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Challenges for new functions of VCSEL-related devices have been carried out, which include the
wavelength control and optical phase-control based on VCSEL structures. The athermal operation
of micromachined VCSELs was demonstrated with a novel thermally-actuated membrane mirror.
We demonstrated an optical nonlinear phase shifter based on a VCSEL saturable absorber. A large
nonlinear phase shift could be observed in both modeling and experiments. The proposed device
was used for mitigating fiber nonlinearities in optical domain. Also, highly reflective periodic
mirrors commonly used in VCSELs enabled us to manipulate light with a slow light effect. This
new scheme provided us ultra-compact intensity modulators, optical switches and so on.

SRR
(GgRHAE < 1)
AR R & &t
2007 AR 9, 800, 000 4 2,940, 000 [ 12, 740, 000 M
2008 £ 13, 800, 000 [ 4,140, 000 [ 17, 940, 000 M
2009 4 JE 13, 000, 000 4 3,900, 000 M 16, 900, 000 M
R
L
woOEt 36, 600, 000 [ 10, 980, 000 M 47,580, 000 M

WA kL) hr=2 %
B DR - ME  BRET 1% - T7/ 1 2 - B THER
FoU— BRI L — T, BB, R, A ¥ % b, v A suvsy

1. AFZEBIAE 4D 5 B RRERIE CREAZEEH L CTHWE
FBERY FT—27 THOWL D FEEK HLOT, A%, MEMITBERENMERT D
L—WUI%, EkREMTTH S DFB V- &~ EIREER v R U — 27 T, 100 RIZ KSR



NT— 27 2 FEBLT HI21E, LRI
Befe DR E BRI 70 & DT V=) A=Al 73
MEE STV, R L —FORRIRE
TEARLHL B I — T B O R AH

LD MLAE, FICBRASINE, 1FEALE
BN ST, X BT, )il L DR

A L — P OMFFEI ALK O v F -1
ML THESD STV, IR OIR K fF
b, ZWE—FEAERFEIZONTIL, KEFT
Hot.

2. WO HBY

G L— W O & dil B AT B P & g
e b — VS A AR - R BRI AE
HAE BB A4 L, WL —T 2kl
TAHEHLWHET AL AT REETHL
ZHME LT, LFOMIEEE % 3t L7=.
1) EFEV- OB RS HIEEA OB
v A I m~ T UREEMIC XD BRI
EORERGEMEZE2ICHE L&
BEEEKFEL—Y, HDHVIE, T3 A H e

BICEBEICKEZHRETIHENY 2
TR 8, ek YSER L — T ET

IR ¥ C & o 7= BT 72 9% = A B il & B #h
T 5.

2) R L —HEE & VT OE B
HFEIE L — PRS2 VT, AR AT
wf U CERBRIERIEAMS 7 FE2RET D
NARY 7 X DEBREZD T 7 A IR
RO H U IERR I AR E BT~ D & B0 Y I
HEEHIENC K A/ NEHSRER TRRHE 2 &,
RNV —F AR ML LA E B0
Bttt & fesr 9 5.

3. WrED L

WEE 1100nm OEHEE L —F 2B\ T,
R EOT v THHIHOFIEIZ LY, 2k
FE—FEREZOEWEENICL 22 EE
B —FT LA OFREHNT TS, %
7o, A 7 v~y HEEIC LY IR O E
PR % SERITHE L= RIEE A OE
IV —F OG- BUEEITV, IR KT
{bOEMEEZ FEHI 5. T2, ZEETLAD
HeH 1% BT 572012, ?H/\T%LBragg
FCHHE S B IE I L D/ N A A
A 5. it,ﬁ%ﬁVﬁﬁﬁ%%@Q
EHIENC L0, FEMIBAY 7 % O 5 L 3
MIGALAR Y 7 N &, BhERIR, JSEHE DY

FEITO L E BT, EEHIHES LT 2l
TEZ1TVY, 10 ¥ a Ll FIEREISE OFEM

R, INEHWET 7 A 7SR RAlE B
firofescz HEEd. 61T, mHLL—HE
12 T N A AR LA —F A
FREFELT, BT = FHRFONAA T D
IR Z D 5.

