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Major Breakthroughs in Optoelectronic
Materials and Devices and Impacts on Communication

e 1970’s:

O Low loss fibers & Heterojunction semiconductor lasers,
e.g low threshold devices

=P [ IMmpacts: Foundation of modern fiber communication

e 1980’s:
O DWDM & EDFA
=gp [ IMmpacts: Deployment of Broadband DWDM systems

e 1990’s:
O VCSEL, Raman amplifers

e 2000’s:

O QD devices, Photonics crystals

=) O IMpacts: ?
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Metro/Access and Ethernet-based Technology

N
N

Metro Link

"'IFI'\

LI U
WDM System
LAN/Metro Access

1000 Base-PX10

4 ~ 40} , 200-100-50GHz

10GBase-L X4 -

1000Base-PX10

Campus
Enterprise

FTTH

Server Farm
10GBase-S




Device Technologies for Optical Communication

 Current Devices technologies
O High speed Ethernet modules
O Low cost WDM modules

e Current development
O GaAs-based Long wavelength VCSEL
O Optical MEMS, PLC

e Future devices technologies

O Nano-photonics technology

QD devices
* Photonic Crystals




Device Technologies for Optical Communication

 Current Devices technologies
O High speed Ethernet modules
O Low cost WDM modules




Technology Roadmap
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Current Devices Technologies
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Device Technologies for Optical Communication

 Current Devices technologies
O High speed Ethernet modules
O Low cost WDM modules

e Current development
O GaAs-based Long wavelength VCSEL
O Optical MEMS, PLC

 Future devices technologies

O Nano-photonics technology

QD devices
* Photonic Crystals
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850nm SM VCSEL Operating up to 10G

® N-tpye GaAs substrate

® Simple and manufacturable process

(as the general semiconductor process)

® Probe screening prior to package
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L8 ks 10Gbps 850nm VCSEL

Eye diagram
.Simple and manufacturable process P T e e e P =T

* Probe screening prior to package
* N-tpye GaAs substrate
* TO-46 package for high speed
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10Gbps 850nm VCSEL TOSA

Optical Specifications
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1OGbEs 850nm VCSEL-based XFP

Features:

1. IEEE 802.3ae compliant

2. XFP MSA compliant

3. 10 Gbps Tx/Rx with XFI high speed 1/O
electrical interface

4. Transmission distance up to 60M

5. Ultra small form factor

6. Hot pluggable in the Z direction

7. Duplex LC fiber-optic connector

Optical Specification
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Applications of the New 1.3 um Technologies

1. VCSELs an d FPs Y-Branch Spiitter Monitor Detectors

TMI Waveguide .,/7

e | ow cost

nxliy jdllm

» Temperature stability

2. Optical Interconnect
e Low threshold QD VCSEL arrays

3. Integrated optical devices
based on GaAs substrates
e |11-V Waveguides
e Monolithic CWDM array
« Semiconductor Optical Amp. (SOA)
« EA+DFBs

4. Low power HBTS




!IE IR Unique properties of 1.3 pm VCSEL make | Features & benefits
OES . . -
~—— |t applicable for largest part of todays transmission market

155 M ‘ 622 M ‘ 256G ‘ 110G | 40 G
60 m
Paroli
Itiple fibers
300 m
2 km
R 1.55 pm DFB
| single mode _|
mainly
externally
40 km modulated
I

= Replacement of 1.3 pm edge emitters in Datacom due to more cost
Dr. Kai Siemer

| effective packaging
mea = Replacement of 850 nm VCSEL due to increased laser safety, larger

Page 5 reach in multimode fibers




EE OES Epitaxial materials for 1.3 um VCSELS
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» Conventional long wavelength epitaxial materials, InGaAsP/InP,
IS not suitable for 1.31 um VCSELS!
* New approaches are needed! ‘AIAI h ASOD
° Approach 1. InAs/InGaAs QDs/GaAs InGaAs matrix

. Approach 2. InGaNAs/GaAs: Adding N to InGaAs to reduce
the lattice strain and lower the bandgap m
ITRI
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MBElnGaNAs  VCSELSs
QW
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MOCVDInGaNASQW VCSELS
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ITRI
m OES |_-1-V and Spectra of InGa(N)As VCSELs(MOCVD)
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ITRI/OES Optical MEMS

