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[H ¥ L — 3 (Vertical cavity surface emitting laser: VCSEL)IX, $¢3k O v & L — W
EERY, BEOEBEHMICHEEREROL—VTH D, T7hbh, HERNTRITRE
BRI L CHRET ISR L, B3 EE S U <3RS ERY HE 5. Table 1-1

2, EHH L = L DT o E N E £ DT[]

Table 1-1. Comparison of parameters between edge emitting lasers and VCSELSs

Light Output

Optical
Cavity

74

laser output

Edge-emitting laser

Cavity length ~ 300 um

Active volume 60 um® 0.07 pm®
Longitudinal mode spacing <lnm several 10 — 100 nm

Output power >10 mW several mW

diitAl (SR & VCSEL O b K & 2R E W TR R L IEMEARFE Cod 5. VCSEL DiF
PEFE R T i A L — I T HE R 17100 FREE Td 5. P8R L —H O FEIR B T 4R
KRN —E R BIX, TEMHERBARFEICEE 2 0T, JFEEANZ b H R b — &
THEMEZ 2 HRRE/NE T, o TEMEBENF C ThOIITHEE 4 2H/hS< T
THZLEERT D, WOHETHHT 5L 91, WRBREOINGRAMENT 50610 2 —
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ax 7 a VBRI BWT, [KRIEEEIMEOBEN O RE RN THY, R&ERA 3
7 NELTELLTWA., IROEITIE, VCSEL W=7 —% U o 7 HifioBLRIZ W

T 5.

112 @\EREU—TZRVCT 5 VDRI

EEDENANT AN, ZAORRIRE ]2, Bili= T Y OFRFIESTIP BT 7 4
> VIR BB N A e T T a R, FIE LA 2 —Fy T o7 —2 kv
B—Db 774y 7 ONRTRLZLEZEDTNVDIDE, T—F B F—NEETDOA ¥
—aXs v arTho[l. DD, ThAnbLAMEEITAL LV E—FKy NRTT 4y
I HIADID, T—2Er 2 —NIZBITOIRIEEES) - REEOFRRLE(EHIF O FHE
MEE-STWD. £77, EBHREILOZELNWA— A—a P a—F 2B\ ThH, mlRkHE
ZEBTH72% CPU MOKRERET — X RiEHMTOLEENE E > TV H[2]. FEERIZ,
Fig.l-1@Z~nd k912, A= R—ar Ea—XTiL, @mEONA X —ax7 FoimEikhE
kDO VEFMTE L TEASN, Figl-10IRT L 9 IR T A 2 S

TW5.

“Roadrunner”, Los Alamos National Laboratory
http://www.lanl.gov/index.php

Fig. 1-1. (a) Optical cabling in the IBM-built Roadrunner supercomputer, the first petaflop machine.
(b) IBM Power 775 system [3].
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BEIZ—2D Y AT AT 100 HF ¥ FNVEBZ DT Y 2—v OEEZET A R) MEH
Eh, ZOHFIAEMRONBEL AT LATHHEINDEY 2 — VBT 5 &0 HE 10
DIZNAE— RTRIKE L TWA[3]. - T, 52 ROEE N7 7 4 v 7 BOK T

— AR —RA—NR—aA L Ea—ZNTOBE N7 747 THOLNTND EE -

T
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*for maximum system configuration, availability date is estimated
Fig. 1-2. Number of optical channels in high-performance computers [3].

SEATHRAT KD IS, TR L — I (VCSEL) /M (RS BB 70 R L — T B 72

BAET TS, T—F o —RA——a Ea—Z DNV T VCSEL 2R L L7z
YA A —ax s va YINERICRS> TS, Figl-2 [ZT X 91, BECKA v X —ax
7 b OB S RICFRREE LTRRELTHRY, S%OERDIBERREDILRK~DEH
KIZIEZ DfEO—>2 & LT, BRIIEIE TRIEZ T 72 K 7> %2 & (Wavelength Division
Multiplexing)ilifs X%, oA ¥ —ax 7 MZBWTHEATLHZ N —DORRE LS
AHID.

WDM i&{5 13 Fig.1-3 [Z/R L2l Y, HEEOFT v x V&2 B2 DWEOREZFITEID 4T, 1
KOWHT 7 ANTHH L TEET HHNTHD. F¥ 2B L TEY 2L OFHRE

BRETE LN, WRZER LETF ¥ 2 VBRAEICRDIELE, TNENOBR &5 (i
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TOUENDD. KR TH D EEE L —FIIREREOEMIIE C THEN/EH L TLE
IDT, FrxNALEOFHEY IO, HERQIRESEIC X 2R OZEMB AR T
b5, L UVIRERIEICZHWD L F 2R FITHBEE NN RELS, BRE=F - fililHE
TNRUE S INEETH 572, RO Z v 2 RIBEDEA > 4 —ax 7 M2\ T
1%, BV 2= YA REMEBEBEBOHEKEZHBNCLED. £DO79 Figl-3 FEIIRLEZX
NS, A ARE L 28R L — P OREOIREEEKF (7 h—~/b) NEERR
BTHD. AR R ATAEEZ FRTENE, BEERED L—F 2 EEHWL BENE,

VAT LD R AA T2 71 KD HERO A E Bt e & OREFH AT A b b
o THRERL —FOT I —~ /b &R v M2 RIRFHCEBLT 5 B [k ox A o %

—aXRT MIEFELLELTTHASD.

Transmitter Receiver

Optical fiber

Temperatur X X Overlap with
ncrease adjacent channel !

— l x

Wavelength drift
due to temperature

deviation
Conventional J l ‘
I | .

Channel #1 #2 #3

Athermal&tunable
VCSEL | |
or

Multidamay  cramnetss  #2  #3  #4  #5  #6 ¢

Fig. 1-3. Conceptual illustration of uncooled WDM system.
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B Table 1-1 IZR-> T, EENELV—VOREEEL LS. HIRBEIEEHDO 1T

HDHEVI RIT, BRAHOBELO AN TH D, R BHEE— FHRITRSRE
(2 O C, S AR SR TR E G OIRVEE — REIRZ EBLTE 5506 T
B 5. s S L — e — REES Lom LR TH Y, FISRNIC B o R
T RBFET D720, OO FETHEE— R Z1T 5 25 LR WER D, #it
%E— FRIELTLE S, ZHUTk LT VCSEL OHEE— RIS +~E nm & X b
TIEL, & BT — R —dFSHHRNICERE L2546, BigEofte— RITfiEas

BRELHANTAEBICHET D, B2 VCSEL IZF D Ie kMg L LT, #fH—{t+

— RHEIRDBFETH 5.
Longitudinal modes
/ \
Gain spectrum
N
)\r — )\r
Edge emitting laser VCSEL

Fig.1-4 Schematic illustration of longitudinal mode spacing of edge-emitting laser and VCSEL.

SHIZHBEWHE L LT, HIRSRRZWHICZLSEDL T L TRERER YT MR
BoNDEVIRENRDD. HRBREZLSEBEORREROZ(LERIT, HE L&
Ra RO TREN DD, VCSEL OHIRGRNIEERE L RIFRE TH 5D T, JLOIRIEN
L LT NCHIRRE LS T2 T, HRER A #EFGICRES ST M T5HE 0 )
ZEEEWT D ZhUE, MRAZEL—FE L THWATEDITIFHERICAEREETH
L. OFY, EHERIC T VALE, SWVIRZAUTEEE OFREN K E RALEICE S 2



AR DE 2R T, LIRER 2 BRI 2 b S AU, TREPHIC DT o THIRIE R 2 i
PICHREIC& 5. Figl-51%, ZOHIMIIZRSERE & U CHOMBR B 2 in 12 BEEh 3 2
L THEEEMOILIBITHDI3]. #IZ, v~ A7~ Uiz IS L, BAIZER
B9 5 A VCSEL IZE / U vy ZIZHEBT 2 2 L ClE Lo T oM EA L —
#73, Stanford K J. Harris & C. Hasnain |12 & » TIRE SN Z[45]. Zhn~A 7 a~
v U EFE T L — 3 (Micro-electro-mechanical VCSEL: MEMS VCSEL) C& % . Fig.1-6 122
Fr=plL, o F LA =RO BTS2 #E N Ko TROFS &2 RN 51 & £ 3,
IRavR 2 2S5 2 L TEE 25145 MEMSVCSEL T 5.

WOETTIEX, MEMSVCSEL IZ5WT#HiAT 5.

Fa=z2FasF

~ Light Output (ard. units)

Fig.1-6 MEMS VCSEL employing cantilever-shaped movable mirror [4].
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WIS, IS STV D4 O MEMS VCSEL %412 & - T, MEMS VCSEL M
W EREIZHONWTIRA D, BUEE TOFEARME % Table 1-2 (24517 5. MEMS VCSEL (%
1990 R BREANTHFE S AL, ZIVE TOMEFI DL < TiX, WEAEROILR
LI a— = RO 9 A0 b T & 72[6]-[13].

Praevium Research Inc.o> Jayaraman % ® MEMS VCSEL (% DR & 1BRK LT\ 5 B
BITHDH[T]. HEOIFBEREATIEI R ESTREZHEAL TS, 2876, EiriE
ADT=DIITIIRGENIC a2 7 MgeFk v U 7GR ENMETH 50, 2 bid
FALIRIMICHIFI 2 52 5. BT, RO 72O A SITFEE IR E D=
MEHZ X 5 2 JE i I 5445 (Distributed Bragg Rfelector: DBR)Z VT 5. JEITRAED K
X 72 DBRIZHDYA M LA L, 3D A by TN KRR THSD. i DBR IZ
1% GaAs/ALO, DBR # £ L T\ 5. Z @ DBR X GaAs/AlAs ® AlAs % 5& 2k b S iz
H DT, BEDOEREEIC L DR FOBEL R T 72012, R T 4 7 &2 AT
W5, EFIDBR & X013 W AR RS R 2 AT 3 HE A DBR 2 8- L T\ 5 LT DBR
EHIT, 100N UL ED Ay TNy RERfoTnD. v A 7 e~y 7 —OE)T,
27— EHMRENCEEZ IR LEEE T 2§ E IS L - TT-> TV 5. #ETUTHE
BANE DD TNEL, DOREEREENRFTRETH H. Z DA D BRENEE D I 7k
FIRNE I 7 — OB R LR CTH 5 L B 5 DT, Yo 7 ROEmWIFER
DBR ZHNTWn5Z &, mafklic—&E->Tn5.

