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We performed new challenges for athermal and tunable surface emitting lasers
based on MEMS structures and developed various VCSEL-based slow-light devices and their integrations,
which enable size reduction and high-speed operations. We realized widely tunable athermal VCSELs with a
tuning range of over 30nm. Also, we demonstrated VCSEL-based novel devices such as an ultra-compact
slow-light switch, modulator and super-high resolution beam steering device, exhibiting a number of
resolution points of over 1,000. In addition, we proposed and demonstrated a coupled cavity VCSEL and
modulator-integrated VCSEL based on slow-light lateral integration, exhibiting high-speed operation
beyond 30GHz with low power consumption. The achievement also includes a compact wavelength selective
sw;tch supporting ultra-high port account of over 180, which may open up new photonics integration
scheme.



1. WSO 5
A== BV g U EORERES
FEHIRAG D521, 20Gbps LA ED KA &
fREFWM RV ETH Y, KN EB I E L
SHBHZEBEERD 7Y — ICT o J5
MOEERRETH D, B IGEREMI T
LCi%, 10Tbps Z#Bx 5 KREBKKEZES
BB AIREIC 2D D2 Hh D b0, Zhb
T FE T2 FEED BT O T A
AER NSRS TS, S%ININEAICE
FPENRE L CL BT 7 ¥ A, ) LAN, &
i - FEEANEARO KRB 'L E EHT 57201
1L, BEECA T —F )T I\ HEH
72560 7« HERREAN OB R LETH
L. BOEROBEWMCH B L — &
WRERBEROL Y 0%, AT TCIRAEER -
EENIIBITA A VX —axy b~D#
ARED SR LI E LTS, TV
100Gbps #BDMEE) 7 @b o = — XL K
XWVWHDOO, 10Gbps EDRIEFEICHE E
S>THY, BEHEIEH T Z2WVWEEHR
T, WEZEMOERIC X 5L ELOBRFHE
BB F > T e

2. WHtoHB

AWFFE T, IR EE OE%E L7- MEMS
WEEEIC X M EL et (7Y —~
V) RV —FT LA, EREEER T &
THEFYVA X% KEIZ/NTRE L Crslilk s
% A0 =T 4 T AL A% FA T AL
2L LT, FOWHNT LA, LIREERI L,
EE b, EIEEE M bE D T, BUREIR
D 100 fF 25 1000 fF OB KA &
(100Gbps-1Tbps) DIV > 7/ SeEHR D 7= 6
DEFFHREREET A ZDOBEEITY, &
WAL L IKTEE B2 W T 5ER 7 + b
=7 2ADElLE B L.

3. #rgED HiE

e~ A 7 m~ v UREEERIC XL RER
FORERFN 2 52 2 E L -k E
EEEEKEL—Y, HDWE, V7 HERYT
¥t Vi g E R EER b &, Eko
PR L — P CIXEBINEE CTH - 72 9
R ERESEN AR L, K& RHEENE
AT DRI Z AT E L, &rEE 64
ENEZTVARTOAERREICERSEEES
WE—HEAEREM oML 2 B Lz

Fz, mFEK L —FICERIFTHE /e Bragg X
HEEERKIIB T2 A —F4 FEHAWT,
KT ER IR AR 2R & S [a]EE D TREHE )
RN gD . OREEE 1/10~
1/100 FTIERBT A L2k, BFEELK
+ 7 v T ERDHB/IER T, BEE
JEEIE DO BN AR S, Zhick - T,
LA TR, KBRS 2 1 T
72 &, KIHBEE ML & md b & WL Rl EE AR

BORRER M O 2D 7=, X 51T, mIE
KL —FT LA LT — R E K L o
NAT Y REFEFR 1-X°, Bragg T EHE
BT LA & TN - KB G R D
EH B LE.