Design & Core Technology
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1D/2D Optical MEMS Switch

|

hip Desgn & Simulation
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Bulk Micromachining &
UV-LIGA Process
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Packaging of NxN Optical Switch- ITRI/OES

Hemertic-seal

Metal & GlassLid

Hemerticity (leak test) : achieved specs. 1x10-8 atm He.C
| solation resistance : achieved specs. 1x1011 ohm ﬁ ITRI




High Speed Passively aligned OSA
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Device Technologies for Optical Communication

 Current Devices technologies
O High speed Ethernet modules
O Low cost WDM modules

e Current development
Olong wavelength VCSEL
O Optical MEMS, PLC

e Future devices technologies

O Nano-photonics technology

QD devices
* Photonic Crystals




m ERII.;sDeveIopment of Hetero-structure Laser Diodes
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After the success of the quantum well lasers, resea%ﬁaéf:s began to investigate structures of lower
dimensionality, e.g. quantum wires and dots. Several approaches has been investigated and soon found
limitation dueto theincreased surface/interface area that lower the radiative recombination efficiency of
theinjected electron -holes. SK mode of growth hasthe unique ability to avoid the surface sl
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Advantages of Quantum Dot Lasers
- the Ultimate Nanostructure

* Tunability of emission wavelength by QD size and composition. GaAs-
based light sources cover the entire range of wavelength, from 700-
1310 nm that are important to communications.

v Extension of the possible wavelength regime on GaAs substrates to
A >1300 nm

v'Lower threshold current densities

v'High characteristic temperature T, at 1300 nm

o Suppressed carrier diffusion =
- lower facet temperature,
- no beam filamentation,
- lower M, and
- radiation hardness
- higher output power

 High modulation frequency, low alpha factor
« High-efficiency VCSELs at 1300 nm based on GaAs jHi ITRI




EE OES InAs/GaAs QD
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Epitaxy Growth of QW and QDs
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Thickness increases strain
Two materials with different Thin InAs is strained accumulates in the interface,
lattice parameters But no dislocations dislocations form and crystal quality

degrades
QD formation by Stranski-Krawstanov Growth
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Quantum Dot Technologies

*Bandgap engineering
*3D confinement

sLow threshold current
*Thermal stability
*High efficiency

W Slocked MGDs
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«Self assembled epitaxy
sLong wavelength emitting

L. D & VCSEL for fiber communication

sPatterned substrate for QD array

b Nano-technology
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Self-Assembled Quantum Dots
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QD Laser AFM

LM3544 1x10'1 #/cm? with base width below 30 nm
B[N ITRI




QDs Characterization

Dot density: 3x101° cm2
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QDs Characterization TEM
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QD Laser Structure

Layer Structure Laser fabrication
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“T3.m QD laser structure

p-Al, 3Ga, ,As cladding layer

5 pairs

Iny.15Gagp gsAS Snm

n-Al, ;Ga, ;As cladding layer 2.5 ML

GaAs sub

Cross-section SEM image of
1.3um QD ridge-waveguide laser

Cross-section TEMand SEM image of

InAs/GaAs QD active layer

1.3 um Quantum Dot Lasers [ #&

1.3um QD ridge-waveguide laser characterization
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Ridge-waveguide QD laser characteristics

Voltage (V)

12 'T.:25I°C.cwl —71 r 1 r 1 r 1T 71 r1 25 g
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10 | 420
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&
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- 15N
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Angle (degree) 45 2
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Current (mA)

Low divergent angle, high differential efficiency, single mode

QD lasers have been obtained !
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Ultra-low Threshold Current QD EELSs

L-l curve

HR/HR
" (W,L)=(5um,0.6mm)
4| CW at T=20°C |

1k 1.265

1.270

1.275

_ Wavelength (um)
lth=1.43 mA :
) e S S W R S SEM of 2 stack QD layers
0 10 20 30 40 50 60 70 80

Current (mA)

1.280

Front Facet Output Power (mW)

Cf. D. L. Huffaker et al., IEEE J. Select. Topics Quantum Electron, VOL. 6, 2000. : Am ITRI
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INAs/INnGaAs QD 1.3 um Lasers di=

EL Intensity (arb. units)

|| SH76 QD laser /#
Pulsed T=25°C
——
_—
50 100 150 200
Current (mA)
SH76 QD laser 1.31um
|| pulsed 25°C
150 mA ,\
| L\
/N
130.mA /A J \\\
xb

115

1.20 1.25
W avelength (um)

1.30 1.35

Power (arb.units)

Tﬂ-r.'.l'inil:.al

Lasing at 1.31 um @ 25°C
with low |, and high efficiency!