4. WFIERCR
1) ZWREFEELV—FT LA
MR & e 2R mFOL L — Y D

EMROBEmEZBELT, FIA4A=yF
V77 a AN XD MPMERIE R ATV, K
FMMRAEE 2 15%LANICIN %2 5 Z STk L
7. (@1, 2)

Masked region: not etched

Exched region

VOSEL with a p-electrode pad

Channel EL 30pm
t MEsa
I I

R I S S ’T"m ERLETA 8 —2

Multi-wavelengih VCS

70 96 120 140 190 310 500 (4 m)

M1 MERERWEZREmEEL —
P74
X2 ZET LA O EHHE

£7o, HIE L —H & 22 A A A

HOEARCER A RE L, BB >
1160
1150 -
_ 1140 F /,/
=
= 1130 /(
'ji” 1120
= 1110 F
z
5 1100
o /T Maximum Deviation
1080 | r
1070 CH1 CH2 CH3 CH4 CHS CHé CH7
Channel

a2 l—yg BT, 10 F v oL ED
G % Iom LT ORUNEIE CEBLTE 52 &
Zord b L i, FEERIT 1060nm HEHEIFEOE L
—HEHNT, 4 Ty RNV EEEREZITH-
7. ZOREREID, 12 F v RHEOS
WREAWNFEFE 200 2 7 0 U FRETHREZR
TrEEIHL. (K3, 4)

VCSEL array“

200pm

3 HPEEE RS A

Intensity (dB)
g & &

-60
1056 1057 1058 1059 1060
Wavelength (nm)

4 ZERmIEOE L —EWRE



(2) WRIRERKFERE L —F

850nm 5 FE I L — VI P RV L D NI
BRI A HIE LT 7 F oo —Z Dk
FeSAnd MEMS #EEA LR L, HBIRKEOIR
ERY) 7 NeMiETsZicky, kol
—F— FYER L —F O EIREREDOK
1/40 OT7 —< VEEZFEBT L L L BT,
HEANBRAZNT S Z LT 2nm BLE ok
FRESEOWN 2O CERHA L. (K5)
F7-, FEfEICLY, FIAMZvTF 7 %H
WCTHRUWERREZ M ET2HE RNV I 7L,
VY7574 7av A TREST-HEYSE
LT 2 2 EEBLORE & FEiEITHKD
L7=.

[

Conventional
da/dT = 0.077 nm/

Athermal
di/dT = 0.0020 nm/K

E
L
3
£
-
[
£
=)
<
@
0]
@
=

X5 T —~ LR L—Y & DR

(3) N 7 &% & DG

%G L — VR & F D C A 658 T
LTCREBRADMNMY 7 o252 50k
7HEEWEL(K6), O 10 Eapprs T A
DEHIGEEEIEL T, K7 7 A 2 MaEh o
IR B & RSB T D T FIE O
2L, EFRIZ 10psec MEDE L AITHKE LT,
7 7 A DB OAARZE R & O E A
BCcxbametreRrL=(X7, 8).

(4) IV —PHEZ VAT —F A
RET A

HFN L —VREEEZ T, SRR T
PR E NI T a R Lie A m—F A
MR L, KRIEIZEEIE 2 MEd % A m
— 74 PEEEZEREELIK9), KES 20
27 v O/INDEASHER, R g 0O SRR
WS LT, £72, Au—F5 4 W&
ISR o FafER L, ZO/NRULORKE
EAA T TR BN LTz,

Input
light Output
light
probe

Dielectric (:l L
Itil —
GalnAs guciccisal A\pomm gy T

Contact layer —"
InGaAlAs —
(Saturble EE==TNGaAIAS/IP ———— Reverse

Absorber) i@ir{ R ~99:9% bias

NiGeAu

X 6 HF L —HEEIC L DI 7

0.05 1.00
T >
£ 000 O 080
Y wi device T
5 050 3
é 0.05 o
= ' o’
© ] w/o device 0.40 =
@ F22)
g 0.10 (only SPM)
= 0.20
o

-0.15 0.00

-25.0 -125 0.0 12,5 250
Time [ps]
M8 T 41 X B E AR
2D SR 0D FEGIE
Output light Input light
1.5 pair
Si/sio, DBR = Tpair SifSi0, DBR

40 pair InP/AlGalnAs DBR

20 pm

K9 mEXL—ESIILZAT—FA
N 3R



5.
(e
M

2

3)

4)

(6))

(6)

(7

®)

(€)]

(10)

B = e

sbamsC) R 19 1)

Vadim Karagodsky, Bala Pesala,
Christopher Chase, Werner Hofmann,
Fumio  Koyama and  Connie J.

