ZH—H|HZ ext. RC
Demux  InP HBT 110 2004 — (o phm:i . & = [ajw
Demuxl1:4  InP DHBT 100 2006 (It ‘.._PD,_é_v j ;Ni = veo ' fo'ﬂ‘
CDRand  InP DHBT 100 2008 2 l4—Toaf—t_ oF [De(®)  ous
Demux]:2 ‘.,_1 ’ iL_al / ;‘ i v
'CDRand  siCe 100 2008 | w;a.ms;aad T = ) o 1 o;;\,"‘if‘f :
IDemud2 : Sestor || T cmayines 2T | tucuay S
Driver InP HEMT 110+ 2003 e C o 22— ! P [/" “
output 73 phase ad). 7 ext. CLK inp.
Driver InP DHBT 80+ 2006
Driver InP DHBT 100+ 2008
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Scaling Projections with 2D hydrodynamic HBT Models

HBT-Model (Dessis® with Stratton’s “Ansatz” ) verified on 100 Gb/s InP/InGaAs HBTs includes:

» 2-D geometry and heterojunctions
* non-stationary carrier transport equation (Stratton)
* bench-mark circuits (RO, FD, MUX) including external parasitics

Type I: INP/InGaAs/InP (graded collector), conact et Type II:  InP/GaAsSb/InP
| Emitter Mesa Emitter /77T T T oI — . — .

W, = 200nm ; W=600nm ; w, /L e JWE i W, = 200nm ; wc=600nm ;

dg=25nm ; dc=100NM —>  (oeowess |Base = 5,= = 4.  9s=15nm ; dc=100nm (50) —>
 Collector - Collector . B

= Mesa ndercu ndercu fT =750 GHz

=445 Gz —— g, | Ao f = 600 GHz

t, =177 ps ‘ Sl | 1 t, =158 ps

»B = 215 Gb/s (RO, MUX) T w, o S » B = 245 (300) Gb/s (RO, MUX)

= (Conduction Band

=== Valence Band
Cond. Band -

Val. Band

PN pfice
i i Recombinations

! =
" 1 o,
c 0 r B z -0.5
= 05 s g E
- i) += 1 1 = 1 =
= = n \'\ 1 % I 2= |
@ -1 = R 1 3l O 1 : ) R ——
e . KA 1 E‘j *— A _15 7‘-‘___5__-" Collector “‘5\ ________ B
15 l-__/‘ : z : —E : :\'_‘l'r - Emitt \J;\‘Base
MmO
2 -2 . :
0 200 400 600 0 100 200 300 400
x-Axis [nm] X-Axis [nm]

» +250 Gb/s IC Operation for HBT is a realistic goal !
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Photonic Integration: a Technology Bottle-Neck

* Photonic Integration (PIl) reflect s not Moore’s dynamic of Electronics (~1DK/3y) and Networks
* Internet and Moore’s dynamic will only be met by PI
* Pl must promote bandwidth, functionality, density, scalability and cost

Functional Density: (InP-based, Tx) Bandwidth Capacity: (InP-based, Tx)
100 ¢ - - - 1000 E Scaling of InP-Based Transmitter Chips E
[ Scaling of InP-Based Transmitter Chips 7 o [ Utilized in Telecommunications Networks
o [ Utilized in Telecommunications Networks e = 100 k @
S /7 < : 10 Channel DWDM
> 10 Channel DWDM = F 7 Transmitter PIC 1
2 Transmitter PIC = 10k EML Q7 :
2 S DML /
2 /7 E | 9 TAN _
g 10 k /7 = - m/ Tunable EML with SOA
o V4 = n .
b= V4 = 0.1 [ ] / E
= Tunable EML yith SOA o 5 o’/ E
£ ! i o C /7 ]
= Electro-absorption Modulated Laser Y el
Z | Direct current Modulated Laser HyL 00 E 0.01 E / :
o JED DML 2l |
1 PP B S S I R S [}UU[ 9 1 L L 1 L 1 i
1975 1980 1985  JA90 1995 2000 2005 20IC 1975 7/ 1985 1995 2005 2015 2025
/7 Year Year
1 DK/15y 1 DK/5y “Moore-like” growth Courtesy: |F;'ﬁ,':':gara”‘a“’ 2005

ayers - -
Memory layer
Processor layer

Gbps ©Pribatrica o 306
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State-of-the-art of photonic SSI - I\/ISI-Integratio_n

1) A-tuneable laser diode with modulator / amplifier / A-converters \ "
(R&D, commercial)

integration technique: regrowth, QWI, QW-off-set
SSI- integration level: 2 - ~6 device functions
array capability

A. Tauke etal , UCSB
2) Array Waveguides (AWG), LD, Modulators and SOAs
(R&D, commercial)

integration technique: regrowth
MSI-integration level: 100 — 200 device functions