4. WFFERR R
Q) @HEXL—VOFEEZ L =TV T
A TH—~ NV E AL —

X 112 d & 91T 850nm i F L L — Iz
I AT &G AT E 0 MEMS HiE & 4EFE
L, FAEBENRED > THEEDOE/N LN
T =~ VEEEEB T L L LBz (K 2),
B F U=~ A 7 a e — X — %A
BRICEMRT A Z LT, BETMEUZ L% 5nnm
UL E oGl RRs 2 FRICER L. &5
W2, B F LR EEICEEZF L CEE
Bz kv, 30nm LA ko KRS & EH,
L7=. K3ITrT Lo, BREBELZEE
R AAEBEOMSLIE, HEE L —Y Tl
DTORETHD. MEMS HEDOH T F ) A —
hA— & OB SR BN EM X - T,
HE AR L — Y ORI ER A B EIHE
L7=b DT, BEGREAED L EER-LE
TROFEBNAEEICR Y, ZEEREIRO K
&7 KN BB O ATREME A R LTz,

) TEEONSFLI—HEEA ;
R MEREMECHENTRC

_4

T/ YUSY ORRGIPILERE : IRRAZEFEEDIEXZIHEC

K17V —~ R AL —

: : ‘ - -
=20 da/dT =-0.011 nm/K

Intensity (dBm)

846 848 850 852 854
Wavelength (nm)

B 27—~/ (xR El) BfE
(Sano, et.al, APL 2012)

B) ZUWRT LAk & E ks R 5 il
MEMS #ED D > F L NA—E2E 2D &
T, TH—vVEEL LT ORKEREEZ Y




INHEHWNTEZ S EERBE L —V &R
WLz, FERC, K4lRT EoICEETE
FEIZ LV, 100GHz [HF&E T 110 EEHKDO L
W EERBCOBEEFE R LT

870

865

860

_ 855 9
g
;.5;850 30nm
= 115 e S S @ ----noeen “® 0.0039
g
o 845
840 (130 & TETTTT® T ® 00006
R R — L — °
835 1137 -0.0099

830 14.5 ®e

825

10 2‘0 3I0 4I0 5l0 60

TEC temperature (°C)
K3 7% —~/ (MERERELZE) (L&
30nm DR A ZEEOM AL (OPEX 2014)

227V 13.0V

. wuw wu' I

L Ul

|
ol J,.\'.'&'n‘ﬂﬂ'.ﬂ.l‘.""fhu u\, | hnmu.nm,u

Ry

N
o

.b
o

Fiber coupled power (dBm)

830 835 845
Wavelength (nm)

MAREREZIEIC LS REMERER
(100GHz 8@ T 110 I E OEFRE N T HE

0O Y7 EEYTHE L — 3

IR R#FETOZEEMIEFEBA O
ST N O JE B T A T T R BT R
FHCO) BT /A TV v MEIC K D EREE
BUVEVEZ ST L, 980nm 4% HCG M E L —H
DOFBITHR L L7, HCG 12 X DE KA EHK
I X B —BE— NHIEEZER LT,

@ Au—FA4 b7 F b=V A
NAT—F A FETF A A

HE LV EREREEEEHT D
Bragg S &858 3 % & H W COR R E &
1/10-1/100 BA FIZHGE L, /N O Y281 4s,
WAL v F, WEAAL v FOEBIUIKDLT-.
7, Au—J 4 Maikx R H L?‘_/J\ﬁ”ééﬁ
AL v TF 2L - RIEL, HiEo#UC
HERZEMEPTEEZEB LT, x#ﬁ
0°, KR&E& 30um AO/NRINAAL v F D
FEICHIO TRZILZ (M5 (). &HIC
Fr UTHEAZLE T / BA—FDEHEA
AT TNAERTHDZ EEFEIELT.