— 5T, BREAFTRCTIEWERRGIELZEB L TWDHE LT, I~ IRK

(Technische Universitat Miinchen) DO E[11]2 275, ZH 550030, FEb 85
& LT AIR/ZnS 35 & DBR(AN~1), Ei4H#iE LT SiOJSIN, 7% & & DBR(An~0.5) %
MWTHEY, HEETAREIEMDBRAXA DA T LMD~ A 7 u~ L OHEET

HH ATV URRE LD X XU v L8 FIZ PECYD CHUE L 7- 3B KL @,
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Table 1-2. MEMS VCSELSs

UC Berkeley PraeV|urIrr11 CResearch Technli;lzzig]r;::/ersnat Tokyo Tech,
////////// l & o N.:’Assnesscunlml Layer
Vwﬁﬁgggﬂ] 850 nm-band 1300 nm-band 1550 nm-band 850 nm-band
Tuning Electrostatic Electrostatic Electro-thermal Electro-thermal
scheme
Pumping Electrical Optical Electrical Electrical
scheme
MEMS HCG, Dielectric DBR, Dielectric DBR, Semiconductor DBR,
type Membrane Membrane Membrane Cantilever
AN (AMAg)| 18 nm (2.1%) 150 nm (11.4%) 102 nm (8.6%) 4 nm (0.5%)
Required
Tuning
voltage or 14V 56 V 50 mwW 22 mwW
Heating
power
Max.
Optical 0.5 mw 0.1 mw 3.5 mwW 0.4 mw
Power
E&gﬁ > 1,000kHz 500 kHz 0.2 kHz Not measured

Z O A EMICHRETT 5 2 & T, SIROME— FIZBRIICKE RiERE 52,
HLDIAT: b o RV OIS PEREIR R A IR L I A fefR L2 B b, A R
— FERZFEB L TS, IREOBRENIEYC ) 2 VT D, REEIC Au D48
E—XAERL, MBI X 2BWZEC E RSB 5. 7272 LA X 2 BREY T BV 8

R 72 5 DT, MWl E A AEEILRIADT, 215 Hz (AA~45nm) & {KEIZ &
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R E O THRIZFH TTV D DIE, UC Berkeley D Tdh A 9[12]. EEBCETEE &
L CEJE TR 7 E R+ (High-contrast sub-wavelength grating: HCG) % iV Y7z MEMS
VCSEL Th 5. HCG IZFEBITRD 7 L —T 1 > 7 O JE I & AR T AR C I A 721
T, BEMIETHD 2N 5 100nm U EOE OO TIRWKSHIkZ AT 5. I 7 —08K
EIHENICE > TITH. DBRIZETHEOZEKE TH W E S35 um TH D DI L,
HCG I3(EH nm DE S TH H 72, DBRIZHNTEEZD D/ IV. L7eno>T
PR 70 SEIRE I A3 i <, e BREN S FTRE T 5. FEERC, RIS IEITM & ik
LTHRWE DD, 1MHz UL ED X TEMAREEL SZE L TV 5[12].

LLED X951, 1990 R -0 B REAITHITE S bhish 72 MEMS VCSEL 13, R AT
g KL O Efmn [l E o B2 bbbt T&E 7z, L LBUIEICE D £ T, REIRE
DENIR T DR DOLERIZ OV TOMFHIK S L TW . FBRDEA 7 —ax
7 MZIZ WDM HEA A S5 ATREMED & 2 23, AR 2 IR T 2 72 DI T ¥ R /v
[EIbm & D 2 7o DITIE, HIROBE R OREREENIEFICHEEIC R D, £ 2 TRIFET
X, BT~ A 7 a~v o COBYSTERENC K> TR RY 7 h 2 BEMHE L, KR4
IR LT 5 2 L ITHY #iTe.

Fro, B—F— FUHINTEEBAREO/N S WIFE N L —F DR TH Y, MEMS
VCSEL IZBW T HEERD Z LV F A 5. HUSTEMEEARE 2 IER L2720 Tidmko
BT — ROIERR 32D DT, 2~ TRKO MEMS VCSEL Tl #8885
OHIFEHIETE— FH#EZIT-o TV, LOALZERTHE MW LT Lo/, M6
HIRE L —FICH 2 ONBRTHS. H L MEMS VCSEL O H—F— R /)% 10 mW
7 7 AETHIE LT 5D Z LN TEE, SMERILIRER 2 W 2 06k D KA 7228 & AT 22 R
%, VCSEL OIERIFEA 2 AW T—fEREEETE D2 LRI ARERH L. Z08;
&, LT LD RICHENREZ 6D, Hl21E, REOHREIZHWS a2 —1L & |



FTTTT4RNTAR T, L= L= ThDH. o TARMIETIE, ~1 71
~ 3 UK A VT MEMS VCSEL D S > 7L — R H R A [X] A RS DR IZERLY

rHTe.

123  #¥BARU-—YDOREDOREREKFL

AR L —, 7oL 21X DFB L —WI3IEH, 0.1 nm/K FRE ORI ERE A Fo.
ZOWBEITHT DR RV 7 ME, bV 2T 2 8 A0S I O Sl RT3,
SRS AT D B EL O BT R ORI K > TRk T2 2 L TREES. ©
FOMEIOMHEZ DO L OITENT 2B TH D720, HER L —VICRBIT D EOIRE
R AT TR ARETH Y, EBNTIZE A LR B0, Table 1-3 |2, 8
KL —Y DU R O EARAFE 2 33 2 B0 M D F 2 < 22T 5. 1% H o,
IRERB ORI CHIRER A5k 56 Cd 5. Fiber Bragg grating (FBG) % v 724+
RGO L—F TH Y, FELCHEIES (Semiconductor Optical Amplifier: SOA) &
FBG I L v X &l L Ot e S, SMBHHRSG AL TV D, ZORDOEEILFBG
DX o> TREESND. FBG DIRERFMEIZIEFIZ/NE < (0.01nm/K), 5> FBG Dil
13X SOA ~DIENEFLEICIEA SN DOT, BREREICK L TRWEEZEEN S
S, JREE 30°C 725 70°C OFPHT, 0.012 nm/K O RIRFERE A EIL L Tnb. L
NDLZIUTEY 2 — VOBRICL > TEBLEZLOTHY, A v ¥ —axsva il
WD Lo/ NRE - IRTER BRI L <, BRI L —F O TH 57290,
EIREARETNNETH 5. Eiz, IREEFIEOROH B TR ORERFEZ 51 & F
T2 77 —FTHHDT, ERBMIEEIEKAGIZFREICATRETHD.

2FBHBIOIFBHOHNL, R ~—72 DB ROMEEKFNED A OB TR
D—MEHER L, WES 7 b2+ 57 7 —FThb. 2BHII~A 70T 1 R

L—H%, AOREITRIEEKIENE %2 F> benzocyclobutene (BCB) THE 6 IA A 23S T

10
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5. wle~A 70T 4 A7 ORI L o T, BIRT— ROSMIE TR %2 158 BAEIFIC
TX, WRIBEEKIEL D537 ET 5. 3%BIZDFB L—Y M7 7 v K% BCB

IZL7eb DT, WRIRERKLOFRBIIFRKTHS.

Table 1-3. Reports on temperature insensitive semiconductor lasers.

Schematic Detail

Coaxlal Package

s SMF [14]

Ferrule

Fiber Bragg grating external cavity structure.
eight-channel wavelength multiplexing with
200-GHz channel-spacing and with almost
the same peak power was realized between
30°Cto 70 °C (12 pm/K).

S0A Lens FBG

CC; Package

Microdisk Laser Electrode

[15]

GalnAsP  microdisk  laser using a
benzocyclobutene (BCB) polymer cladding,
which  has a negative temperature
dependence of the refractive index.
Temperature coefficient of 0.09 nm/K was
reported.

(BCB)

Benzocyclobutene

[16]

Membrane buried heterostructure distributed
feedback (BH-DFB) laser by adopting a BCB
cladding layer.

The temperature dependence of the lasing

GalnAsP = wavelength was measured to be 2.45x10%
GalnAsP— ld"""’ nm/K.
il e
e Sio, 'A "W
BCB

11



UK L CTHx O 7 v —7Tl, L — I~ A 7 v~ o U OS2 5
LIEHIEIZRBWT, v A 7 v~ 3 OBERENC K> CREZENC L 5 R RAE %+ 8
B L, IR ZEEERA T OMELREL TV D, fHT 2~ 7 n~ v UK
B2 BRIZIRER I D F 72 2 BB TR T2 2 & T, IREZENC LV AL 58UC ) &
FHA L TR EZEEET 55 TH Y, ZOREEAZ YIRS 52 & T, IRENE
L L CH RO AN ED LR NE IR T HZENTE D, ZhiZkoT,
TR MR AF D FRE SR DG 7 ¢ /L Z[17], VCSEL[18]DEFEICH I L TW5. Fox O
WORFET &, IRERERAL L AR, R AAREZMNT 22 N TE 5
ThD. BEREOLEENCLD~A 7 a~ T v OBERE S 1IN LT, £ LI~ A7
RE—HlLoTvA 7R~y ERFTININEAT 5 Z & C, BEREOEBNIK LT
BEKGFETHY RP LR AIREELZIT O, WRAAET —~ VIR L —F OFEIEC S
FZh LT 5[19].

ZDTNA AT, WEREIRESRE%-0.011 nm/K (@%@ VCSEL @ 1/7) 1Zfk-72F
¥, vA 7 v —ZICLDBEBRNR[ATNET 4nm OEEER BiE5 2#1To7-. Ll
Z O R AIZEMRIL WDM EE IR & L CEAR 0 Th 5. B0 R AT Z280E O JFIK 1
TYH =< T o~ A 7 u~ o OBBREN &N IFEFIT NI LIThHDH. DFD,
WRERY 7 M 2T 2720 B BRE &Y, BRICHIET 5L 1°CHh B L
Z0.07nm &V TLAAESRET LR, RAFEEZ U, WRFAZEEDTZDDE
B~ A 7 m~ & LCIFERFICIRDOEVVEE TH - 72,

F ZTAMIGE T, T Y —~ LR A4 VCSEL O R AR ALK 5 2 & &
T 5.

12



Table 1-4. Athermal vertical cavity optical filters and VCSELs employing thermally
actuated cantilever structure

0 Red Shift : + 0.22 nm/K
20 (Gao.2Alo.eAs 1 125 nm, L = 140 um)
Input Light Thermal Strain E 0 —
. Control Layer & - Tempa?atura Insensitive Operation
Athermal optical 2 (GaAs :30 nm, L - 96 um)
GaAlAs/GaAs 5 %
M hined - :
- icromachine ) T -40
filter [17] Cantilever ¢ Air Gap g
- 60 Blue Shift : - 0.71 nm/K
{GaAs : 500 nm, L = 120 pm)
GaAlAs/GaAs DBR l 80
Butont ikt 0 25 50 75 100
tput Lig Temperature Change [K]
20,
. tTemperature (°C)) 33
(a) Mirr =30 ]
- ———— 1) 4
Dielectric mirror - S5 40t . B
Current injection —— 10 5 EAI& i =~0.03 nm
Athermal InP % L iection s B spf ]
= [ g 50|
Tumiii junction Electrode = _60 £ B
Mirror = E
o F
VCSEL [18] —_ Cimleser =
[ Substrate ‘
— | — 50 pm 1537.7 1538.7 1539.7 1540.7
ks -] Wavelength (nm)
(@)  Tuning contact 19 pair Top DBR Laser contact/—
Al ..Ga, As Stress Control Layer I A 5 -
GaAs ALO\,  Laser contact . i Zﬂd_ge_ —
—_— INCr g
e Oxide aperture -——— y }‘C. I
=— Bottom DBR 1 4
GaAs Substrate 2
Athermal & I | T Tuning contact
tunable VCSEL
852 T T T
T T T T T T T
-20F-da/dT =-0.011 nm/K ] Lo o 20°C
[19] sl g a 357
& 7T —20 —25 ] S ssof a, 1
T 40 —30 35 ‘ S °
2 —40 [C] ! 2 849 2
B -50- z
g / ) 1S s o ]
= -60F ©
£ “"I, = s47- o
i i . | ; 846 s L : —
846 848 850 852 854 0 510 15 20
Wavelength (nm) Heating Power (mW)

13
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R EIEMNOWEETRIETHE /Uy ZJICERBLEZEEmB L —F 7T L
A4H, WDM > 27 AR E L TRETH 5. BB ~7z X 5 ICEFot b — i3tk
IREENCESEL T TRELRMIREROS T FEMEOND. E-oTH T T &
[CHER D IRBEZFFOL D ITTIUR, ZEEERACL—F T LA BEBTED.