—_—

Transmitter IC , UCSB

F _ / - 100 Gb/s DWDM Large-Scale PIC Transmitter
W 10 x 10 Gb/s

rd Electrical Input
— - Ot - CHI
(A — oo
7 R |
) B S |-
Optical Output || = - m——=————— 4—> DC Electrical
ey .
= == |+ Bias and Control
Ay O | ———— | 4—
10x 10Gb/s ||Z |- |
N e
—
e «— |CHI10
S
I > LR
\39 Y"é ‘:5‘:5?'?? Semiconductor Mach-Zehnder
C)? $ :1.};”35" ¥ - Optical Amplifiers Interferometer
400Gb/s (1 0x40 GblS) TX, Inﬁnera, R. Nagarajén < &43? i§' St Optical Control Pulses
: [H. - ---f'frOptical Output
= 7z = - i : Optical Output
3) InP All-Optical SOA MZI-switches . ) == === Optical Control Pules
(R&D) Alignment  Waveguide Connecting Multimode Inter- InP-Chips:

Features Tapers Waveguides ference Coupler 1.5 x 8.7 mm2

integration technique: regrowth, QWI, ...
SOA-MZI-AOS with 500fs switching time (~500 Gb/s), R.Schreieck, H. Melchior, ETHZ
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State-of-the-art of photonic MSI-Integration

100 gm

4) Monolithically integrated MLLDs

(R&D, commercial @ 2-3 pulse width)
integration technique: regrowth, SAG, ....

wrf Q|

5) Silicon Photonics

(R&D)
integration technique: SOI, SiGe, MOS

integration level: 2 - ~few device functions

bottom
contact

L

6) 1lI-V on Silicon Photonics Leeroguee?
(R&D)
integration technique: Hetero-Epitaxy and Waver-Bonding

7) Electronics and Photonics
(R&D, commercial)
integration technique: regrowth / combined

integration level: mainly PD + amplifier chain

70 Gb/s InP-HBT-Photoreceiver, D. Huber, IfE ETHZ
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Progress in monolithic photonic integration

-
A o c

180 nm| | G@As/inAs QDs —=— |Stacked-QDs .
o [ S = e Quantum-Photonic GE)
= Devices o)
c =
OrFirst lab demo N “g
® Commercial product %00 000000600 (X T ) o

(X XXX N NN N ] ?
000000000 . 0". o
Courtesy: M.Smit, COBRA, XXX AKX o900 c
TU Eindhoven O Flipflop  ppx fip-fiop 1000C =
Hill . e
¢ ; VLSI & . 5}
. : - * Nano-Photonics ©
7 u > ntum dot S
y/ _\\\ o 2 (Quantum dots) S
=y @ .-WDM 5 * Plasmonics °
.»" monitor 100 _g c_g
oaom Q- @ Msl O » Photonic Crystals =1
Vreeburg 4 ch WDM-receiver E

Focal piane ThreeFivePhotonics 10 = (bandgap WG) g)
o ss| < * Photon Wire Circuits c
i AWG / NEL . B
Smit o = : (high contrast WG) @
1985 1990 1995 2000 2005 2010 2015 2020 « Micro-Photonics SL_)
c

(low contrast WG)
=» A-scale device dimensions and interconnection by:

Major Inhibitors of Pl: e Technological barriers and heterogeneity of photonic devices
e Lack of high volume applications
e Foundry culture and technology platform
— lack of economy of scale
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Technology Concepts for Optical Monolithic Integration

Passive: 2D-WG, gratings and mirrors (Fiber-WG junction, bend, splitter, coupler, resonator, isolator (?), ...)
Active: SOAs, LASERs, photodetectors, modulators, switches, ....

Integration goal: local control of bandgap E;, doping n, p, vertical structure
(Active/passive Optical Integration is epitaxy-driven (MBE, MOCVD))

Off-Set Lateral Quantum-Well Selective Area Stacked
Quantum Wells Growth Intermixing Growth, SAG Growth

active | passive active | passive active | passive active | passive

*%
LY
.
.
0
N
=
=
.
.

- interface m

reflections <104

substrate
substrate

Multiple Off-set Lateral regrowth Quantum Well SAG Stacked Growth

Quantum Wells our choice ! Intermix
Bandgap AEg high ©© | high ©O modest — high © modest © | high ©
Index  An modest © | high ©O low —modest © low ® | high ©
Doping n,p flexible ©O | flexible ©O difficult ® no ®® | high ©
Design Flexibility average / high © | high ©O sufficient © modest ® | sufficient ©
Active/passive modest © | difficult ® simple © modest © | difficult ®
Process Complexity | modest/high ® | highest B acceptable © low © | acceptable S
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Monolithic Integrated Mode-Locked Lasers Diodes @1550nm

Generating fs-pulses from monolithic integrated mode-locked LASER diodes requires:
- optimized fs-carrier dynamics in nonlinear optical amplifiers and absorber
- ultrafast absorber structure to balance intra-band carrier transients __________________

- Integration technology (multi-section epitaxial lateral regrowth)

®» Slow absorbers limit pulse width ~2ps at low f ! — 500fs ?