@ top mirror (Gold + 1/4-Si0,)

(b)

\
lensed fiber

coupling-DBR
(7 pairs)

5@FFIARX0umADOAT—F A KR
AvFLh) Au—T 14 FEEHRE
(Fuchida, et.al., OL 2011, Gu, APL 2013)
é% , K5It Lore—F 4 N
%%WL ORI AT o 72, FE T
§50‘7m/®¢ﬂﬁ FIZ%F LT, 500mV @
INE RIS EE T, 5dB OIS B
7-. 7, FTE 20 S/ a0/ HET
TR 20GHz LA E (40Gbps #H2Y4) % FEH
Lt.%&%@wﬂ%%%&bfuﬁﬁ%m
DHFE TV AXTHD. Au—T7 1 IR

5 uMEl iéﬁuaaﬁﬂﬁ%%vt
40Gbps D EEBNEIC 60fJ/bit DL
B TENED TR ?%5:&%%ﬁbh

B) fEGIIESRIC L D m% N L —H o Ed{k

ﬁﬁn%@¢_,l6_riiok,ﬁ%
e —H L R —EANICER S I ERS
BRI A v — T A4 Ma#kiz iéFA Jiig
SELFHEEEZ R LT, SolmEic kit
DR L — P DA ﬁﬁf@ﬁ%ﬂ@#
% e RS R A SR L 7.

B mfEE RO E S L T i
m&@%k%%ﬁb L— b 7R 12 &
D, fEALIEIRICI D /ME S EZFE N
50GHz UL ki #kf%é:&%%bk.ik
ERZT A ZABEEITY, R TITRT LD
WZ/ME B S LT, 980nm HmIEL L
—F & LTiE, REED 2961z LI Lo &
M%%ﬁbf KEZERMFMEE L TiX
3%ms@ RS 5 & &bz, FOEME

IRES /N A 77\'55{)114 xTﬁ”éEUG‘iﬁ E M
%%ﬁbk.it R 5 A1 & LR 2R 1 76
L—FIZBN T, KRR A~EAT DB
TEONAR % s L7z ZE AR R L D&
WO FEZRRL, ZHERFHFRTLY
40Gbps D KAG HAEFN L LTz,




B 6 SHFHITFIEIC & o TRERDOZTRIE B R
Ra TS D& RA IR v — 3

0 5 _10 15 20 25 30
Lk ERE (GHz)
B 7 fEE IR L — P OLE TR
BERFET- D 3B O H A2 B,
e —H% L LTIt A f#. (Dalir, etal., APL
2013)

C) Mt MEE R
BEHEEROEERR 2B 2 5 F e % @l
(b2 EZHTH720, mHEXL—FIZAT—F
A NERE R EEEST D28 LWERFIE
IREL, BRSBEREEA B L7 (X 8).
M A RIRSE R — o —F o
RIS W NS T RAEE & HI A L BRI
PRI LV, EFRAMEIE 200mV LL T CHXLE
5dB UL FOIREHEEMEZEIET S & & b
(WA FR g & L Tkt R /i),
25Gbps F COFMELEMENEAL KB L. =5
2, EHBRHEFED 13un £ TOMIMEIC X
0, B9TRT K D I w R E LTI 30GHz
R ERIRAR) &z 2 w2 5 L,
KBRS L1 X D IKTH & & EE & ik
DN R[EETH D Z B EIELT-.

M8 Am—T A MEFMEG AL LIcERL L
— . SRR N D LS T AR RS TR
(Dalir, et.al, APL, 2014)

20 T T T T

10 .