Potential Impact: Low cost VCSELs and LDs for

metro/local-access fiber networks.

Innovation: Allow GaAs technology for uncooled

1.31 um components to replace the less
developed InP technology. QD can be made on
the cheaper and better GaAs substrates and is
less temperature sensitive. It also allows
integration with GaAs high speed electronics

to lower the system costs.

Importance: The characteristics of InAs/InGaAs

QD epi-structure were shown to be as good as
other QW LD structures. ITRI/IOFFE
collaborative program will aim to be the first in
commercializing QD devices at 1.3urg=kaahe

world. ITRI




InAs-InGaAsDWELLs
in GaAs matrix

" Room-temperature continuous
mgalcntacts | operation of InAs QD intra-
cavity VCSELs grown Dby
Molecular beam epitaxy (M BE).
A:1l3pum

|y, : 2.2 MA

P - 2 MW

Output power (mW)

Slope efficiency : 0.41 W/A

The first room temperature 1.3
um QD VCSEL with all

Voltage (V)

semiconductor DBRS!
B[N 1TRI




Comparison of QDs and InGaNAs QWs

Inter nal Quantum Efficiency of QDscloseto 100%!

2.5¢

1.5F

Inverse differential efficiency, 1/n,

1.0: 0% q om
i A 4-922 (2QD) 100 35 ]
0.5 ® 4917 (5QD) 95 25 -
- ® Wisconsin* (InGaAsN QW) 85 7.8
ool (UITRI(NGaNAsQW) 96,6 |
0 500 1000 1500 2000 2500

Cavity length, L,um

*N. Tansu and L.J. Mawst, IEEE Photonics Technol. Lett. 14, 444 (2002) m I




Summary- QD Devices

O RW multi-stack (N=2, 5 and 10)
InAs/InGaAs/AlGaAs QD lasers of 1.3 um range
have been fabricated. The threshold current
densities per stack were about 25 A/cm?, 18
Alcm? and 10 A/lcm? for 2-, 5- and 10-stack QDs,
respectively.

OLow threshold current of 1.43 mA, High wall-
plug efficiency exceeding 40%, and record high

current density above 100x J, for 10-stack QD
lasers for RT CW and GS lasing emission was

achieved.
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Optical Interconnection Types and Applications

. Intra-chi
Applications inter- bowaONMC _ : ’
ter=
Distance 1km 100m 1m 10cm 1cm Imm 100pum 10um
Medium fibers ave-guides free space
Advantages - Stability * Less cross talk * High channel density
» Easy replacement * Curved path « 3D connection
Disadvantages «Llargevolume » Planar configuration . Difficult alignment
* Low channel density * High loss
Application ® T elecomm Switch, Telecomm Transmission Equipment
Products ®High End Datacom Switch and Router

® Aerospace and avionics communication

®High End computer peripherals Enterprise computer sef
® M ainframe Super computer m ITRI




_ high-density data storage carbon nanotube
nano-electronics (Terabyte) field-emission display

— (CNT-FED)

long-life fuel cell for ultra-thin &
mobile devices flexible display

Nanotechnology 4
Strategic Applications W
&4 In Major thrust projects -
nano-optoelectronic :
communication components next-gen. electronic
(QD Laser, Nanophotonics) packaging technology

v-

nano-fiuid with
superb thermal-
conductivity




Nano-Photonics Roadmap

Photonic Crystal
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Types of Photonic Crystal Structures

(a) 1D (b) 2D
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Nano-patterning - Nano-fabrication
Technology Technology

Features of
Photonic Crystal

e periodic structure

e dimension in sub-wavelength
region

e various device design




Dielectric Omni-directional Reflector

Cry L White-light LED With One Dimensional

Photonic Crystal
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Ref|ector Substrate

One Dimensional Photonic Crystal Structure with High Reflectivity
at Certain Wavelength (i.e. Band Gap) Irrespective to Incident

