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Initial Idea 1977




The First Presentation, March 1978

K. Iga, T. Kambayashi, and C. Kitahara:
The 25th Spring Meeting of Applied Physics Societies 27p-C-11 (1978) 63.

GalnAsP/InP Surface Emitting Laser (I)

K. Iga, T. Kambayashi, and C. Kitahara

The demand for semiconductor lasers operating in single-mode and
emitting a sharp beam is strongly recognized. For the purpose of solv-
ing this problem, we aim at the development of a surface emitting laser:
As a initial stage, this study suggests a device idea as shown in Fig. 1
and presents a necessary etching technology. Also we confirmed the
LED structure as a preliminary experiment for realization.

T'he surface emitting laser structure is consists of p-electrode and
etched surface of substrate as has been shown in Fig. 1 and the light is
taken from the etched well. From theoretical estimation, it is led that
the reflectivities r, and r, for two mirrors should be >0.97 assumed that
cavity length L=10mm, active layer thickness L =2mm, optical loss
a=10cm’, and optical gain g=200cm’’, respectively.

We grew the Ga,,In, As P _/InP wafer by a vertical LPE sys-
tem. We formed a p-electrode of 50mm on the epi-side and etched a
hole of 100mm in diam and 25mm in depth. We have used a so-called
KKI etch consisting of HCL:CH,COOH:H,0,=1:2: 1 having a relatively
large etching rate after a lot of trials. The etching rate is Imm/min and
there was no problem in the damage of photoresist OFPR. The photo-
graph of etched surface is shown in Fig. 2 which shows a mirror sur-
face. We observed a near field pattern under pulsed condition as shown
in Fig. 3. We are going to improve the epitaxy and etched condition to
realize a surface emitting laser together with the innovation of reflec-

tors/electrode.
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Substrate

8-10 September 2003
By K. Iga 1977



Three Verticals in 1977

1977 Vertical Cavity Surface Emitting Laser
By Kenichi Ilga

1977 Vertical Magnetic Memory
By Shunichi lwasaki

1977 VAD: Vapor-phase Axial Deposition (Fiber)
By Tatsuo Izawa



Motivation
of
Research

Monolithic Fabrication
Modulation

Single Mode

)\ Resettabllity



VCSEL Motivation

Requirement
Not Demand

1. Monolithic
Fabrication

2. Single Mode

3. Wavelength:
Reproducibility

Etched
-Mirror

Yes

<50um

No

DFB VCSEL
Yes Yes
(Facet-

Needed)

Phase- Yes
Shifter

Yes Yes

(Technology Depend)



Stripe
VS.
VCSEL
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VCSEL Research and Development

1977 “Surface Emitting Laser” - Conception

1978 First report

1979 First demonstration

1982 6-micron cavity: Clear VCSEL-mode achieved

1986 Buried heterostructure, /,=6mA

1988 First room temperature CW 4=820nm

1989 mA-7,;, demonstrated

1993 First room temperature CW 4=1,300nm

1995 Low threshold laser demonstrated 7,<0.1mA

1998 Room temperature CW 4=1,500nm

1999 VCSELSs opened Gigabit LAN market

2001 High-end fiber-optics system & 10 Gigabit LAN
Laser printer, Optical mouse, ...

2011 Toward wide areas in VCSEL photonics

2022 ?



A D FEHR:1979

Light output

. Av rcnci’?rtg? = 00pmy Au/Sn ring electrode (—)

«—nN={100) InP sub

(Sn doped : 2x10®)

n-InP(Te dopedt~1d°)

éGoInAsP

(Undoped,Active layer)
N\p-InP (2n doped: 1x10?)
Si0;
Au/Zn circular mirror

and electrode (+)

[19791GA] H. Soda, K. Iga, C. Kitahara and Y. Suematsu,
“GalnAsP/InP surface emitting injection lasers”, Jpn. J. Appl. Phys.,
vol. 18, pp. 2329-2330 (1979)
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6-micron cavity VCSEL 1982
Very Thin Laser: A Big Breakthrough
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VCSEL Advantages

a) Ultra-low power consumption: Small volume
b) Pure spectrum operation: Short cavity

-
s
LR

c) Continuous spectrum tuning: Single resonance +

d) High speed modulation: Wide response range \

e) Easy coupling to optical fibers: Circular mode l f
f) Monolithic fabrication like LSI >
g) Wafer level probe testing i
h) 2-Dimensional array 2D Scaling Law 00000000

i) Vertical stack integration with micro-machine “-."I"."