Chang-Hasnain, “Monolithically integrated
multi-wavelength VCSEL arrays using
high-contrast gratings,” OPTICS EXPRESS,
vol.18, no.2, pp. 694-699, Jan.,2010. A #t
Y

Xiaoxue Zhao, Bo Zhang, Louis Christen,
Devang Parekh, Werner Hofmann, Markus
C. Amann, Fumio Koyama, Alan E. Willner
and Connie J. Chang-Hasnain, “Greatly
increased fiber transmission distance with
an optically injection-locked vertical-cavity
surface-emitting laser,” Optics Express,
vol.17, no.16, pp.13785-13791, Aug. 20009.
HHiA Y

/MU TR, AR, “Bragg SO EREE
IR D An—F 4 bz HniooklE
¥ L — % — W%, vol37, no.8, pp.
591-595, Aug.2009. #HiH Y

Padullaparthi Babu Dayal, Takahiro
Sakaguchi, Akihiro Matsutani and Fumio
Koyama, “Multiple-Wavelength
Vertical-Cavity Surface-Emitting Lasers by
Grading a Spacer Layer for Short-Reach
Wavelength Division Multiplexing
Applications,” Appl. Phys. Exp., vol.2, no.9,
pp.092501-1-3, Aug. 2009. & FHA ¥
Akihiro Matsutani, Hideo Ohtsuki and
Fumio Koyama, “Smooth and Vertical
Profile Dry Etching of Si Using XeF,
Plasma,” Jpn. J. Appl. Phys. vol.48, 06FE09,
pp. 1-3, Jun. 2009. & HA VD

Hayato Sano and Fumio Koyama, “Proposal
of gain-matched VCSELs with a thermally
actuated MEMS  structure for wide
temperature operations,” IEICE Electronics
Express, vol.6, no.12, pp.883-888, Jun. 2009.
HHA Y

Fumio Kovama, “VCSEL Photonics
-advances and new challenges-,” IEICE
Electronics Express, vol.6, no.ll, pp.
651-672, Jun. 2009. A HiAT Y

Hayato Sano, Akihiro Matsutani and Fumio
Koyama, “Athermal 850nm Vertical Cavity
Surface Emitting Lasers with Thermally
Actuated Cantilever Structure,” Appl. Phys.
Exp., vol.2, pp.07210-1-3, Jun. 2009. #£#Hi
Y

Ayumi Fuchida and Fumio Koyama, “Novel
Waveguide Optical Switch Using Slow

light,” Trans. IEICE, vol.J92-C, no.3,
pp.69-74, Mar. 2009. £ FiA ¥
*F.  Koyama, “New  function of

VCSEL-based optical devices”, Chinese Opt.
Lett., vol.6, no.10, Oct. 2008. & A 0

(11) Xiaoxue Zhao, Koich Hasebe, Takahiro
Sakaguchi, Fumio Koyama, Connie J.
Chang-Hasnain, = Nobuhiko  Nishiyama,
Catherine Canueau and Chung-En Zah,
“Tunable optical equalizer using diffraction
grating filters,” IEEE Photon. Technol. Lett.,
vol.20, n0.18, p.1590, Sep. 2008. A ¥

(12) Akihiro Imamura and Fumio Koyama,
“Modeling and experiment on tapered
hollow  waveguide  multiplexer  for
multiwavelength VCSEL array,” IEICE
Electronics Express, vol.5, no.12, pp.
451-456, Jun. 2008. A HAH Y

(13) Akihiro Imamura, Naoto Kitabayashi and
Fumio Koyama, “Beam steering and tilt
coupling in tunable hollow waveguide,”
IEICE Electronics Express, vol.5, no.11, pp.
405-410, Jun. 2008. &EHA Y