TR e ATHFSE & Table 1-5 1283, 1 D HDOFEFNL, 55 F#T 4 % —(MBE)EIC &
DGR DB, 7 enE Y —ADO[E A THIT 2 Z & T OB %
DY, ZHUT L > THIRRRICY = "N TOMERFE LRI Z L TEBLTWD.
5 980 nmHFIZ ) T 0.3 nm D EEIFE T 140 F v XL DL REEEZ WML L T 5.
L LIRIEOMEFHIZAUZ ERE AHTF BADFRTIE RV T, WRHRAZFrEOHEIZ,
FTE OALEIZHIET 5 ORI TH 5. Fl 2 13 E 5 nm [fRDOF#E 1% 100 pm &> F T
EAET D2 LIFH LV, o CREEERICIRAR D 5. 2 2HOHNIE, HHU®
NG = BN DT, AE R <A (MOCVD)IEIZ IS 5 T A D R
m7u—ZdE L, RREEAETHEH TELLOICTLHI L TEIALTWD. &1
HEOREI BEFFIZRDD DT, HRER EFEFFICHF{GE—27 67 FEELH 2 LA
BETHS. 08nm OFERMB T HEZEHTE TS, L LAY = DIEDTFIR
FAENPRRICKE S EET 20T, xR OHEIITREIEINA TS, 35D
F=H1%, VCSEL ® FESFHEZ SESTRAEY 7R F (HCG) & L, HCG O [t
BEOHEER, TROLEFOEIFEZTE YT T a—T 4 VA INDHEEZD
ZETOREMIMEZRIEL, FFZEICHIREEAZEZ D EWVWI HTIETH L. ZOFET,
HARAR R A2 5 db R AT O T, 735 AN LOBRICIRE R A RO B D &) i
MIFFITHENBITH D, LA L HCG 1M ToH v, FIAARIEZ DI TREAIT G T

BIRTH D720, WROERFEORERIEIINELZ D 22 L.
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Table 1-5. Monolithic multiple wavelength VCSEL array.

[20]
MBE grown Multi-wavelength VCSEL

PMETAL mﬂ%ﬁ array. Thickness gradient was created by
P-BRAGG & keeping the wafer stationary during part of

REFLECTOR | T __ - the molecular beam epitaxy growth. The
)\ SPACER — 1 ORASTVE | thickness variation originates from the
number of atoms arriving at the wafer which
N-BRAGG varies monotonically in the direction parallel
REFLECTOR to the plane of incidence of the sources.
Emitting 140 single mode wavelengths
) in the 980-nm regime. The wavelength
Gass SUBSTRATE/ - - separation between neighboring lasers is
0.3 nm.
=
&
5()pm./' / @
/ ridge &£ / N/ £ I 5um [21]
groove |/ MOCVD grown multi wavelength array.

The on-wafer wavelength control is
realized by grading the epitaxial layer
using a patterned substrate. The local
gradient of the chemical species in the gas
phase changes the growth rate. The
wavelength ranges from 1012.1 to 1026.6
nm with an average wavelength separation

of 0.8 nm, resulting in 20 wavelengths
Boundary ¢ ¢ ¢ ¢ integration.

layer ¢
- i N . Concentration

- gradient
Patterned substrate

" [22]

- Multi-wavelength arrays of vertical

1 - cavity surface-emitting lasers using
high-contrast gratings as top mirrors. A
range of VCSEL cavity wavelengths in
excess of 100 nm is predicted by
modifying only the period and
duty-cycle of the high-contrast gratings,
while leaving the epitaxial layer

High-contrast Gratings with thickness u nchanged_
different lateral Dimensions

but identical Layer Thickness

PLED XS, ZRERBEEL =TT LA 13/VERBILOBLEN G, FEFITH Tk
THDHHOD, B S CIXEABIZBADMEOFEHZDH DNV 7L, stk E ol
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W RAR AR SR O BRI & ik 2 i 4 5 72 0 OB & BT £ T MO Tk, 7
—< VR ERE~ A 7 o~ UL —P(MEMS VCSEL), 79—~ L&l KT L1,
B L OBERRBERIEEAEZN A L2 R 74 MEMS VCSEL OG5 8 & PEREIR A %
P> B HIBRERICHOW T T 2.

Borx BMEHT L X 9 &35 MEMS VCSEL 1%, 3L —T &~ A 7 u~ v ORI
WETH LD, FEIKL—FOEFED A 5T, MEMS RS ORMAY 22 Rk % &
EBRL, BEEIIOUFRIRET, BBV, J1FROMAT, BAAURRET 22 & D3R LI HEHES
BG- L& B AT 21T 5 EN S H. Lo LEFEMITIZZIEAS Tldk< Ri@L
HELS DD, ZITHREREELRFTEEOLEZH L, T TRBITE S
FPHICH O T BA L Lot e 7 v 2 W, FREDO RENRTHIZITS 22 AR L T

5. BRENCIZ FEOHEBIZOWTHRT 21T 9 .

o (LRI L EENE) - BEIEE A 7 v~ v OEARE (2.1.1 F)
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(2.1.2-213 %)
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2.1. EMFRIBERITET IV

HFEE L — P DOWRR L RRIREARRAHIEH T 27200, RET G0 ERE &,
REFHILE R BT T M OWTHIT 5. F30E, — BN R RE kL —F L
BRAIAmIEE L —F 0, HERAEEEOFEOENZHEIZL T ).

MG 2 FFE L2V — i 7e e LT, L—Y ORI R L 2R ET AOFESEMAITRO

Eolzkans.
mi_-\
2 L0

ZITC, LIRS R, nid®— FOFEMES R, mIZT— FORKTHD. /- T,

RO 2B bEEZ AL ET 5 &, TNEFNDORT A —X L ORI,
AL _An AL Am

A-n L m .(22)
&R B[1].

Table 2.1 Comparison of generic single-frequency tuable lasers and tunable VCSELSs.

Generic single-mode tunable lasers[1] Single-mode tunable VCSELS
Mode-selection : Lasing mode
Filter (tuned via Am) ‘ Lasing mode | |/ g |
L1l l | | L
Possible modes (tuned via A7, AL) Possible modes (An, AL)
7 7 Tunable| ? 7 Tunable
é Cavity output % Cavity output
. - . -
g Gain phase ﬂﬂ[> Z Gain phase ﬂﬂ[>
— 0 —
% (An) AL g (An) AL
Mirror-1 7 Mirror-2 Mirror-1 7 Mirror-2
Mode-selection filter
(viaindex or grz{ting angle) Al An AL
AL _An AL Am T AT
T AT Ty S
A n L m Net cavity ~ Physical length
e T~ : h
Net cavity ~ Physical length index change change
index change change
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TR DWBOHRN L D2ZECTH 5. R w8 R L — I INR S L — 0
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WDIEWVERZEE BTG TRER S Y, FIHRHEOMHEEN Z 2 TENSI TN D,

BREN 7 UL TNCHE S, BUSS, © =Y R e R LI GRS KB S5 [2-4]. Fox
TR LUVMERE L LT, MR OBEKFIELED SERP 0 b REEEELTT O 20,
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HHEAMRET VAT, THICHE > TREFZ1T ).
WE, v~ A 7 a~ 2 U R BEOBRE N BN ) L FRE IO T TIThb L D568 DI EZ
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221 NADONYYOERIMDERED: om
BArPEBEGEL—FICERMT 22 HELTWD I F LA~ I n~
YO %E Fig.2-1 127, SEmo MBS B mE L —F o ESKEETH Y, A
FHLRICL > TR ONPREIRFFEN TS, LHEESIE, VY =27 rE 208
Ty F U OBCTERIIT y T T SNRNE DI, FRFHERITHAATRE 0 A X
o TV, BEREIE, L — VORISR AT 28RN0 T T v VA8
(Distributed Bragg reflector: DBR) &, F&J& S HIMER L 72BUS &2 E S50 (8
il &g (Strain control layer: SCL)| THERk S 41TV 5. EHfilf#EE OMEZEREIX DBR @
PEMEL D H/INS WD, IREN EF T 5L AFFHLREBINSEL5E—A 2 PRFAL,

HEH T TRNCEMT 5.

Semiconductor

Fig. 2-1. Calculation model of the thermally actuated cantilever.

A R Z 3 1% (Finite element method: FEM)IE, #k4 72 fifAT 21T 5 72O DO FIED—D2 L L
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DIEEDOFHEN TE DN 2FHEILETH Y, L 2R E MY 7o o Thh
TEATLOMNERDH D, L, ABIRDENZ L T2 O EBiFT % 720121
ANRFBELITFE ARV, (o T I TR, BRARIGED S LI ATV, BEMAYR

PEEMT U K-> TRTZ LT, Bl d 2 ZRN M-I 2 2 L2 AL T 5.
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Table 2-1. Calculation models.

One dimensional, One dimensional,

Three dimensional FEM Multilayer model Two layer approximation.

Table 2-1 12, AHTIZHWDET VL ZRT. BOZHMICT 5720, ZZTlIEEnEin
DET N BWITTET NV, TR FHEM - ZEEET V), [ 1R FFHRA -
2EIET V) AT D,

3WITET MIMEE A BRICHBLIZET L THY, TRLREZ 22 LRI bE
BLIcbDTHD. T OWE TIIBMAFFEL TN TRET 5 Z L IIREETH Y, i
Yle sl Seft:, A v at) 2175729 2T, FEMIZ L > TatFi21Th7e< Tidi b
720N,
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(TR 2 B L - S IS 1T A 7o b Az 3R 9 5 72 91T Stoney [6]X° Timochenko [7]23
BALIEHLOTHY, ZOBOEL ORTHRASH, L EREREZHATHENT
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Fig. 2-2. Calculation model of the themally actuated cantilever with lattice matching
condition.
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Fig. 2-3. Conceptual illustration of the lattice matching and resulting bending moment.
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F9. FFHQIS)TERSIND AL FNVTHRICEDBISHEEE TH DY, T DA
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MIZIRIRECE T D IRE A Y 72 ) OBERE R4 R LT 5. MIERRES EDS 4,
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Fig. 2-4. Comparison between multilayer model and two layer approximation.
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Fig. 2-5. Thermal actuation as a function of Fig. 2-6. Thermal actuation as a function of
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Fig. 2-7. Athermal cantilever length as a function of differential thermal expansion.
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Fig. 2-8. Athermal cantilever length as a function of thickness ratio.
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Fig. 2-9. Calculation model for electrostatic force actuation.

T=T,, V=0

Fig. 2-10. Electrostatic force actuation of the curled cantilever. The cantilever is curled with
radius R because of the residual thermal stress at a temperature of T,,.

WE, #EANMAON, AFHLENEF L TWLRNEE R L. BRiBT 505, #HE
HDORESFTTT F ¥ v TORESIKFET 5O T, FHEININLE x (KAFT D o Afifar &

ED. AR OE ETOAMMEOFEMITE 2T, HAMICALE X 2B 528E /1% q(x) &

33



F2E BEEO~A 7 n~ T B LI L — Y ORE & O R IR RS

T5 &, MEIKTET DN E 6X)IE

2

5(x)_ (3L X)-w-q(x)dx
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Fig. 2-11. Pull-in voltage versus cantilever length.
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Fig. 2-12. Normalized electrostatic force actuation characteristic.
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Fig. 2-13. Electrostatic force actuation for different structural parameters.
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Fig. 2-14. Relationship between thermal actuation and electrostatic force actuation.
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Fig. 2-15. Temperature dependence of the normalized electrostatic force actuation.
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Fig. 2-16. Temperature coefficient of the electrostatic force actuation versus normalized
actuation.
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Fig. 2-17. Calculation model.
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Fig. 2-18. Multiple reflection in distributed Bragg reflector.
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Fig. 2-19. Reflectivity of the different kinds of DBRs without absorption.
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ZIT, WiET7T v THEETHSD. 2FD, ZHH LIV EFTIERENRKREVIFER
WSS DN D E 22 5. Fig2-1312, MR AV 2 nung D% E LT 1

v hL7z. EBITHIE LT, W O0OMEZ XKz A L.