3 dB cut off
Z 01 -

Intensity Modulation (dB)
(=]
? ]

Modulator Length= 13 um'

2= 15 20 25

Response Frequency (GHz)

9 An—=7A ME AR AR OLIR D 28 R
(Dalir, et.al., APL 2014)

D) EMRGE Y —Aigsl L BER— MEE
BIRAA v T

MHELL —PFHEED R0 —F  FERHK
DERHEE S E AT, WBEfipgE e —
LFR5] - @ fRREN BRI 2 EBTx 5
ZEERE L. RTAAL AORBIIKE 7
& 4y B K 0 @ o BT I T —
Hibh ERZ 2 A ESBOAE L, B— A5l
T A ADHEREFE T B B iFE SR 1, 000
PLEFECHIRTE S, EREIZ GaAlAs R AN
— I 4 NEWREEERL, E—AEND A
0.04° LLF, e XImmf4 60° , fifs sS4 1, 000
YL EoEfigs e — 245 2 E8 L7 (4 10).
ZAE, RO B — AT 2L L
TR EEHETHD. FEICZOEAESS
BEFZHNT, WESMEEIRORMEZ 5
ML, /NIRRT X 10055 B O
WREME A RT L & BT, X 11 IR 2R
FREHAWTEERRIRA AL v F~E B L,
HAIAR— 1 180 2l 2 8% R — bk EEIR
WAL v FEER L. IS0/ - K
HAL 2 BRIRA A v F~OE BT,

Input light

1

o o
Y ©

Intensity (a.u.)

0.2

o 15 30 as 60

75
Deflection Angle (deg.)

(b)
X 10 BEfREBE e —LmelHE 7o
— LRSI EEE. FEREG S L TR R
B 8 D FRA% 5% 1,000 % SEHL
(Gu, et.al., IEEE Photon. J., 2012)



LCOS:
Liquid Crystal on Silicon

focusing lens Spatial Light Modulator

OUtpytg

= —
Gold cover

B 11 B =257 A 2 & W7o L AR —
MERERA A v F. R & O 182 7R
— M Eh{E 2 328 (OFC2014, EC0C2014 T top
scored paper (23 H. JLT TOHEFRHS0)

(3) VCSEL - A& A 7'V » RERIL

T 2B A T, R E L
— T VLADLDOEEEREER S ELE
m@%éﬁ@%%ﬂﬁb,ﬁ%ﬁzmum@
WA T, 12 F v 2O L RS REIEC

BE LTz, E6IZh— b, HEREF v 1k
Z KEEIZHIER T D720, X 11 OFEEEIRA

Ay FICLDEESEFMELZFEELE. K
2@ I TF v 7 A X Imm ANIZ, W3
S L —W L [ARk 72 Brage SO 858 A% S T
200 ROT7 LA ZEREL, K 120b)Im-T &
12, w/DIEEMIE 0. 15nmX 60 F ¥ o b
D KIBLPE B EEICES Lz, Zhuidim
I —F LERHARETH Y, EBRICHEREE
L— & Bragg IHSEE L & O —{(KEFEIC
) L7=. (Shimda et.al. Appl. Opt., 2014)

HREEL—FT LA & Lo KBEAEKE
BRI & O —KREFEE TITITES 2D
STEHOD, mEEL—FD 100 FEF v 2
NEBZ D RAEEEL, mEEL—Y L
LM AEEZR 60 W ET v RABULO/NLE Sy
R ZEB LT, WL —yaikihe Lz
BB IC O a T EM AR L.

flexible control of passband
Port8 Port10 by designing LCOS pattern

"/F

Port66 Port-67

Normalized Intensity [dB]

®) T e T
X 12 (a)180 &R— MEEADIET v 7 OEEMK
BEE, OWEESEREME (60 v R, &

INF % ROVIEIRE 0.15nm) (JLT #4533 2015)

WFEL®

AR L —F O RIRERE, ZiEERK
b2 BIEICHER D MEMS WFE L — il 2k
ML, REEDOWM A 2 —axr oIk
HWEE MO O ORI AT 2 &
E BT, WAL — RS A A & LT
WAT—F A NAA v F « g, HBEfiig
v —Adwel, 7o ORI TR A AT
LEMT A A&EB L, ®idfk, 100 R
HEOLKRET L =T ) v/, BER—
WERIRA A v F /G0 EE R E O YR
BarEHTLHRE, YUY BEETIRERLTE
ARFGEDO R RNL, FITMERETR SC 59 i,
BREEm S 126 f, [ENRKSRERSER 139 14
THMERIZFEMRAT L %ﬁéh —HDOHFITRR R
%, T HOEBGER RS, 23 o EBRAE
LR - %ﬁﬁ@&k l%% A s
J bbb L. £, - ETEREBIN
ERE OSHMELY4), MOC Award (17th
Microoptics Conference) Z & Te 19 ﬁ:ODf =
(MB35 1E 0%
U)%%t%#&&,lﬁ%1m<&méﬂ
HIZEST.