(14) Akihiro Matsutani, Hideo Ohtsuki and
Fumio Koyama, “Generation of solid-source
H,O plasma and its application to dry
etching of CaF,,” Jpn. J. Appl. Phys., Vol.47,
1n0.6, pp. 5113-5115, Jun. 2008. A Y

(15) Ayumi Fuchida and Fumio Koyama,
“Proposal of total-internal-reflection optical
switch with slowing light in Bragg reflector
waveguide,” IEICE Electronics Express,
vol.5, n0.9, pp. 349-353, May 2008. & #iA
UJ

(16) Akihiro Matsutani, Hideo Ohtsuki and

Fumio Koyama, "Characterization of

H20O-inductively coupled plasma for dry

etching," J. Phys., pp.1-4, Apr. 2008. Zit

Y

Satoshi Suda, Fumio Koyama, Nobuhiko

Nishiyama, Catherine Caneau and Chung-En

Zah, “High speed response of nonlinear

optical phase-shifter based on vertical

micro-cavity saturable absorber,” IEICE

Electronics Express, vol.5, no.4, pp. 131-135,

Feb. 2008. A

(18) Padullaparthi Babu Dayal and Fumio
Koyama, “Polarization control of 0.85um
vertical-cavity ~ surface-emitting  lasers
integrated with gold nanorod arrays,” Appl.
Phys. Lett., vol.91, p.111107, Nov. 2007. #

Gl

(17)

(19) Padullaparthi Babu Dayal, Naoto
Kitabayashi, Tomoyuki Miyamoto and
Fumio Koyama, “Polarization control of
1.15um  vertical-cavity  surface-emitting
lasers using autocloned photonic crystal
polarizer,” Appl. Phys. Lett, vol9l,
p.0411110, Jul. 2007. & FHA Y

(FER) (Gt 58 1)



()

2

(€)

“)

©)

(6)

()

®)

(€)]

(10)

)

*Fumio Koyama, “Wavelength Control of
VCSELs,” The XV International Workshop
on the Physics of Semiconductor Devices,
IWPSD 2009, New Delhi, India, pp.77-80,
Dec.21. 2009.

Hayato Sano and Fumio Koyama, “Proposal
of Gain-matched VCSELs with a Thermally
Actuated  Cantilever  Structure for
Ultra-wide Temperature Operations,” 15th
Microoptics Conference, MOC2009, Tokyo,
Japan, K4, Oct.30. 2009.

Akihiro Imamura, Vadim Karagodsky, Bala
Pesala, Fumio Koyama and Connie J.
Chang-Hasnain, “Multi-Wavelength VCSEL
Array  based on  High  Contrast
Sub-Wavelength Grating,” The 22nd Annual
Meeting of the IEEE Photonics Society,
Turkey, ThXS, pp.811-812, Oct.28.2009.
*Fumio Koyama, “Advances of
VCSEL-related Photonic Devices,” 12th
International Symposium on Microwave
and Optical Technology, ISMOT 2009, New
Delhi, India, 1-605, pp.999-1002, Dec.
20.2009.

*Fumio Koyama, “Advances of Surface
Emitting Lasers,” International Symposium
of Advanced Photonic  Electronics,
JSPS2009, Tokyo, Japan, pp.35-40, Oct.
12.20009.

Hayato Sano, Akihiro Matsutani and Fumio
Koyama, “Athermal and Tunable Operations
of 850nm VCSEL with Thermally Actuated
Cantilever  Structure,” 35th  European
Conference and Exhibition on Optical
Communication, ECOC2009, Vienna,
Austria, P2.26, Sep.10. 2009.

*Fumio Koyama and Hayato Sano, “VCSEL
Photonics —Tuning, Athermalization and
Slowing-down —,” CLEO/Pacific Rim 2009,
CLEO-PR, Shanghai, China, Aug. 28.2009.
*Fumio Koyama, “Manipulation of Light in
VCSELs and Hollow Waveguides, 2009
International Nano-Optoelectronics
Workshop, iNOW2009, Stockholm, Sweden,
ThA2, pp.37-38, Aug.5 2009.

*Fumio Koyama and Hayato Sano,
“Wavelength control of MEMS VCSELs,”
Opto-Electronics and  Communications
Conference 2009, OECC2009, Hong Kong,
China, FO3, Jul.12, 2009.