) Physically small o ¢
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Epoch Making VCSELSs (2)
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Si0,/Ti0,/SiO,/Au Mirror
1988
K. Iga, F. Koyama, and S. Kinoshita, IEEE J. L. Jewell, A. Scherer, S. L. MacCall,
J. Quant. Electron. 24, 1845(1988). Y. H. Lee, S. J. Walker, J. Harbison,
F. Koyama, and S. Kinoshita, and K. Iga, and L. T. Florez, Electron. Lett. 25,

Appl. Phys. Lett. 55, 221, (1989). 1123(1989).
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After Room-Temperature CW




1989 Break

L E R TR

uber die Echtheir eines Bruchstuckes dee

Berliner Mauer
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2001 National Nanotechnology
Initiative (NNI), USA

Vertical Cavity Surface Emitting Lasers are another
device that relies on superlattices with nanometer
thick films. Bl.amﬁmdmmadinme
1970s by the Tokyo Institute of Tec ”‘lm

.......




Scaling Law

Threshold I, <V,
Relaxation Frequenc
neney f, =1V,
Tuning Range (FSR) AL < 1/L,
Spontaneous Emission Factor C x VL
v .

a

Q : LC Small is Smart !
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Threshold Current
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Surface Emitting Laser : Its Model

Light Output

N

Electrode
Transverse Mode Field
Current !
Conflnement
Quantum_)( é Longitudinal
Wells —j/ Mode Field
T € Optical
DBR Confinement

Substrate
Electrode &
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Optical Spectrum and Materials

Optical Disks, Displays Transmission Systems

et LAN's, Interconnects
—

GalnAsP/InP

AlGalnAs/InP | |
GaAsSb/GaAs

GalnNAs/GaAs

GalnAs/GaAs - RRE

AlGaAs/GaAs - Q-Dots

AlGalnP/GaAs L]

GalnN/GaN B ) sso 1,300 1,550

200 400 600 800 1,000 1,200 1,400 1,600
Wavelength (nm)
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VCSEL Video Demo

After Genichi Hatakoshi, Toshiba

21



Competition of
Threshold Reduction

1990-2000

Tokyo IT, Bell Labs, Bell Core, UCSB, USC,
U.TX, U. lll, UCB, TNM, U. Ulm, TU Berlin,
TU Munchen, U. Wuertzburg, Industries,,,,,,

Quantum wells and dots, AlAs oxidation,
High quality conductive mirrors, ,,,,



Laterally Intermixed QW VCSEL

Mesa: 15x15 um? 4 , 4
laterally without OXIdatlcl)nrga As/GaAs s \;VE/)(())°R()3T§min wio SiO,
intermixed area 3QWs 3| —— 750°C, 3min with SiO, 3
p-contact ~ %
802 o | A e =
, D 2F —— )i 2 o
i 1 2
R N = :
olyimi U g 1
GaAs substrate OO 2 4 6 80
n-contact current [mA]
Quantum structure
. . / P(/I=8mA
intermixing from th 1y ( )
mesa side-wall offers w/oRTA |2.0mA| 0.20 | 1.5mW
carrier confinement intermixed | 0.6mA | 0.35 | 3.2mW

for lower thresholds

Sugawara and Miyamoto, Electron. Lett., 2009
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First Wavelength Tuning:1992
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N. Yokouchi, T. Miyamoto, T. Uchida, Y. Inaba, F. Koyama, and K. Iga:
IEEE Photon. Technol. Lett., vol. 4, no. 7, pp. 701-703, Jul. 1992.
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Athermal InP-based 1.55 pm VCSELS

dA/dT=0.0016 nm/K
S0 times smaller than DFB LD!

-20

g g ul 43
~ Electrode 2 A0Fg =003 0m .
Mirror SR :
\Cantilever B Z
~- 2 60t :
Bt :
3
S
— 50 um
b~ H : 1537.7 15387 1539.7 1540.7
e Wavelength (nm)

Janto, Hasebe, Nishiyama, Caneau, Sakaguchi, Matsutani, Koyama, and Zah
ISLC PD1.1, 2006
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After Fumio Koyama, 2016
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High-speed Transverse Coupled Cavity VCSEL
| I AA.@A Reflection

. . w
Active Region pagsive Feedback Cavity

o
G o= u@?
lon—l-ﬂant,?n 26-pair p-DBR

Al s GaAs
InGaAs/GaAs QWs

41-pair n-DBR

with optical feedback

without
optical feedbac
A0 o s s by
l('0 5 10 15
Modulation Frequency (GHz) 36Gbps PRBS, I[,=10mA
Extinction Ratio 4dB

Bandwidth Enhancement thanks to Photon-Photon Resonance
3dB Bandwidth > 20GHz (doubled)

Dalir and Koyama, IEEE Photonics Conference, PD 2013

Intensity Modulation (dB)