5. TRBEKILFH
(MeRERmSC) (1 59 1)

@D X. Gu, K. Suzuki, Y. Ikuma, K. Seno, H.
Tanobe, A. Matsutani, F. Koyama, “Compact
Wavelength Selective Switch Using a Bragg
Reflector Waveguide Array with Ultra-Large
Number (>100) of Output-Ports,” Journal of
Lightwave Technology, vol. 33, no. 7, pp.
1358-1364, Apr. 2015. (3345 #0)

@ F. Koyama, M. Nakahama, “Micromachined
Vertical Cavity Surface Emitting Lasers -
Athermalization,  Tuning and  Multi-
wavelength Integration -,” IEEE JSTQE, vol.
21, 1700310, Jan. 2015. (A F#330)

@ F. Koyama, “Advances and New Functions of
VCSEL Photonics,” Optical Review, Vol. 21,
No. 6, pp. 893-904, Dec. 2014.  (#A7 5 jz)

@ H. Dalir, Y. Takahashi, F. Koyama,
“Low-voltage, high-speed and compact
electroabsorption modulator laterally
integrated with 980-nm VCSEL,” Optics
Express, vol. 22, pp. 25746-25755, Oct. 2014.

(® M. Nakahama, T. Sakaguchi, A. Matsutani, F.
Koyama, “Athermalization and on-chip
multi-wavelength integration of VCSELs
employing thermally actuated micromachined
mirrors,” Appl. Phys. Lett., vol. 105, pp.
091110-1-4, Sep. 2014.

® M. Nakahama, T. Sakaguchi, A. Matsutani, F.
Koyama, “Athermal and widely tunable
VCSEL with bimorph micromachined mirror,
Optics Express,” vol. 22, no. 18, pp.
21471-21479, Aug. 2014.

D H. Dalir, M. Ahmed, A. Bakry, F. Koyama,




“Compact  electro-absorption  modulator
integrated with vertical-cavity surface-emitting
laser for highly efficient millimeter-wave
modulation,” Appl. Phys. Lett., vol. 105, pp.
081113-1-5, Aug. 2014.

H. Dalir, F. Koyama, “29GHz directly
modulated 980nm vertical-cavity surface
emitting lasers with bow-tie shape transverse
coupled cavity,” Appl. Phys. Lett., vol. 103,
091109-1-4, Aug. 2013.

F. Koyama, X. Gu, “Beam Steering, Beam
Shaping, and Intensity Modulation Based on
VCSEL Photonics,” IEEE JSTQE, vol. 19, no.
4, Jul. 2013. (FAFam30)

X. Gu, T. Shimada, A. Matsutani, F. Koyama.,
“Ultra-high channel-count wavelength
demultiplexer based on a Bragg reflector
waveguide with large angular dispersion,”
Optics Express, vol. 20, no. 26, B331-338,
Dec. 2012.

H. Sano, N. Nakata, M. Nakahama, A.
Matsutani, F. Koyama., “Athermal and tunable
operations of 850nm vertical cavity surface
emitting lasers with thermally actuated
T-shape membrane structure,” Appl. Phys.
Lett., Vol. 101, No. 12, 121115, Oct. 2012.

X. Gu, T. Shimada, A. Matsutani, F. Koyama,
“Miniature Non-mechanical Beam Deflector
Based on Bragg Reflector Waveguide with a
Number of Resolution-points Larger than
1,000,” IEEE Photon. J, Vol. 4, No. 5, pp.
1712-1719, Oct. 2012.