*Fumio Koyama, “New Functions of
VCSEL-related Photonic Devices,”
International Conference on Materials for
Advanced  Technologies, ICMAT2009,
Singapore, A02997-05119, Jun.30, 2009.

Koichi Hasebe, Yusuke Mada, Takeru
Sakairi, Takahiro Sakaguchi, Akihiro
Matsutani and Fumio Koyama,

“High-Speed Optical Modulation based on
Frequency-Modulated VCSELs and Optical
Filters,” 2009 International Conference on
Indium Phosphide and Related Materials,

(12)

(13)

(14)

(15)

(16)

a7

(18)

(19)

(20)

e2))

IPRM2009, Newport Beach, USA, ThBI1-5,
pp-379-382, May, 16, 2009.

P. Babu Dayal, Akihiro Imamura, Takahiro
Sakaguchi, Akihiro Matsutani and Fumio
Koyama, “Multiple-Wavelength
GalnAs/GaAs VCSELs with Grading a
Spacer Layer for Short Reach WDM
Applications,” 2009 International
Conference on Indium Phosphide and
Related Materials, IPRM2009, Newport
Beach, USA, Tu B2-6, pp.182-184,
May ,15,2009.

Ayumi Fuchida, P. Babu Dayal, Takahiro
Sakaguchi, Akihiro Matsutani and Fumio
Koyama, “Low Polarization Dependence of
Bragg Reflector Slow Light Waveguides,”
21st Annual Meeting of The IEEE Lasers &
Electro-Optics Society, LEOS2008, Newport
Beach, USA, WNS, pp. 525-526, Nov.
12,2008.

P. Babu Dayal, Jun Nakajima, Takahiro
Sakaguchi, Akihiro Matsutani and Fumio
Koyama, “Multiple-wavelength VCSEL
arrays using surface nano-machining process
for WDM applications,” 21st Annual
Meeting of The IEEE Lasers &
Electro-Optics Society, LEOS2008, Newport
Beach, USA, TuEE4, pp. 400-401, Nov.11,
2008.

*Fumio Koyama, “VCSELs: their 30 years
history and new challenges,” Asia Pacific
Optical Communications, APOC2008,
Hangzhou, China, 7135-18, Oct. 28,2008.
Satoshi Suda, Xiaxue Xhao, Fumio Koyama,
Connie J. Chang-Hasnain, Nobuhiko
Nishiyama and Chung-En Zah, “Tunable
optical equalizer based on 1.55 pm VCSEL
for modulation bandwidth enchancement,”
21st IEEE International Semiconductor
Laser Conference, ISLC2008, Sorrento, Italy,
ThBS, p.179, Sep 14-18.  2008.

Keisuke Kuroki, Ayumi Fuchida, Takahiro
Sakaguchi, Akihiro Matsutani and Fumio
Koyama, “Miniature optical gate with
VCSEL-based slow light bragg reflector
waveguide,” 21st IEEE International
Semiconductor Laser Conference,
ISLC2008, Sorrento, Italy, TuC3, p.67, Sep.
14-18 2008.

*Fumio Koyama, “Tuning and slowing light
in Bragg reflector waveguides,” iNOW2008,
Shonan, Japan, ThB2, p.105, Aug 7-9.
2008.

*Fumio Koyama, “Recent advances of
VCSEL photonics,” MBE2008, Hsinchu,
Taiwan, pp.27-28, Jun.6 2008.

*Fumio Koyama, “Nano-aperture plasmonic

VCSELs,” 20th Indium Phosphide and
Related Materials Conference, IPRM2008,
Versailles, FRANCE, WeAl.2, May.27
2008.

Xiaoxue Zhao, Bo Zhang, Louis Christen,



(22)

(23)

24

(25)

(26)

@7

(28)

(29)

(30)

Devang Parekh, Fumio Koyama, Werner
Hofmann, Markus C. Amann, Alan E.
Willner and Connie J. Chang-Hasnain,
“Data Inversion and Adjustable Chirp in
10-Gbps Directly-Modulated
Injection-Locked ~ 1.55-um  VCSELs,”
Conference on Lasers and Electro-Optics,
CLEO, San Jose, USA, CMW5, May.25
2008.