Lateral Integration of VCSEL and Slow Light Modulator

Slow Light Modulator
(a)

oxidation p-electrode

Iny,GaAs/GaAs 3Qw

VEVEVEY

Aly4,GaAs/Al, ,,GaAs 40pair electrode

—— > €
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2 -~
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— 1.2V -
I ~
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» - =
| 3
: &
(=} -
05 F
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Extinction Ratio: 5dB@1.2V, Effective Length < 20um
Shimada, Fuchida and Koyama, ECOC 2011
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Creation of Vortex Beam based on VCSEL Photonics

Near Field Pattern
-
Input -
Top DBR
Core
Bottom—__"

DBR
Simulation Far Field Pattern Experiment
B ' : 2 10
= 5
3 S0
= 2
<
-10 -10
-15 0 15
Angle (degrees) Angle (degrees)

Mochizuki, Gu, Matsutani and Koyama, CLEO 2013 29



after Novalux

VCSEL Applications

—

5;,'?{ ' o
after Microsoft =
(Ulm Photonics) 'l 1
: | |
Sensing — | .\
Datacom Printing _‘ —w

VCSEL Photonics after FujiXerox

Transmitter- Receiver-
o — 4X;ﬁ\'/°e’: ngser Optochip Optochip

GONO O 00" 00

OCT (Image of Retina)
hitp://www.oct-optovue.com/

............................

4x12-ch
Receiver IC

4x12 PD Array

Optocard

SLC™-card with _/

surface wiring

48-waveguide array
with coupling mirrors

Silicon carrier
with surface
wiring and vias

after IBM/Agilent




VCSEL Applications

. Optical Communications
. Interconnects

. Data transfer

. Optical Memory

. OE Equipment

A b O =

($)]

. Information Processing
. Optical Sensing

N

8. Displays
9. lllumination

10. Power Optics
11. Quantum Optics

LANSs, Optical link, Mobile link, etc.
In Super—computer,
High speed/Parallel Links, etc
Disk, Near field, Multi-beam, Initializer, etc.
Printer, Laser pointer, Mobile tools,

Home appliance, etc.
Parallel optical processing, etc.
Optical fiber sensing, Bar code reader,
Laser mouse, Encoder, etc.
Array light source,
High efficiency light-source, Projectors
Multi-beam search-light,
Micro-illuminator, Adjustable illumination
Engine igniter, Laser radar, Manufacturing
Atomic clock, Optical clock signal,

31



Laser Mouse

1B(1000,000,000) Pieces Shipped in the World.
After Microsoft;

o ngh sensitivity VCSEL by Ulm Photonics
VCSEL

* Available on transparent
Image
or luster table sensor

* High efficiency

* Low power consumption Table

* Long battery-operation

 VCSEL is the key light source for
optical sensing systems.

32



VCSEL Laser Printer

=2-Dimensional VCSEL Array.
High speed and Ultra-fine Resolution.
(14 pages/ min. 2400 dots/inch)

4x8 VCSEL array

Light exposure system

\ﬁ;-/

ﬁ% —a— Polygon Mirror

Monitor Photodiode

f-@ Lens

Photoreceptor

Main Scanning Direction

WS After Fuiji Xerox: World First Demonstrator




Supercomputer : TSUBAME 2.02.5

Nov. 2011 5th i Top500: , June 2-11 Greenest in Green500
Top500/Green500/Graph500: Top in the World, 2012

N A _ GSIC Prof. Satoshi Matsuoka
: ‘ i | Cooperators
NEC (Total System Buolding)
HP
NVIDIA
Microsoft
Voltaire (Infiniband)
Other several

Peak:2.4 Peta Flops Leader of CPU+GPU
(From TSUBAME1.2)
Top500 :1.19 Peta Flops
Storages:11 Peta Bites
(SSD:200Tera+ HDD:7.2 Peta +Tape:4 Peta) | >
Optical Interconnects: Fibers 3500, Length=100km
(cf. IBM Sequoia: 330,000 VCSEL)
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Optical Active Cable

* Currently, USB, video-interface,
and various data-cables are
available as the optical active
cable.

—

88488 -
°’ - 157 >oe
m OPTISIS




VCSEL Interconnects:Level 4 & 5

AR YN

(&) b )

=

K. Iga, O plus E, Vol. 38, No. 1
p.32, 2016
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A Large Scale Array

Talbot-Cavity-Coupled Coherent Array
1TmW x 100 x 100 x 1000= 10kW
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VCSEL Market

By 2020, >2500M$

Data Com
High Power
Sensors



Summary

VCSEL Technology;
Started from Minor Reputation.
Generating a Big Innovation.

Featuring;
a) Low Power Consumption, Good for Green ICE
b) High Speed Electronics and Photonics
c) 2-D or 3-D Configuration
d) Good for High Power Application
OK

Future;
Will Generate Smarter Ideas Never Thought.
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