2 F
18
§1.6 -
S 14
12 ¢
z 1 F GaAs/AlLO,
o8 | \ Si0,/TiO,
O r
S_,' 0.6 - / Al gsGaAs/
0.4 F ’
0.2 ¢ GaAs/AlAs
0 C 1 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1

Refractive index contrast: n,/n,

Fig. 2-20. Stop-band width versus refractive index contrast of the DBR.

Table 2-1 (2, #BHSID DBRIZHOWT, MEHOJESTERE An, RS 99.5% L, 21525
T2 ORI H, SR AL, & U CTABREAE LR Len 2 2072, ok, WTH
LG (GaAs ZA4HE) 2D RIS A ME LT, GaAs FER RIZaE b L < 1L
L72DBRIZ GaAs B AT b D & Lz, HETHIELL72RAE LEICIER LT
H 5L, AlygsGagisAs/Aly,GagsAs TIE 1.8 k7 T 5 DITX L, GaAs/ALOy (L7 7>

0.2 ESA TRV,
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Table 2-1. Stop-band width and penetration depth of various DBRs.

Material An re;’j irrle(z)c(ij ?‘or A AN (nlﬁzenin Lpen/A

— 0 I pen/A0
@)\=850nm R>99.5% (nm) vacuum)

GaAs/AlAs 0.695 17 112.3 0.132 919.2 1.08

SiO,/TiO, 1.33 6 346.2 0.407 174.3 0.21

GaAs/AlLO, 2.046 5 425.0 0.5 171.3 0.20

Al gsGaAs/Alg ,GaAs 0.401 28 66.0 0.078 1547.6 1.82

K0 — R IR OFREBEE ORI AT bViE, TR T 7 —< b 7 REEH
WTROHD ZENTE S, Fig2-21 12, HOJEE% 850 nm & L7-4k4 72 DBR D 4F A
N7 MNVERLEE WTFROMEIOLAE TS, B — 27 SO 99.5% % T M2 R %
RTHHE LTS, Table2-1 THIF 72X 91, BITrROa L b T A B EWEEOHE A
HOETHLI1EE, DRVEMTEOWRNENGONTEY, 22OJANA My IR R
BB D. 7o & 21X GaAs/ALOy DBR 1%, 400 nm PA EOFRD TIRERZR A b > 778
Y RWREET L. 7ok, TORRETIE, BITEREOREES#E L OVERIUTEE L T\
V.

AHFIE T LR EBE & LT AlggsGagsAs/Aly,GaggAs DBR % IV 5 DT, 99.5%LL o
B DG 640 5 A ldilE 1L 66 nm T 5. ZAULTKE LT, GaAs/ALO, & HIW =454, 425
nm OIEFIRWRH R A GD Z LN TED.

L2L, HL80nmHAETHEH LIZWDTHIE, GaAs D 3 RigDWLIN Z58E T 5 72
12, DTDICT VI ERED, N Ry v TEERED» DT LERH 5.
%72, GaAs/ALOyDBR %z / U ¥y 7 oG TIERLT 2720121, AlAs & L <I1E7 v
THBR D AlggsGaAs 72 & & KR KIA LT 2 ER H Y, Z DBROERFEZEIZ L - T
EFTDIEINTEY, BRFPHEEISNDfERMENH D[12]. & 512 DBR %18 L CHEIRE

AEATH 2 EMTERLBDHOT, IEHEE L FHDBR OMic L ¥ 7 Mgz, =

4l

ZIBRES N EBIRIEAT DL E NS .

47



F2F BUEEIO~A 7 n~ T 2R L ERL L — Y O R M O R IR AR

Si0,/TiO

1
GaAs/AlAs ||
1

T Al GaAs/ '

Aly,GaAs I

)

OjWavelengtg'?um)
Fig. 2-21. Reflectivity spectra of several kinds of DBRs.

1
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GaAs/ALO,
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©
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i \
L ] P |
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, /\ LAl GaAs
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1
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Fig. 2-22. Magnified view.
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HIRSFORET | ME— FER, REIZWR y, do/Les

WIZ, T 2 E TTHIT LIRS A AW TR Z BT 5. 2 2 CEERT 201X
WR AT L — Y ORI Z IR 2 R O—>Th HHEE— NHEFE, S>F Y FSR
Thod., FPMBEIHEEE2HET 5720, Fig2-16 DX 512, YA LD AN— R
7 —% L ORFIRZ B Cxfm S8 CTHERK L 72 Fabry-Perot HHRER O BRI S 2% 2 T

D

Mirror Mirror
L

m=1 //“\\\\//
m=2 /\/\/

Fig. 2-23. Conceptual illustration of the resonant modes in planar cavity.
RN TOHHET— K m DIEREE % o b T2 &,

2<ﬁ>L,Bm = [ZZ—W} 2L=2(m+Dzr  (M=012.)

m

.. (2.33)
ThdHMNEH, ZOHEET— FOKREIX

L
. (m=012...)
.. (2.34)

L7eh. - T, MEE— NN AAAni-h 13, B— FRED H2ICKE TR,

2
A=t A

L2t

LEREIND. DFD FSRIZHIRERICK AT 2 Z & 035m0 5. ZHix DBR THEK

—

INAEERIIBWNTCHRILENS 2D, 212 LR D, KEEE~D 7 4 —v KOYLI
HLZZEEL-EDHIERELZHOVDAILERSH L. 2F D, mHIELL—FIZBWTFSR
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EPLRSELH720100E, PAH LEOEWE =2 M T A MNe DBR v, FERHIRS
REEMTHZENEHTHS.

T, Fig2-l7T DX A F ¥ T 0 LOBHEORBZILEOHESE L7292 T, =
TORSHEEE L TRk 22818 D DBR Z A5 R 723546 O FSR ZGH5H L7z, Btk
ZRE LT, HHRERMNIC 20 E S OEFILHUE 2 A4 2956 % Table 2-2 12, Jtphic 248
ELTC, BIRILERE 2204 % Table 2-3 187, WTFhOBA LT T Xy v

Id Ih-thick & L7z.

Top DBR

Air gap
(A-thick)

Carrier
diffusion layer
(2X1-thick)

Bottom DBR

Fig. 2-24. Cavity structure.
Table 2-1 (DBR D 4T#5E) & Table2-2 (FSR) #HHL TAH LS. Zibhban

5L, WEAEEZHIRT 2 ERIZEICHIRIRO FSR ThH 5 Z L nnsd. BifE

DFEFHTHN TV S AlGaAs 458K DBR DflAE ¥ TiE, FSR LI L% 34-37nm T
bDHDOT, BREDOGE TIXZNNRAZEA . BRICHBALIZL DI, =2 FF A b
DiEV DBR DA GO TH 513 ERMIRGSET 5 2 LA TE, D RITIAW FSR 243
HIENTES. =& %1%, T DBR % GaAs/AlO, DBR, i DBR % SiO,/TiO, & L
72354, FSRIZ8L5nm TH v, #H O AlGaAs Y- (K DBR OfAA D DOLHAIZ A

T2AFICTETIRSED Z Lk s.
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WIZ, FEIALRIE 2 Rz 2 ek O REERL D5 A1, B DBR DA T

40~45nm TH 5. GaAs/AlLOy DBR & # &M DBR # V54561, FSR 1% 130 nm LL |k

(AMA=15.5%)272 5. Z DORERLIE, Thorlabs DA L7~ OCT I w28 YIE o St ihid

R L — I L T B[6]. 5 DW= IEZR O FSR IE 161 nm (AMA,=12.3%)

THLHOT, I XFWMRE THERKLREZMV > TNDLZENHZD.

FEIRGR A WRE TR LTEABEZ 20 b AV, DFE Y ZhiE, RN

BRNDHLDONERT O TH Y, ERHRIHRGEROERR LA A =B S,

BlZ0E, FEECEME L, EILEUE 2 RO EARO O (Top= AlggsGaAs /

Alo_zGaAS, Bottom= Alo_ngaAS /AlolleGaAS) TIE Leff //10:125 ThoHD KiﬂL L, %/ﬁ?ﬁﬁ%

ZHLD Hhvy, FFFEMR DBR & W7o HES:  (Top, Bottom= GaAs/AlLO,) DI5E Tid 3.2

KRS THS.

Table 2-2. Effective cavity length and FSR for various cavity configurations

with carrier diffusion layer.

L
o FSR FSR
Top DBR Bottom DBR (nm, in Lest /10
(nm) (AMXg)
vacuum)
SiO,/TiO, GaAs/AlO, 4430 5.2 81.5 0.096
GaAs/AlOy GaAs/AlOy 4425 5.2 81.6 0.096
A|092GaAS/A|016C'JaAS AloggGaASIAI()l@GaAS 9762 11.5 37.0 0.044
Al gsGaAs/Alg ,GaAs Alg9,GaAs/Aly16GaAs | 10650 125 33.9 0.040
Table 2-3. Effective cavity length and FSR for various cavity configurations
without carrier diffusion layer.
Lef'f
] FSR FSR
Top DBR Bottom DBR (nm, in Lest /A0
(nm) (AN o)
vacuum)

SiO,/TiO, GaAs/AlOy 2735 3.2 132.1 0.155
GaAs/AlO, GaAs/AlOy 2724 3.2 132.6 0.156
Along&AS/AlomG&AS AlongaAS/Al()laGaAS 8062 9.5 44.8 0.053
AlogsGaAS/AlozGaAS AlongaAS/A|015GaAS 8948 10.5 40.4 0.048
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ERIE OO —FlE LT, T#k DBR % Alyg,GaAs/Aly1GaAs & L, Ll DBR %
EHEF 5L TEZETFSRAMATE Z0EZLTHL D FERE Fig2-25 17 LT-.
AlyssGaAs / Aly,GaAs DBR D35A TIXFSR X 34nm TH 573, Alyg,GaAs/AlgsGaAs
TIX 42nm, SiO,/TiO, TIL 65 MM ICE TILRTE SH. T ZE TR TE UL, RICHE

AZEME DI RELRN T 72 2 DITFFFOHME D & L2V, ZHUSHOW TIIROHi Tilkam

T5.
80
Bottom DBR=AIGaAs (x=0.92/0.16)
70 A
 SiO,/TiO,
.60 - (An=1.33)
£
=
x 20 - Al GaAs(x=0.92/0.16)
% (An=0.47)
40 -
30 A
Al GaAs (x=0.85/0.2) —
20 (An=0.40)
S Eﬁecgve cavity Ien%th: Lest (“m}1

Fig. 2-25. Relationship between FSR and effective cavity length.