Functional Integration:
SOA + passive WG + Interfaces + Absorber / EO-Modulator (UTC)

Conventional MLLD (with slow SOA-absorber)

Novel MLLD
_—— with ultra-fast Uni-Travelling
Carrier (UTC)-absorber

Passive Waveguide

—

MQW Amplifier, SOA

UTC Absorber | p+InGaAs contact
= p InP cladding
. p+ InGaAs contact | InGaAs/InGaAsP MQWs
p InP cladding n InP cladding

p InGaAsP absarber
i INGaAsP collecting layer
n InP cladding
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Monolithically Integrated Mode-Locked LASER Diodes
for 600 fs pulse generation

Finalized mode-locked LASER diode: 2-photon auto-correlation
— = pulse width measurements:
o 120
5 10- 600 fs
= 8 pulse width
= 6/
2
8 4
£
2L
10 -5 0 5 10
time [ps]
W 14+
f=
; ol 900 fs
_ @ pulse width
mE DEN mOmmk T -, B BN P
b4 =2 5l
} 777 2
n-contact p-contact 2 ,
0

Extremely complex fabrication process
with 16 mask levels and 2 month processing time
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From Fiber- to Semiconductor-based Tbh/s OTDM

All-Optical Switch (AOS) using Intersubband Transitions with ps switching time
« Electronics unlikely to reach sub-ps-switching times required for Tb/s OTDM processing
» strong Optical Nonlinearities in SC (instead of nonlinear fiber) have ps-time constants

» all-optical: no conversion into the optical domain All-Optical OTDM Key Functions
o _ requiring sub-ps switching:
passive WG ~._ Optical input: - B
\ Control signal in B On-switching  ~ —emultiplexers
“  nonlinear WG -, _ - Pulse Generators
\ Glass fiber (~10m) .. 5 Multiplexed - Optical Clock-Recovery
\ 2 < data in - 3R-regeneration

“Semiconductor (~1mm) 4
\ - Header Correlator
- Optical Amplifiers

;'hg o ?g‘;”m Schematic: Sub-ps All-Optical Intersubband
L GA;S 05;”'2, Transition (ISBT) in Quantum Wells
: Ino.s3sGaoa7As
InGaAs 1.45nm AlAso.s56Sbo.s 4-9 ML AlAsos6Sbo.as
wx | AlAs 1.74nm : E -
InGaAs 1.45nm B2 g
Optical output: L 2.280m | ?
Demultiplexed data out InGaAsP 50nm Fast Intersubband transition } ISBT AEc=1.6eV
| (~1ps carrier lifetime) | i
InP-substrate Ec =2.47eV E1 z ............
Challenges of ISBT: kL :
- only active for TM-polarization Slow Interband transition { 1BT
- challenging material system (~100ps carrier lifetime) | ! )
- relative high saturation energy for on-off switching by the control signal I Y| — AEv=0.07eV
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Ultra thin InGaAs/AlAsSb Coupled Quantum Wells

» ultra thin, deep Double Coupled Wells (DCQW) in ultrathin (~6-8ml) generate a 4-level system
in the conduction band to decouple the TM-Control (1-4 transition) and TM-Data signals (2-3 transition)

* Transitions 4-3 and 2-1 are ultrafast and phonon mediated ® ps-carrier lifetimes