X. Gu, T. Shimada, F. Koyama, “Giant and
high-resolution beam steering using slow-light
waveguide amplifier,” Optics Express, Vol. 19,
No. 23,22675~22683, Nov. 2011.

A. Imamura, A. Matsutani, F. Koyama,
“Multiplexing of Multi-Wavelength
1060-nm-Band GalnAs/GaAs Vertical Cavity
Surface Emitting Laser Array Using Tapered
Hollow Waveguide,” Appl. Phys. Exp., vol. 4,
082106-1-3, Jul. 2011.

i 45 £F

(FRFFK] (G264 1F)

@

@

®

@

F. Koyama, “Energy Efficient Tunable Light
Sources for Next Generation Flexible Access
Networks,” Optical Fiber Communication
Conference, Invited Paper, W1J.4, Mar. 2015.
F. Koyama, “Virtually Image Phased Array
based on Bragg Reflector Waveguide for
Large-port Optical Switching,” Photonics
West, Invited Paper, 9372 —13, Feb. 2015.

X. Gu, K. Seno, H. Tanobe, F. Koyama,
“60-channel Wavelength Selective Switch on
Bragg Reflector Waveguides Array with 125
Output-ports,” ECOC 2014,” We.3.5.3, pp. 1-3,
Sep. 2014. (Top Scored Paper)

F. Koyama, H. Dalir, “High-speed modulation

®

@

)

of transverse-coupled-cavity VCSELs,” SPIE,
Photonics Europe, 9134-6, Apr. 2014.

X. Gu, F. Koyama, “Compact Wavelength
Selective Switch Based on High-density Bragg
Reflector Waveguide Array with 120 Output
Ports,” OFC 2014, Th3F.1, pp. 1-3, Mar. 2014.
(Top Scored Paper)

F. Koyama, “Beam Steering and Intensity
Modulation Based on VCSEL Photonics,”
International Nano-Optoelectronics Workshop,
Aug. 2013.

F. Koyama, “Wavelength engineering of
VCSELs based on MEMS technologies,”
IEEE Optical MEMS and Nanophotonics 2013,
TM-S1.1, pp. 37-38, Aug. 2013.

F. Koyama, X. Gu, “Super-high Resolution
Optical Beam Steering Based on Bragg
Reflector Waveguides,” CLEO-PR, Invited
Paper, MK2-3, Jul. 2013.

F. Koyama, “Advances of VCSEL Photonics,”
23rd 1IEEE International Semiconductor Laser
Conference, Plenary Talk, PLE3, Oct. 2012.

F. Koyama, “VCSEL-based slow light
photonics: switching, modulation,

amplification, and beam steering,” Photonics
West, Invited Paper, 8276-5, Jan. 2012.

F. Koyama, “Advances of VCSEL Photonics,”
17th Microoptics Conference, Plenary Talk,
A-3, Nov. 2011.

F. Koyama, “Recent Advances in VCSEL
Photonics,” The 16th Opto-Electronics and
Communications Conference, Invited Paper,
7D4 1, Jul. 2011.

fth 252 {1

(PE 26 PEAE )

O iiRdL (Gt

15 1)

OmfsiRdt (Gt 5 1)

(& D)
AR B — U
http://vesel-www.pi.titech.ac.jp/index-j.html

6.

WFFER Rk

(DWFFER T

/N

— =% (KOYAMA FUMIO)

W TERE - BE L2 - 2%
oetE®&Zs:30178397

QWHFE 7

Wr i (SAKAGUCHI

TAKAHIRO)

HURm TR - B8 TRHFZERT - Bh#
MtE®Zs:70215622

END

2.7¢ (MATSUTANI AKIHIRO)

BT RS - HAES - HINEMA
MoetE®Zs:40397047