WU, WRAIEEHRN L —F OW R rI AP & R AR LT 5. 22 TidE
o, BT AL ZOFETHD, IEHEE L7 ¥ v v 7OREICHIT D AR BOR RIS
WTHNLD . <A 7 i~ Y UG — Y ORIRIR ORI, EHE L =7 F v v 7D
AHEIZRT D AR JEOFEEIC L > THT 570 61E, Fig2-17 ® X 51z, SCC
(Semiconductor coupled cavity) #s% & EC (Extended cavity) ko 2 FEFEIZ KB4 5 Z &
NTE, PER-ZER AN L E R 5 256 & WA TRk BRI REIC R =
IREWVWHAHS[E]. BEAXTHERLTAL Y. Sy T o NS RI-RKERE, ko

XTHREINDI5].

52



F2F BUEEIO~A 7 n~ T 2R L ERL L — Y O R M O R IR AR

R +R, —2yR.R, cosg,
1+R.R, -2/R.R, coS ¢,

eff

.. (2.36)
Z ZTRyIE DBR OEIITH, RAFZER FEEAM TORIER, gld=7 F v v
THTOFEDOMAHENETHY,
(Dg = ZlBg Lg +2(ﬂg _IBgO)Lp (237)

ERIND. LIF=TFx vy TOESTH Y, TNENDILHERE Bragg K % A,

AN RZ L E LT

o 27
Py = 2 Poo = A
© ...(2.38)
Thh.
q . .
( ) Semiconductor Extended cavity
coupled cavity
Top DBR
Anti-reflection
Air gan coating
Cavity
Bottom DBR

(b)

Top DBR

hard mirror ﬂ Hard mirror
Semiconductor/Air N, Res

interface O

Bottom DBR EOtéom_ DBR
hard mirror ard mirror

Fig. 2-26. Cavity configurations: semiconductor coupled cavity and extended cavity.

fliH.O7-%, DBR DR E R L L,=0 & LT, EB/HXHREEE THI L
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TT Xy v 7RO E LTFig2-27@IZ T, 0003 5720, Hithho K%
I3 DBR DS Ry THIRSAL L7, SUNDBMEET D35 81E, =7 ¥ ¥ v 7 TOMMHLL
IZ &> TRISENEIIMICE L, Wb &5 R TIIRKEZRY, #Hdbu &
AWM TIIERIMEEZIRD. Tbbh, =7 Xy v 7R A4 OFEHEITE W TEEK
OAARIEFAE L 725 DT, FERE U TRHEBITRRERD, 112 OBEE TV THfife
LRBOTR/MEZRS. LML, ARJBOIHAIZ XY 225/ K FUR TOR ST R 23

VAT, DBR OKIENREOEER XD T ENnnD. ZHUIEREEN O ELER

DA EFETIUE, L VERMICEET DL Z LN TE D, Fig.2-27(b)iX AR B H 555
& L WG OETER A (BRI 25MH L2 b0TH D, LEEIED ER U=
VbR ROFEM, DF0 AR &H D ECHER TIZT 7 ¥ v » 7' 15K, AR 23
W SCCHERK TIZ™ 7 v v 778 1.25 WRIE S DBE ORI RIZENT, FTU A7

7=~ M AETHELEZL D TH .

1.02
£10L | o o
S SRS [FETTERN
0:‘1’ 1 //’."". ."":\t\ \ ,{1 /“‘_‘ ...... - \\}‘
E 0.99 r i \ f ‘
% 098 |4 | |
o 0 [f Ra L i
g ( ‘ L I
8 0.97 1 R, | | |
S | | ——Re=0 |
' |
2096 f - [ Re=0.1 |
% Effective mirror J _______ RC2032 \
095
o 0. Rug —  _Rc=05

Fig. 2-27 (a). Effective reflectivity as a function of normalized air gap thickness.

©
(o]
~

0.25 0.5 0.75
Normalized air gap thickness: L /4,
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TELEIR DIRESAT D 5, SCC SRR DI AT IARIRN D YE D2 < A3 BRI HE LI IZ B
CIAD BN TWDDIZHR LT, ECHERRDOBE TS N mH S i g, Lo £<

DHNTZT Xx v SR L TWDH T EDRERTE 5.

1.2 4
) Air gap 35
z 3
£,g | TopDBR Bottom DBR g
2" 25 £
206 | 2 2
= x g
g04 < L5 &
S 1 o
0 I\I\A/\/\/\/\/\ ! A ! NNAA A~ 0
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(2]

O O Fr P NN W WD
o (83} (6] o
Refractive index

04
0.2
0 . NANAAA
2000 3000 4000 5000 6000 7000 8000

Position (um)
Fig. 2-27 (b). Standing wave patterns in EC cavity and SCC cavity.

RAIL > TEBICREARDR, T % v TR LR Y =7 12254k

52 L, TROHBBERABNRP—ETHDH L ThHDH. ZEMFDOFRMIT L > THEL

IR NI L CLE D &, B LT~ A 7 v~ o v OEERE N REZ(LITR L
TU =TI LIZE LTS, fikE UL TEERENC L DR 7 FNREL(ICR LT
V=7 TERL 20, BITREMIC L DR V7 b &R R OB 22 2812 X 53k
REMHENFIITHHE LD O REPFELRL R D1 O ThH D, E72 AR
Peit 1R DX TE XS [5].

\/_(R 1)5|n(0g
R Rereme) o,
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FREICHUS L LT =T v » 7REMOBE L LT Fig.2-28 I[Z/R L7z, St TORST
PAFET DG G, JFMARR LT £ X v 7RIS LT =7 TR 20 2 LR

TND.

w
(S NN

¢ = N
IS IS S B RS ROV

Effective phase: ¢ /7

o

o

0 0.2 0.4 0.6 0.8 1
Normalized air gap thickness: L /4,

Fig. 2-28. Effective phase shift for different interface reflectivity.
ZIT, =T Xy TREMIIHT D AR O Z bR 2 E AT 5 72w, AR
£%44[5] (phase coupling factor) & L CEF L, Fig.2-29 (Z-~x L7z,

" do, .. (2.40)

Tebb, FHKHNMEETT v v PN TOREEONIEZLEDH THS. AR &
AL CTHIE CORG M L7256 Tk, =7 Fx v 72 L D EEZZE 0 %
FIOCARIZ SR S D23, SO DMFAET 2 5 B 1 RIFR S TIIALARRS SR E D /N & <
720, WHEETIIREL 2D,

CHUTI R AT AR BT S Z L ICR DT, RBICHEAIZEREEE X TR L.
PAIRE AR A AV T, R ATARE AWML ITROA TR END.

AL AI-g y(ﬂALg

1 Yo Total cavity thickness B Lo otom + Lse + 7 (Lg + L op) (2.41)
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ZIZTLIZETDODBR DERATELE, LdAM-EEEONFHESTHS. ARE
IZ K > TERBIZFE AP IH TETWDLEEE, 9,31 THLOTEYHEIZRY,
T X v v TREGCERELH T 2D, T7200

AL AL, AL,
+L

4 L

p,bottom ptop T L+ Lg Lo ... (2.42)

DI, =7 X% v TROBICENEZEEREOMESELREICRS. LEO L STl
T, Z25/HERREIC AR BEAIEAT D Z L CIREAIAHREL —ElITTHZ ENTE
%)

L ZOMEII~A 7 a~ s OBERENC L DR RIRE KA ICB W CIEEICEE

EETH D
;
Rc=0
- T — Rc=0.1 ;
I Rc=0.32 |\ I
SO L“ ——-Rc=05 ,“ |
o | |
%4%‘ :A y
S a2 [y A i
g3 \ i f
% 2 L j e, \ .
< § R &
a4 . A\ 7
N - 4 N N /7
\\_r,/ e Z
0 — |
0 0.2 0.4 0.6 0.8 1

Normalized air gap thickness: L /4,

Fig. 2-29. Phase coupling factor for different interface reflectivity.

THIVCHE R AIEZ R 2w TE 72D T, Jiffi & FERIZ < DD DO ILIRER ORERLAIIT
B HEE R L TH L 5. DBR LA DJE % Fig.2-30(Q)D £ 5 7efakiz L, £ 7o DBR
DA G T LI R AIEMREFRE L. 7L 21X EF DBR & %1Z AlGaAs DBR
THHGEAITNE L% HI1L0.12 TH H23, L DBR %757 K DBR SiO,/TiO, (22
FTHhIF 015, ETF & HIC GaAs/ALO, DBR (T HUIE 0.19 I E TR TE 5. MBI IELE
THPENTRE LT, HERA O ED 12 £ TESTIUL, EEAIZEFRIT 21
720, ZHAMBETRCHE YT S, S =Dk o %, T XECHRIEAFIHE LIz
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EUTOV A XOMIREHFEZZEZ DO L HE AV,

\\
o 'ﬂ*\ Diffraction limit —
é g .oe \\
3 g \/ 1 - ;': \\
C = AN
L i = Top, Bottom=GaAs/Al,0,
n > — N
( = S) A ’
2 B AN
Q N
= £ .
(5] = q
= &)
0.1 t / .\\
> . . N
[ T=Si0,/TiO, AN
i B=Al,Ga, ,As (x=0.92/0.16) >
; T D [ Sub-A T=Al,Ga, As (x=0.85/0.2)
TPOBR AT/ iiion | Botom DBR - regime B=Al,Ga, As (x=0.92/0.16
i i1 Layer A-cavit
3 (Il_.zysx)‘
ARIayer 001 ! L Ll ! Loyl
(}“/4’ n:\/nairnsemiconductor) Ol 1 lo
Normalized effective cavity length: L

Mg

Fig. 2-30. Tuning efficiency versus normalized effective cavity length for several kinds of
DBRs.
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I ETCTTIRERBE LR AIARZ LR T 2T X TOEBZNEAMLTEOT, R
S AR AL & W RAR S| OWNLZAT 5 T O ORKF T # 2T 5. W&, B OmE N

L= OMRELRE A& (AM/AT)veser & L, IREREEZ A RFICE TR SEZWET D,

>F D,
o) (2] on 2B Al
dT AT JyeseL oL\ oT oT AT JyeseL L 43)
ENER ) D FE A A7 & R ) IR D 0D Vi BE AR AR L R A BIAEEML B B3,

RERBOFRFERMET T 2 & I EREAARZID Z L8 TE D813, BEAH
ML TWZRVIRRE TR S FSR O b RFEMICH Y, 2>>% ORFICIREFREA AT X
DERMEFELNZ ETHD. R OFEN B OWRERBOEEMRAFIET, 7 A
VEEIOESIFEAMICR AN E Th D, FOWiER Fig.2-35 [T AR LT, 1
I RO 7 &, {3 BuE RS & EIREORERBOMTH DS, Thbb,

Wy 7 MED 0 ORFOIRFEELREDS, BERE) OIRFEREUCAH Y T 5.

M
- Conventional VCSEL o \AT Jycse
I az(a@h aaj 84 86,
| xa acler Tar Yo 3L o7

AAIAT (nm/K)

o

- e R
Available wavelength range

Wavelength shift

Fig.2-31. Relationship between available wavelength range and temperature coefficient of
wavelength under electrostatic wavelength tuning operation.
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L7228 > CEUBREY DR EEAR KN [EE T &, #E BRE) OIR AR DO IR ITIR D &

IR B.

L
or AT JyeseL oL

(M) % By
AT JyeseL oL o7

ZORMLE, BUBLEE & HENOREREOBRO T 7 7 b, EHTE 2EED

... (2.44)

AP BBALEE L LTRED. £ L TRE T HBEEERPEAND, FFINDEES
EREN B =7 v v TESTHBL LT TRESL. HENCLARES 7 M,
ZHICHEFAZEHR 2T - DO TH AN LIRS O A E A

oA

A=y O+ (249)
Th5b.