 DCQW are n-doped (levels 1 and 2) with Si

(2 —> 3) AbSOI’ptiOl‘l 4000F7e7-coaw

2.0 T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T - T T T TTTTT] T T T TTTTT
i AlAsSb InGaAs AlAs InGaAs AlAsSb ’ saturation @ 150fs Fit to theory Isat= 83MW/cm? 1
i - — - 1l _ o Measurement ds t
- | 8 6 8 ml 5nm | lg L corresponds (2) :
T L A Ea= 1240V 1 ~ 3000 F % E_=12400/um* |
B i == L |
> eS¢ >_’//\/“\\—j’\_/\; 14 3 L ]
o - 0 ) 43 c i Off-state |
- TS 1o £7TwW E.=1.150eV _ o
hadl o (e 0] © N 7 Q
) L ~ s i 5 2000 - 1 n
c
w Eonon I I E = 04450 . 2 i a(]o):ao 7 +IB‘Io )
- ﬁr <Ir ™ (‘fl) = . 7 < [ )
0.5 - <l sluft AN 2 Mg i o 7
B ] L sat 4
: E1=04106V : 1 1000 Lol Lol Lol Lo
B i 0.1 1 10 100 1000
0 L _|
e b b b Control Intensity, MW/Cm2
-200 -150 -100 -50 0 50 0.9 ‘ —— ‘
Thickness. A 2-A PP-Transmission T A .
Transient @1780nm (2—)48 3 B PL(’TE 7;(0)8;"”1‘/‘)/ ]
4-level DCQW System: T;3~0.5ps gy jso R
e * ¥ — i | Probe 2z 10mW |
4 » - i € |
e ) . = (A=1761nm)
3  Signal Transition g -
Control / Pump : : B 2
Up-transition : i T,,~4ps=1780nm 03
P :T41~4p3 = v32 P
A=1550nm H v 2  High ® low absorption
1 —: with ps recovery o
I S R T S M AN HN SN T Y A N B
T91~0.5ps -3.0 1.5 Ti%, ps 15 3.0
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Densification of optoelectronic devices and ICs

mm - cm-sized devices for OICs based on low contrast (An) waveguides are interconnect-limited!
Large bend radius of WGs r~1/An ® Density ~1/r2 ~ An2

Solution 1: High contrast WG , Photon wires
®» increased An-contrast (~2) by air/semiconductor interface

Solution 2: Planar photonic Crystals (PhC)

®» strong lateral Light Confinement / Guiding in a defect waveguide by the
planar Photonic Bandgap of a 2D grating (but weak vertical confinement !)

Planar InP/InGaAsP PhC with Defect WG:  Dispersion Diagram w(k):

Defect WG current, voltage 0.45/
(filled holes ; : ‘ce i
- > . 20

airholes

. =)

PhC Modes

dielectric
/

Band Gap

Frequency [mal2nc]

e o
== &

PhC Modes

I
|
| 00 ® \ ETH, D. Erni
i I
o

Wave Vector

@
@

Advantages of PhCs: ¢

=» wave length size bend radii reduce device size and interconnect area to a ~10\?
®» dispersion engineering ® low group velocity and “slow light, stopping of light”

®» strong nonlinearities by temporal (slow light) and spatial power confinement
= carrier life time engineering, Purcell-Effect
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INP/InGaAsP-Photonic Crystals: Process Flow

@ SiN/Ti-hard mask, EBL-resist @ EBL+PEC ® RIE of hardmask @ ICP-RIE of GalnAsP
deposition PMMA patternina \AAAAAAA/ \AAAAAAA;

2000m @
_RI, light mode

) S,

InP

SiN,
InP
InGaAsP

InP
InGaAsP

InGaAsP

InP

Major Process Characteristics:

- proximity corrected e-beam litho (30kV)
- max. PMMA thickness <300nm

- SiN,/Ti hard-mask, max. reliable etched thickness 400nm
- SF4-, CHF ;-based RIE etching of hard-mask

- optimized Ar/CI,/N, ICP cyclic etch chemistry for deep holes:
Ar: physical etching
Cl,: chemical etching ®
N,: hole sidewall passivation, shape control
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Interfacing Photonic Crystal: Power Splitter

Mix&Match-lithography (optical and e-beam litho) = interface to fibers-PhCs

shallow ridge (width=1.5um / height=300nm) = deep trench (w=0.5um /h=3um) WG = PhC WG

Optical EBL F Optimized PhC-splitter:
ridge WG Trench ridge WG g it

deeply-etched Out 1

deeply-etched
trenches

trench waveguide

_0ut2

PhC-hole lattice in InP/InGaAsP
by e-beam lithography and dry etching
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ETH .
e (CONClUSIONS and Outlook:

* High Speed InP- and SiGe Electronic is progressing towards +160 Gb/s

« OWDM with advanced coherent modulation techniques is approaching the fiber capacity
« OTDM lags in capacity, but OTDM/OWDM still promises system simplicity

» Tb/s All-optical Routing is still far out and dependent on optical integration

* Photonics and Optoelectronics Integration & Miniaturization has progressed slowly despite
its crucial role for the widespread proliferation and economic success of Th/s-communication
®» there is still not enough “Photonic Moore”

» Silicon Photonics is attractive and progressing even “without” an efficient light source/amplifier
* Nano-Photonics (Photonic Crystals, Plasmonics) could be useful for ultimate downscaling

- but who needs optical ULSI if we hardly manage SSI - MSI device density
- novel technologies should be functional complete and competitive against existing solutions

* Proven CAD-tools required for spreading of the technology
» Lack of a Generic Technology platforms and Foundries is slowing down progress
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Eidgendisische Technische Hochschule Zdrich
Swiss Federal Institute of Technology Zurich

Thanks for your attention !

Coutesy: Kraus et al, Uni St. Andrews

Thanks to all my current and past PhD-students !
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