Angles and Polarizations.
i TR




Dielectric Omni-directional Reflector

Calculated Average Spectra of Omni-directional Reflector
Structure For Unpolarized Light With All Incident Angle

E

Average Transmission (—-) & Reflection (-) (%)
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Photonic Band Structure of an Omnidirectional
One Dimensional Photonic Crystal
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Photonic Crystal Devices

* Photonic splitters

O Integration with ccsos Pesos |
MUX/DeMUX . S88%:c=ggsis
O Increase Channel Count i e

per Area eapoins -~ ol |
e Photonic Crystal VOA Photonic Crossing
(Transmission)
O Index Tuning
O E-O Substrate
O LC Filling
O Geometric Tuning




Device Design

* VOA
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L ow Cost Sources (OFC 2004)
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Practical applications of holey optical fibers

D.J. Richardson. K. Furusawa., H. Ebendorff-Heidepriem. P. Petropoulos, V. Finazzi, J.C. Baggett,
W. Belardi, T.A. Kogure, J.H. Lee, Z. Yusofl, J. Nilsson, Y. Jeong, J.K. Sahu and T.M. Monro
Opioglectronics Research Cendre, Untversily of Sowdhamplon, Sowthampion SOF718S, UK
Pl 444 ZIR034 534, Fax: + 44 2380 5303142 Emanl: gimoore salon. ae ik
I e
Abstract: We review recent advances in the development of HF technology and describe various

practical applications of the technology in the areas of nonlinear and active fiber devices.

2003 Optical Society of America
OCTS codes: (060.2280) Fiber design and fabrication (060.4370) fiber lasers, nonlinear fibers, microstructured fiber

| . Introduction:The microstructurad fiber is a new class of optical fiber that has emerged in recent vears ( for recent
reviews see [1] and [2]). Microstructured fibers contain an arrangement of air holes that run along the fiber length.,
and examples are shown in figure 1. The holes within these fibers act as the fiber cladding. and light can be guided

using either one of two quite different mechanisms.

EtLtltt't
H... )@ |

Figure 1 Varous nonlinear and rare earth doped holey fibres: {a) Small core highly nonlinear silica fiber with ~2pm core [18].(b)
small core Er doped fiber { dopant is confined to a region of diameter ~lpm within the ~2pm core) [29]. (¢} High nonlinearity
extruded SF57 glass HF [4]. (d) Large core endlessly single mode fiber [1.2]. {e) Cladding pumped fibre with a conventional core
as used for high power ¥Ybh-doped 980nm lasers [26]. () Large mode area cladding pumped holey fiber for high power laser

applications [25.27].



Practical Applications of Holey Optical Fibers

(cont.) - D.J. Richardson, et al, University of Southhapmton, (OFC 2004)

5. Conclusion.

Il n conclusi o
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Photonic Crystals
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Minimum Feature Size (nm)

Critical Dimension for Photonic Integrated Circuit: A =1550nm
An = 440nm
critical dimension for photonic crystal = 100nm
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Eli Yablonovich, UCLA (OFC, 2004) m ITRI




%
TL

o
.
W
et

L
W

E
<

an
Q

*
=
Q
N
=

o

A

Concept

t

1Ircul

Integrated C

Nano-Photonic

lllllllllllllllllllllllllllllllllllll

----------------------------------
L1 'i-i-l_-!l- ili-i-it-it-til Ll
FEE FEFEFEEE FRRE FRERERREEERR AR EEE
BEE SEREEEE FEE DAGRENOEEEANEEREREARE DEE

wEbE RiddEEEsdeEddaidEdee Rdd
--------- iF FERAERRERREEREREREN BE BEE

il SSssEm -iﬁqtqiii-#i-inici-iﬁi LT
BEd BEERE BEE RARdRRRREEEREERRW e 1 1
EEE EREE BEEEE l.tr!it..: AREE t-rnl v
g SESREEEEERE = HAREEE BEE
FEF BE FEREREEREEL -ii.. FEREREERERE BEW
[EE R TR LR LT TR T T AEAEEEYEEENBEEERE AN
WEd @RERREREEFL Je cRBRERERGE REEEBRERE BEE
[T T B T | LA L]
(TR TEY e BN
(LT3 T = (TR T ]
B wET EaEE BB
LEE T b AEEEE BEE
E® w0 EEREEE W
A @Ee FERERRE BN