AL :

_ZA.(ATJ Available
VCSEL - .
oA Electrostatic actuation: Jg ..
Vo A i
oL

Available
voltage

A
Y

Adg /AT (nm/K)

-----------

Normalized actuation: d¢ / g, [\

Normalized voltage: V/V,

pull-in

0 0.5 1

Normalized voltage: V/Vpu,,_in

Fig. 2-32. Relationship between normalized electrostatic actuation, its temperature
coefficient and voltage.
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2.5 BREEL —TDOREDSIORERERESE

2805 4 HiE TT, —Mb Lo CRREIRERI S KR AESEO R 2 R T-D
T, ZITIEENZANWT, EEOT A AEIBIT 28 EORG 2175, 22T
A AT D W RIRE IR - WRAA L —1X, WENESEST &AW eA v s —
AR PADISHEZERRE LTWD., BEA Vv F—ax 7 PP AT AORBITHND
N TW5 DI GaAs 5% 850 nm 47 VCSEL THH DT, Fix b GaAs REfM4 5 &
IZL7e. b HAAZ ZETTRULIERFITEITIMESRERFE LW —(E LB TH D
DT, MO EROHFFHIbEHTE 5.

AT DT N ZADHEE R Fig.2-33 1", §REST - BUSTIEREhO EF B 0%, 185
T D AlggsGag 15As/Alg ,GagsAs DBR & 1 &2 X (260 nm) D AlggsGap As il fHIE & L
7z. AlGaAs OFEMIZIRAREIT Al FLEIZ X o THIEI T E, AR @I SR IE IR

D/NSVDT, EilEE O ESREIT DBR OEHME LD H/hhE 0.

) Laser

Tuning electrode Output
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E==Al, 5G4, ;sAs/Al, ,Ga, sAs Top DBR
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. Large thermal
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Fig. 2-33. Schematic structure of the athermal and tunable VCSEL.
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ZDT, WE EFIES THEF DR OO KNS TN AN L, FER L
TRERBEEN T N— 7 NT 5. IREEE Y T2 OERE BT SRR R RO IRE S
% i & IR OIS, FRBROESD 2 RICHHITSH. £-T, T84 A
BEDOBIC T 4+ Y VT T T 4 DB =2 202, FRBROESR2EZDHZ k-
T, WRIEEREERHTE 2. I, BROBEALHEIHENCL > ThRHE
EERET 5 2 LT Y~ VENE LRI RIR S [BEO W SIS W RRIC A8 D Z L.
Fig2-33 2”3 L o1, L—FonMEME AFFHROTF o — =0 VEMORIZELEE
Mz 25ZEICE-T, FFFHENERMNT AT b s 2 & THRIRSmMAE b L, &
T2l R ATEBEN ATE CTh 5. BEEREOEKL —F 07 ¥ —~</11kix DFB L —
PRV v 7 3R L —F[5] 72 E CRERRN L EDOHREFNH 5D, ZHHIFAD
JEAT SRR B AR AENE & R OMBE CHHARZR O — AR T 2 2 & T, FEROIED JEHTRIR
FEIRAFE A FTIE U, HHRE — ROSMIESTROREKEE K25 18 28 ricfmS
5 E WS BRI SN TV D, 2K L TEE D ORET D& R H R OEBK
N KD IR RLLEZFIHT 26D THY, TN LT L THENZ L >TH F
HLREMETELHDT, 7TH—~/MLEERAIEEMEOMNLAFAIRETH D &) T,

ARERNZERRDH LWEBRTHD.

25.1  BEREEREKFL - BEEAIEmEL L —F OKE
FRALD 7= DITIARBME LB B R AL, 072t 1170 Ehk & 7R BRIERE 2 5 8
LR AUE e S 7220, & 2 CTITEMAb O 72 DI R OIR R L W E AR ORI E H

L CRREI ATV, IWRIBEREA @ O VI0 IR 2 2 L2 BIE L 75, Thbb,

‘d_/l fpran  orfosy  os dvy) 007
dT| |endT " “PaL{ aT v, dT )~ 10

... (2.46)
Gl TR AT
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IRRUBMERE FSR DaxE
IR OMEIE A Fig.2-34, =7 X% v 7/ L IR E OBIR % Fig.2-35 (2~ 3. HifiT
JEATER O Ry B a R LI AR 2 T o 72y, 2 2 TR R O A
—HOE— NEERPEOMEHEEOT CHIRT 2 ThH LR LT, 1RITD T
VAT 7= N 7 AEEAVTHE L. MEIORBITRITERSBEERE L TN 5.
ZD%EH AR DRI K > THREFAENRZIZFE—EIHR DI LN TE S, Fig.2-33

T2 2 AR EE S DA OZEKIEEERE ORI AR M AR LI LD THS.
AR ERFERRAEIFT > T RWEEEFEL T, BRI PRI LFELE.
F7o, BITRITEAERL AR OFM, TR0 B HER L KOO IR TR <,
Al gsGagoAs % KRS IEAL L CTE 5 ALOy DJEHTH n=157 Z T\ 5. T TH A
A CORIE 1%REICHHI TETWAD Z ENDnD. TR, HRTEIT Fig.2-34
DENZZT F v v TREMITT LTI IZET 5.

HEFBRDOAR—VEIT, FRLEPERITKETH DL L EICTT Xy v 713 1.25
WRE ST/ 5 £ HITEG L2, EERICIFEVE ) OB TR EFHLZITE X238 120 pm
TIE 400 nm F2EE BAANC D IR D DT, & ORFIZER GG & 850 nm £ 0 A L RIS
BRHEIICERLCHELIZLOTHD. ZORAE LV RO IR AT A3 1T 0.096,
T — FRIFEIZ= 7 ¥ ¥ v 72 1100 nm OFFIZ 42 nm Th 5. Bifi o X bk 72
FSRIZ37nm TH-7=DT, hTU AT 7—=< U7 RENSRD SN L 5nm
ZEERDH DD, ZHFFEZLICRAE LENERD Z L BNRNTH L. T
FOHEICH L CRHE LT LD TH - 72, EBRIZITIRAT LEIE Bragg lE» LT
TA MYy Iy RESESIEEREL 05, 2L, A by 730 RO TR RME

FTLTWDLZEITHRIEL TS,
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Fig.2-35. Reflectivity spectra at the interface for different AR thicknesses.
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Fig.2-34. Resonant wavelength as a function of air gap thickness.
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RREHBRORMDERE) - FHFEDEXENDRE
N(2.44)0° 5, A S ROBERE O EAREITIR OIS 2T, b IR KA

O RFHPFFOND.
0o _ =(A-1)- [Aﬂj Vs o1 _ -0.9x0.07/0.096 = -0.65 nm/K
ot AT Nvese oL

.. (2.47)

Tt > THFE SIBEE) OIRFERAFIEDOFF S 402 FiPHIE

—2A- (Alj 8}' 0% E<0—> —0.15385E <0
AT )ycseL 8L oT or

.. (2.48)
THDHMND, FEINIHBALEIEORIAZ Fig2-35 HRODDHZEMTE D, /77
MO EIEOHIPHILE L2

0V IV <0.7->0<V<0.V

pull-in —

pull=in " (2.49)

THLDT, TNAEEDTIONE TEELZFINTE LI LIZRD. WAITFHREID
BRENGEEIHIE, FI=7 ¥y v TREE THEL LT, BEE §/9i=0.13 TH D Z & 1 3»
D, ZHICHER AR A BT - b OPEEERTH D005, REIC, RERKE
1710 (2R 5 7= £ F4751 T E DI R OFIH Alaermar 1THK T

AL oA

athermalmax 7/¢ 6_L X 0,

o =0.096 % 0.13g,
. (2.50)

T&)ékﬁ%%é:kﬁ’f%, I/\irﬂlﬂ‘bfl/\é*%l_f iA)bathermal 128nm Z%iﬁ
I 0.7Vouin=11.3X0.7=7.8V TH 5.
B oL, WERMHZILKRT 572002 R LTS, bbb, EREAA

RERESL, DT XYy v THIBELSGTHIENPBETHDL I LR LTS, AN

—VREESZETIE, TS L TREHPHIIR K TFSR E THERTHZ L b
ARETHD. 72 LLERBEEITZD 15 RIZHAFI L TRE L 2D, ZORKHMZG

HI=DITHBERETIL, BXTCWAEBEO T VA EENGHET IR L V.
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FEHLROBENED XL b D ThHI, T2 bEEEOREGRBMEERTT L7720
B E A A2 TV RIEEZT-D LTH, IRNEEFSBEIZEEN 2V E W ) FH5E T
IR

o

o

a
o o
N ok o

Adg /AT (nm/K)
o
-

Normalized actuation: J¢ / g,
5 & &
w
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.05 lEEdmseRsElIEEEREEEEEEEER
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Normalized voltage: Vo, Normalized voltage: V / Vp,.in

Fig. 2-35. Relationship between normalized electrostatic actuation, its temperature coefficient
and voltage.

PLEOFHBEIT BRI LN B8N 25D TH DN, BN EERT L2720, hoTF
LAR—DR S HE 2 THBEREI 253 L, HRER BERNMEZEEL TR A7
77—~ bV 7 ZAETHE LR % Fig.2-37 IRT. ZOFETIE, EflEEX1EE
JEE M 264nm & L, DBRIE 1857, A~_—HJ&1%10643nm (2 L7=. FEEHROE
SEEZ D L BB ORELRENZED D DT, Fig.2-37(2) D AA=0 nm (233 % % Kl
BRENEDD. £, FRELEREWVZETNA VEELEDT 20T, #EIEEEO
EERBOZEREITRE LS RD. ZORER, Ny T2 7R LR ER R O#PH I
IE D EfHHEZ, TRHBPESOMKE LT ey b5 &, Fig2-37(0)D L 527
5. WEHBIZARHLEN137Tum O L X Tk KERY, 14nm THDH. ZiiE(2.50)

DFFELIFE-FL TS,

66



F2F BUEEIO~A 7 n~ T 2R L ERL L — Y O R M O R IR AR
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ts=264nm (1A-thick)

Conventional VCSEL
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14 | tg= 264nm (1A-thick)
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10

(b)

A\ with athermal operatiion (nm)

o N A OO
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Fig. 2-36. (a) Temperature coefficient versus wavelength shift. (b) Maximum athermal
wavelength range as a function of cantilever length.

7o, MEKEEEHRT 5720, ERHERES, AX—VREES, FRLRERIO
B2 A B DR ORERE Fig2-37 IORT. BEEZE 25 2 &L CIRERANRKE 72
DRFBLEORITEDLN, WNEERMZ O OIIFFFHROBEITK L RN
EDEETE . T LTEORRKIEEHPAE, /X 1063, 1500, 2000, 2500, 3000 nm D A
NR—PBE I L TENLN 14, 20, 26, 35, 39nm LXK (250)L L<—FH L TEY,

ZOEIITHIED LICHEBEICHRT 2SBS0 T, RIELEET VOFEM SR

<MD,
50
20 | to = 264nm (1-thick)
E 30 r Spacer layer thickness (nm) =
| 1063, 1500, 2000, 2500, 3000
@ 320
10
O Il Il \ Il
0 50 100 150 200 250

Cantilever length (um)
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50
40 | 1s=200nm
E30 ¢
— Spacer layer thickness (nm) =
(b) < 20 1063, 1500, 2000, 2500, 3000
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~ Spacer layer thickness (nm) =
(©) S 20 1063, 1500, 2000, 2500, 3000
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Cant?lever Iengt}l1 &m)
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a0 | L= 100 nm
\%30 I Spacer layer thickness (nm) =
(d) é 20 + 1063, 1500, 2000, 2500, 3000
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O 1 1 1
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Canlt(i)lgver Iengt%]S(%m)

Fig. 2.37. Maximum athermal wavelength range for different micromachine structures.