Ayumi Fuchida and Fumio Koyama, “Slow
Light  Total-Internal-Reflection ~ Optical
Switch with 90-Degree Bend,” Conference
on Lasers and Electro-Optics, CLEO, San
Jose, USA, JIWAS86, May.7 2008.

*Fumio Koyama, ‘“Recent advances of
VCSEL photonics,” The 2008 Spring
Meeting of the German Physical Society,
Berlin, Germany, DS7, Feb.25-29, 2008.
*Fumio Koyama, “VCSEL Photonics -
Athermalization and Slowing Down -,”
Asia Optical Fiber Communication &
Optoelectronics Exposition & Conference,
AOE 2007, Shanghai, China, SC2.S5.1, pp.
275-277, Oct. 17—19,2007.

Ayumi Fuchida and Fumio Koyama,
“Total-Internal-Reflection Optical Switch
with Slowing Light in Bragg Reflector
Waveguide,” 20th Annual Meeting of the
IEEE Laser and Electro-Optical Society,
LEOS2007, Florida, USA, MK2, pp. 88-89,
Oct.,22-25,2007.

Go Hirano and Fumio Koyama, “Slowing
Light in Bragg Reflector Waveguide with
Tilt Coupling Scheme,” 20th Annual
Meeting of the IEEE Laser and
Electro-Optical Society, LEOS2007, Florida,
USA, MK1, pp. 86-87, Oct. 22-25,2007.
Keisuke Kuroki, Go Hirano, Fumio
Koyama, Koichi Hasebe and Takahiro
Sakaguchi, “Slow Light Waveguide
Detector Slowing Loght in Bragg Reflector
Waveguide,” 33rd European Conference
and Exhibition on Optical Communication,
ECOCO07, Berlin, Germany, P-49,
Sep. ,16-21,2007.

Satoshi Suda, Fumio Koyama, Nobuhiko
Nishiyama,  Catherine  Caneau  and
Chung-En Zah, “Transient Behavior of
Nonlinear Optical Compensator Based on
Vertical Micro-Cavity Saturable Absorber,”
33rd European Conference and Exhibition
on Optical Communication, ECOCO07,
Berlin, Germany, P-42, Sep. 16-21, 2007.
*Fumio Koyama, “New Functions and

Challenges of VCSEL-related Photonic
Devices,” International
Nano-Optoelectronic Workshop,

iNOW2007, Beijin and Lanzhou, China,
Jul,29./Aug.,11, 2007.

Akihiro Imamura and Fumio Koyama,
“Beam steering and coupling in tunable
hollow waveguide with narrow air core,”

€2))

(32)

12th Optoelectronics and Communications
Conference/16th International Conference
on Integrated Optics and Optical Fiber
Communication, OECC/100C2007,
Yokohama, Japan, 13E2-3, pp. 694-695, Jul.
9-13,2007.

Naoto Kitabayashi, Akihiro Imamura,
Akihiro Matsutani and Fumio Koyama,
“Tapered hollow waveguide multiplexer for
multi-wavelength VCSEL array,” 12th
Optoelectronics and  Communications
Conference/16th International Conference
on Integrated Optics and Optical Fiber
Communication, OECC/IO0C2007,
Yokohama, Japan, 12D4-2, pp. 410-411, Jul.
9-13,2007.

*Fumio Koyama and Tomoyuki Miyamoto,
“Recent Advances of VCSEL
Technologies,” International Conference on
Indium Phosphide and Related Materials,
IPRM2007, Matsue, Japan, WeB3-1, pp.
420-425, May,14-18, 2007.

(& Dfth)

H—

D= U

http://vesel-www.pi.titech.ac.jp/index-j.html

6. WFIEHLR
(DHAFZEREH

N

~ =k (KOYAMA FUMIO)

R TR - B LA 9R0T - %
‘e 30178397

QW HE

WO Z##E (SAKAGUCHI TAKAHIRO)
W TR « K8 T80T - Bh#
MgeE®ks 90116054

(NS

%277 (MATSUTANI AKIHIRO)

FOR T RS - HATE - HHMHE
WoeE®‘E 40397047