nRE e FRREE B0 BEW
ik, GEEEER LLAE L LY i 1L
FEF BEARER BRI AE BEEs SR
------------------------------------

-
-
-
-
-
-
Lk ]
-

- -
-
-
L 1 ]
-
-
-
1]

iiE sEdRES L. iEEFEE BEE
EEE FEEEE AR @RS DaRREEEd i RERERE BHEE
A SEEE A S EEEEE S SESSEEEENEEE EEE
il FETEERA e S EEE Ry AR A R
BEE 8 WEETE #EE EEE
BEE SEREEEI ERE FEE
lllllllll wE BE@
AN SN EE EREE W
BEE @EZE AR EBE
[T E O T B AERERE AR
ih Wil EEREARE FiEE

LR T RTEEE EE EEE
L I R L O L e Ll af-llqn-iaila L L]
BEE SREREE PR TEEREE e, [ CaE
-----------------------------------
BEE aEERER L FEEEEE BEE
BEE SREER | BUcogEw Ji-ln-t-l-ill TR
L T L LN T CHAERR AR AR BRE
BFEE BEEREEE CEEREE R R R BEE
----------------

pid dFRdbERL ii# R
iR @Ei-nEd aEE B@E
BEE @TsEE EdEE EEN
BEE SEEE BEREE B@E
EEE EEE EEEEEE EEE
L L LE iEgEsEE W
L L B T AEEEE BF BEW

B R R EE IR CEARRAR TN NN
e s T O T e T
iEE -:-I.-I‘:I.I.I.!.II.—...,...._-.III.ll.lI BRERF =

il EEEREE BEEREE BEE
iF FEEEE l-l.!-wq _-llli-i-lnll! BEi
SEE SREs AEEBEEC BE liiiilii ----- e N
i SERAERREERBRES" ERBEERERREEEEEE BEE
EEE S BEEES EEE IEE
Bl AEERERE L EERT T
PEE FREEEE TEY. EEE
LLE L E Ry ] ) LEL L] ]

o
=
T
[ =
r
:
g
:
5
=
5
2
E
g
b
&
*
2
E
:
=
2
Z
[
G
=
:
-
=
..m..
=+

I8 rrrr

Eli Yablonovich, UCLA (OFC, 2004)




“\Where this thing
IS going to stop,
only Lord
Knows.

- Thomas Edison
October 1879 —
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QD &InGaAsN VCSEL by MBE : Jyh-Shyang Wang ( ), Ru-Shang Hsiao 2
( ), Chih-Ming Lai ( ), LI-Chung Wel ( ), Kuen-Fong Lin(
), Nikolai A. Maleev ¢, Alexey R. Kovsh ¢and Jim Y. Chi ( )

*lnGaAs(N) VCSEL by MOVPE : Chen-Ming Lu ( ), Chih-Hung Chiou (
), Cheng-Hung Lee( ) and Tsin-Dong Lee ( )

«850 nm VCSEL Process. Hung-Pin D. Yang ( ), HSin-Chieh Yu b ( ),
Jing-May Wang ( ), Hao-chung Kuo 9 and Chia-Pin Sung ( )

«850 nm VCSEL Package & Module :W division

a Department of Electrophysics, National Chiao Tung University
b Institute of Microelectronics, National Cheng Kung University
¢ A. F. loffe Physico-Technical Institute, St. Petersburg,Russia

d Institute of Electro-optical Engineer, National Chiao Tung Universitly
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International & University Collaboration
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Optical Communication industry in Taiwan
- Present and Future
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INAs/InGaAs QD 1.3 um Lasers

SH76 QD laser
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gPhrnim-
Technical
Institute

Lasing at 1.31 um @ 25°C
with low |, and high efficiency!

Potential Impact: Low cost VCSELs and LDs for
metro/local-access fiber networks.

Innovation: Allow GaAs technology for uncooled
1.31 um components to replace the less
developed InP technology. QD can be made on
the cheaper and better GaAs substrates and is
less temperature sensitive. It also allows
integration with GaAs high speed electronics to

lower the system costs.

Importance: The characteristics of InAs/InGaAs QD
epi-structure were shown to be as good as other
QW LD structures. ITRI/IOFFE collaborative
program will aim to be the first in commercializing

QD devices at 1.3um in the world. EE
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