Flo, MEREEAD Z L THRRBMHZIERTEL0EX 5O bEAWV. T2& 21T Z
ZETTHELEDIE, AlGaAs FEEDL THMINLIBETES X ¥ UEETH -
72y, L¥IDBR Z 5 EIADBRICA R T2 &, MRHiMZ S HITIERTE DT T TH 5.
BRER B, FEHEDBR LV bFFEAOTBIEITRO 2 M T X FRmL, BAZL
R TELOT, fiRELTEY RERWERAILERZELNDL NI,

—fFlE LT, FEHDBR (L) % SiOJTIO I Lz A 7Y v RiEEEE 2 TH
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L TIRERET A EF R T, UFO X 9 R FFETRET 2 2 LS ATHE
2%,

® R PR L FSR
NA T Yy PO R AT RIT Fig.2-30 725 0.154 THHN D, BT EH X
Y VRS XV bR HIPH 2 0.154/0.096=1.6 5K TX 5. ZOREKEIZFSR I X
S>THIREN DD, Fig2-25 725 64.8nm THDH Z LN mhnbd.

® i R bR OENENE) - HireE ) BREN DR

R OGEL, Yo 7RI L% 84 GPa Th 5. ML Si02=92 GPa[*],
Ti02=73GPa[**] T 5 DT, 657 (Fig.2-19 X ¥ &5>99.5%) DJE S DE A
ST 75T 85GPa THhHDTIEE A EED L. 657" DBR DJF
ST 12pm TH Y, FEEDOLGED 2.6 um (LN TG FOE S THTe. FFf
LZOBEREN L, EAZ%hE 0.154 & (247005, -0.41 nm/K (23U L.
7= & 2 X EREE 2 Au iz 3L, Aa=10 ppm/K TH 5. DBR & EFIHBOE SO
01 DFFICTEH251E, Auld120nm 2725, ZOH4A, EBRENTRIEER

BAACHM LA RLRESO2FICHATL0T, FFHBROKSIT

(A5Th /AT)FuII—epitaxial o ACZF : |—|:2 _ (05 ppm/K) ) I-FZ

= (251
(A5Th/AT)Hybrid Aay 'I—H2 (10p p m)t K|2

DGR EY, 120 DEESICRD. LEREEIZ(Y Y 7R (EX)¥, (EI)Vc

KT 50T,

Vi NI ’
moria Y Ex h+/LHzstsepa.(sznjl/(ijzlA. (2.52)

Full-epitaxial \/EF . th / LF 84GPa 26“1’1’1 20

V

BT L4 ERREIZ LA 5720,
® X
HrEE ) BIA ) 0D 38 BE | 3 O LR FERR U TR A9 5 . B0 72 36 E— RO H CHrIC
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HERDOE, AFRBROESHHOHTFE—F (Fig.2-9 TR LKL 9 REFROIREE)

ET—F) Ths. ZOHERET— FOMIREWEBITROA TR I 5 [Petersen].

_ 3% E—mQﬁ)

R 2d%\ pA

T I T p 3B, A IWTERE, | IEWE 2 RE— A 2 b, RO 3.52 13—l -

—Ui DR FFLREOERET— FOFFORETH S, HHREBEIIEE OTE LM

BHEBIHFT D HDT, FEBLRZOES L D2 %, BED-12FE, Yo 7RKLE

PEE— AL RO ElI @ 12 BICHHIT . T70bb, EElbO7-olcid TE /S

] BEARTH D, PEEKROBEIL 45 glem® TH DD T, 130 pm O EHED[E

AIRENE R 108 kHz TH D, £HUTH L TNA T U v ROBEITRFHREER S

P20 THLOT, 20150 22MHz 21556415,
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P -V IURREBDOERIRESR
B%IZ, 7Y —~ LI B A OFGGRIER 2 EH T 5.
Al L7z & 91, 7 —~< /Wil BRI E TR (Z Z CTIE TE &R &Y=
TXY w7 gL > TIRED. FEER/T Xv v 7R AR ZFAL, #HAS
TREZN IR % 52 ITFR % L 72 Extended cavity # kD56, TE gk DA TEHIND.

TE g = —xg,
Lcavity + Lpen + gO

.. (2-54)
2 2 Loay VIR ¥ BF o OHEE S, Lo [ERIBEOB 7 LR (225D ©

b%. T H, TE D RHIFNIHREER L (ITHE T 5. go ZHEIRICKE S LIEH A,

TE Qo fIT Mo IZHINE T2 Z &350 5. T 720 BARKAEIZAFE L2V,

Table 2-4. Examples of cavity configuration

FSR
Top DBR pottom @go=1.25%, ( o e
(FSR/;»O) Athermal }"0)

Full-epit Al gsGaAs Alg 9,GaAs 50.7 nm 39.9 nm
Hybrld Sio, Alg 9,GaAs 65.5 nm 48.6 nm
ITiO, [Alq16GaAs (7.7%) (5.7%)

Optical GaAs GaAs 135.3 nm 78.4 nm
pump (*) /ALLO, /ALLO, (15.9%) (9.2%)

(*) The carrier diffusion layer is removed in the cavity for optical pumping

Bottom DBR 1-cavity (‘farri_er ~ Air gap Top DBR
i Diffusion | (A-thick)
| Layer+AR |
(2)-thick)

Fig.2.38. Calculation model for TE, TE-g, product and FSR.
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Bl & LT, Fig.2.38 |Z7R L 7= LIRS ORERLIC ST, TE & TE-go f & 7154 L 7. A-cavity
& 2h-thick O & (EIRILBUE+AR) DGR IR, ESAIEAOT T F v v 7L BT
DBR THeE N T 5. LR DBR I, Table 2-4 (2R L2l bHIC W TR L7-.
KRHEAR 2R & LC, R X X2 v Ui, ~A 7 ) v R, bk G 2 188
L7oEETH D, 7272 Lothbkd &L, 1.750-thick OB EILHUE 2 B0 BRVOTn 5.

FEHSEAFEMRDBR & Lo A7) v FHEEIL, 2T XX v UEEIZHA
TR LED 1.6M-thick 3 < 725 DT, FSR 28 66 nm (A bt 7.7%) % TILL 72 5. &
(IR RS T, T IAEE 2 B B2 5 C FSR 28 135 nm (A e 15.9%) £ T
JERTED. FHRICTE b M & Lg DL THDH DT, Fig.2.39 IZR L7z & 9IRS T

HHIFEREL 2D,

05
04 %  Optical pump
> e
gos | @
(&) \\\ |
% \ Hybrid
<3
=02 r /
: :
|_ \““.\
0.1 r o
Full-epitaxial
| : 6 - 10
Lot / 2

Fig. 2.39. Calculated tuning efficiency (TE).
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1000 |+ /10 Limit

Optical pump
Hybrid
Full-epitaxial

10 1 1
100 1000 10000
9o (NM)

100000
Fig. 2.40. Calculated TE - g, product.

P EOFERZ AW T —< L RHIH Al Z3FH L, go DEI% & LT Fig.10 127 L
7o RS Ahp, RO FSR Z#E LTS, WTFNOEDEA L, RKEEZRD

BOIEFSR Ths = Lihs. BIZ, WIHOMETHLRLTT v v 7S gyo

TAMEFSRBAEZDD., ZDOZ &1L, UTOLSICHMETE 5.

FSR ZIIRDATERENS.

A
FSR =
2(Lcavity + Lpen + go)

... (2-55)

o T, AaDEKRIEE G2 DT X% v 7 A XDOKBEE doopt 1%, L FOXTES
n5.

2
2(L T_O = L LAO X gO,opt x 5E,max g gO,opt = %
( cavity + pen + gO,opt) cavity + pen + go,opt E,max
... (2-56)

TR Ao & BUBAL R RKBRENHIDH Og max (C D IMEF T DA TH D00, —ED
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L2, BELTVD Sgmld, FFFHROFEIRE 2GR LRVWETRL

b DThoToinn, ZOMEIXFEHROFETIBRE) O AL FEE(2-22) DB Ik

KT D20 THD LML TWD. BLEFETIIME TRV, & 2 ITMFH PG

7 ERpHEEOLGENE, ZOMEITED-> TS 5000 Livew.

uji@ Z & J: D s E%j(?“ﬁ"—V/l/{EZ%%ﬁ A7\-A,max ﬁi’

2_02
Aﬂ'A max =
’ 2(Lcavity + I-pen + /10 /25E,max) (2_57)
L s,
— Cavity #1 ---- Cavity #2 ——- Cavity #3
140 8

= —
B (o)) (00] o N
o o o o o

Athermal wavelength range: A\, (nm)

N
o

FSR Limits;

gO,optimum

0 2000 4000

Air gap thickness: g, (nm)

140
120
100E
(5]
=
80 S
S
g
60 &
(%)
&
40 &
20
0

Fig. 2.41. Calculated athermal wavelength range and free spectral range as a function of the air

gap thickness. The ultimate limit for athermal range is the FSR in any structure.
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Fig. 2.42. Calculated maximum athermal range as a function of normalized effective cavity

length.
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252  WRIEEEEKAL - ZEEEIECL—FT LA O LG
K1) TE LI L OIT, ERET DR B RITEFIRAE T O T EHGE & RIEIRRE
ZIZE - T, BBIZBWT HMIIZK VB> TWD, ZORYIEY ®ITIAFFHRORESIC
Bl 2% E LT, QRI5)TEIND. W TRIDERDLF M TIHHIRIRRE D
EWHEL, TORMBERIRKEELZAFHOREORS THIEITE 2. S BIZBBRENT X 53
R U 7 hOREE L TR, Fig.2-38 1R Li- X 9 RIBERKO/N S 2Ll

TUAPEHTED.

Large i
therm%| Cantilever length: L

" expansion
Small

scL: thermal
expansion

T Substrate T

Fig. 2-38. Conceptual illustration of the 4-ch athermal multiple wavelength VCSEL array (not
to scale). Each device has an air gap in the cavity whose thickness depends on the cantilever
length.

BIERBLL T —~ VI E A EETO L0 LIFIERETHSH. VCSEL D LI 585
I3 FER I LOZ ORISR D R DB TR SN D AR BRETREFSALTY
5. B 20X AlggsGag1sAs/Alg,GaggAs DBR & AlggsGagisAs 7E il EllJ& (strain control layer:

SCL)2 ETh 5. =RITEIT S AlGaAs M EFO T EHIL Al MR A IS 512>
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THINT 20T, AFFHRIEI=RIRICENTEIZKYIR>TWS. ZOKVIRY &I
RORORSOARICHETS. #-oT, FFLRORSZEZ5Z LT, MANTHR
R, TR bMRERZHETE 2 2 L2EHRT 5. Tx OFRFIFEEZE
SIS ALOy BT 2A LTk Y, Rl CORSZMfild 25 2 &L THRELIRSRS
REPVERNTWDLOT, Ry 7 MEITEBERGRACRIZH TS, /E-T, A

FOLENT Ty FRRENS DR Y 7 FEIFIROATESND.

o/ =% g

Ly~ (258)
T 2T Le TR RER, Opa 1T TEBEICIDAFHLREOKVIEVETHY, X
(215 HRDHND. ZHITMAT, WEOEBRY 7 MIFFHLROBEENZ L > T
MMETHZ LN TE D, BBREIRE Ad/AT bRITVAFHLROESOBARITHEIT 5.
o T, WU FFLREIZTNT S Z LT, WRIBEREEZRD S5 Z L0 ATHE

Thd. ZoO%HA, BERKIIROXTREIND.

Al__(Aﬂj L1 As,
VCSEL

= | = 0
AT\ AT La AT 7 os0)

Z 2T (ANAT)yese I8 D VCSEL DREIRERBMTH 5. 22 TR~/ L 9 (T,
HEHROBERENIZ OfEE T XA —4, TROLARLREES, FEOREX, Y7
R, WFEH, £ L TRERRBIKGFET 260 THD. 22 TIE—flE LT, 1852
7 D AlggsGag 1sAs/Alg,GaggAs DBR & 1 KJE = (264 nm)D AlggsGag1sAs SCL 72572 5
HRFBROFFEEAT D . Fig2-39 lLERIRERB LR Y 7 MEE AR LRRE S OMK
ELTHALELOTHD. 2T, MIERREGES Aa=1.2 ppm/K, T EHEE
Aa/a=35x10" L RE L CEHAE L7z, 2ok, 79—~ AR 2T A RbRES
LalZ Ko THUE LT 25 2 & T, METKE LRV RINR b DIC D, RV T FEIX

NIV AT 77—~ ) ZAEICES>TEELELOTHS. A LROES 2T —<
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VG La B £15% A S5 2 LT, IRRIRERE A #E O VCSEL @ 1/4 LI TFIZ &

EORNG, enmOERT T FEMELND & BB b,

0.1 5
. Ao = 1.2 ppm/K
9 4
£ 5 _
0.05
< 2 E
< <
T S S 1 <
= B o, LR A &
50 prmmmnmimiininiNRG 0 @
§ ....................................... _1 %«D
= -0.05 .
2) +1/4-(AMAT)ycser
S 1 -4
-0.1 : -5
0.75 1 1.25

Normalized cantilever length: L /L,

Fig. 2-39. Thermal actuation and deflection as a function of cantilever length.

WRIREAREZ 110 [ZMH T&E 57—~ VIRE#IHAZOE L T, EnEdFvx
NEFEDOLNLNEZL D WEEIWERERIHA 100K TH D LIET D &, Fv L
LN EDOREEALTERLLRWVWE I LN LR LD T ¥ 3T, Fig.2-40 ©
EolcFRShs, #@H O VCSEL THRMBOZIEET LA N TX, HEHPHA 30nm T
HHELTH, FrarfT10nmBREO 4 F ¥ RV RBETHDH. LUK LT, RE
RIFZIET LA T, HEHH 10nm TH-o>TH 10 F ¥ %/, FEERMKE 20 nm T
HIUX 30 T ¥ XV E TEREEEBNARRIZRD. b L 1 OOFRFOEEHEN 10 Gbps

ThiuE, BHiFH T 300 Gbps DIEENATREIZ /R D .
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100 ! AT=100K

: i
| 1
| 1
! A’lavailablez !

2 | 10 nm,

@ ! 15 nm,

c

[3+] B 1

= <

© |

G Athermal !

3 10 F Vesel !

[= [ array [

> |

Z : |
; .

L 1 Conventional '
VCSEL array
1 1 1 1 I N B B | 1 1 1 I A |
0.001 0.01 0.1

ANMAT (nm/K)

Fig. 2-40. Estimated number of channels of athermal multi-wavelength array.

Fig.2-39 D77 7S5 5 K912, Ny F o ZEICE R S R rT AL, EAERE)

DIRERAFED AR HRO R SITF L THREOIET DIEEIRS WD Z LR TES.

SFVY, EHIEEOES L DBR DES DA RE Y, REBKESMEE 25
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=
BEREEKE - BRVELREXL —TBXUSEE
7 LA OBUE & M

RKETIEX2EDORNCESWEZT A 20T 7 at 2 & ZF0FifERIC OV TIRRS .
FNA ZINTAZE L TUEIART A A DO TFIENREL GEND 720, TR0 ESEIE

% A TR 7R AR (S BV TTT 9.

3.1. TINA ZARHE

Photoresist Photoresist

Dry
etching

etchin
@ N

(1) Wafer growth (2) ICP etching #1 (3) ICP etching #2
(Micromachine formation) (Mesa formation)

Metal ‘l’\l
deposition ‘Q: \g
\(%hﬁj

Selective
oxidation

(4) Selective oxidation . ) ]
(5) Electrode formation (6) Selective wet etching

and thermal annealing and critical point drying

Fig. 3-1. Fabrication process.

[ 1] #5&AKE & RF-sputtering (2 L % SiO2 15 o fu i

[ 2] Inductive coupled plasma(ICP)— > F > 72 L b~ A 7 v~ v U AEEDIK

[3] ICP = v F v 7 X DERALIRZE A Y DIERL

[ 4] 450~500°C DKARLRFEHEIC L DT /L MAE ORIRE L. Z DS, Bt — ko
HEWZFIH U TR bpas L AR EE (AR &) Z [RIRFICTE AT 5.

[5] AV KD GaAs EHEOENY = v b=y F LU 7BIOARBOZ Yy F 7LD
av B2 7 NEaoigEH. REUNEEAE R X 2 & REMOEZ275E.

[6] 7= ey T v MCLD GaAs B ORI Y = v b F U 7 H AV~ A
ya< VKRBV ) — A, BERS R XD TV ORI,
1. ICP =y FU 72 LD AFEBY:, BbizE A I DAL
ICP=yF 72k, RFLREBIEHDO AT ZIKT 5.
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@) TH NIV T T T 4L DRARORONS ==
Table 3.1 Detailed process of lithography for cantilever forming.

Futk R4 2£4
OAP ® At > 21— 4000rpm < 7 100°C60 .
AZ5200NJ D A E > @1— K 4000rpm <X 7 100°C90 .
B 75,
Bt NMD-W B2 90 7.
RAR_A 7 120°C90 5.

(2) BHF IZX % SiO2 @D — v F o7

T E=NRENZTOANNY XY T L THDHSIONELICP = v F o 72k LTl &2 o729,
REFOROEREZ RN TR THREL TBLERH L. =y T 7121 BHF %K
(NHAF/HF/H20) & IV 5. = v F » ZHiite O FBMEE T 4 Fig.3-2 IR, 7ds, SiO,
MERIZRETE TWRWEEE, ICP =y F U 7 HORMRENLEIZRY, ROAT v
Th % GaAs BB oMt =y F v 7N #EIT LR 2 5.

500 pm

(a) Before BHF etching. (b) After BHF etching 50 seconds.
Fig. 3-2. Micrographs of photoresist patterns for cantilever forming by ICP etching.
SiO2 layer must be etched completely by BHF as SiO2 has resistance to ICP
etching.

(3) ICP = F L 72 LD FEHLROEK
GaAs B O®mP Ty F U795,

@) T4 LT R NOBRE

ICPHD 7+ F LU A ME, BUT XV U7 AERIER I HEE LIZ S VIREBICZ2 > TV D,
65°CD Y L —/N PG FIBERIZ 10 FELLEIE T T HFEECT X 22 W GA1E, L 0507172 502A
HIHER CHIBET 5.

(5) (V)~@) L FEOFNET, FRLHO A Y ZAK
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ICP =y F U 7L VM LI AV OBEMEEEEE %, Fig.3-3 12777, AVEROLGEIT
T%MBR4A7®@§ET£V?/7?5._ﬂLiD,AMm%W&M;£5&M7A?
Y —DY A ZDIESLOE I TE 5.

Fig. 3-3. A micrograph of formed mesa by ICP etch-
ing. The cantilever is covered with AZ photo-resist
for next step.

2. AR BOFEH, Wty ov R, EBWOEEZELY 7 vt 7

H,0/N, FXFHSU T T D Al ggGagooAs JE DRIRFE(IZ LV, AR J& & b2 BT 5.
(1) AV EHOD GaAsEHEDO T v F 7
JTUT T v MLV AV ERED GaAs e a2 = v F 7 L, AlygsGagoAs JE % iR
HERS., 7o ooy F v hOIREH % Table 4.2 12777
7272 LICP =y F U 72 kD AV IBR%, GaAs M OFR AT O NDF A=V %% T
BY, 7o BT yF X MIHTHMMEEZRTHAERSHH. TOXRITBUEDO L Z A,
WD 21 DHENRZEZ HID.
@® WA @ C GaAs R4~ v F L 7%, Jo BTy F ¥ F@ER
Ty F o7
@) JT ULy F ¥ F@AC Ty F T
IV T Oy F U7 — MIREICE R L, 40CIZBT5H L— MI=E
BTOL—FOSHREICETERTS. 207w GaAs g Em AT S0 v F o 7
MMEEZ R LIZHAETH, EFICTyF U7 BT+ 2 E AR TETWS. LirLEb
— Mz Ty F U TOREMENRELS, BEICTy F U7 BNETL, BlOT L IO
AlGaAs B ICEK L2V OT v F o FRHEATLE S fatEnd 5. Fig.3-5 1%, #E
ﬁiy%yﬁ_iwn/&ﬁbgmmﬁmwm,itiﬁi@@w@_ﬁﬁm@my%/
TRHEIT LI2H 7D SEM BEETH 5. AR JE(Alg9sGag 0oAS) D F i 1T H SRR (L S 4L ALy &
725 LRFEBIET 5D T, KViKSTWD I ENGND.
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Table 4.2 Condition of Citric acid etchant.

Compound Mixing ratio
CeHgO7:H,O 1:1in WEIth
NH3 Adjust pH to 6.5
H,0, 1/5 in volume

(a) Before etching (b) After 120 seconds

Fig. 3-4. Etching of GaAs sacrificial layer with CA etchant for forming AR layer by oxidation. AlygsGag 02AS
layer is exposed completely after etching.

() T rE=TIKERIC X D A RIS

() Mfb7mtXx
WRALEEEIZ L0, HaO/Ny Z2PHA T T AlggsGagooAs DEHRIRILZAT 5. BRL L — Md 7 =~
IR TELDENRHLHDT, ZOWEX I —%2{LLL— b2 AMEL 20 ERDH L. BB
L% DFEF % FRONIRIEE & O FBAMEE TR L2 5 5% Fig. 3-7 1O~ d. b I Tunen
T NF ¥ —E IR B R TRV E L TR A D.

30—
E | d=156t+222
o
_:20_
=
[«5]
&)
[y
S 10}
3 stage temperature
3 500°C
K S T R

Oxidation Time:t (min)
Fig. 3-6. Oxidation rate is estimated by plotting oxi-
dized distance versus oxidation time. “t” is defined as
the time elapsed from the stage heating, so a certain
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amount of oxidation has progressed, which is indi-
cated in the graph as d-intercept.

(@) Infrared micrograph.

(b) Optical micrograph.
Fig. 3-7. Micrographs of dummy mesas after oxidation. An oxide-aperture is seen in the center of the mesa.

3. EWOKEL Y 7 bE T
AV REICHKE LIZEMOBAKEE ST E 4 Fig. 3-8 (2”7, 74 b LY A MLV EMGERL
NEh#E L, BMAERY 7 b4 7952 L CTCEMEIEKRT 5.

Table 4.3 Detailed process of electrode deposition.

a4 26

AZ At a— | 2500 rpm

TIA T 100°C90

e 10 #

B 90 fb

RARRA 120°C90 #
TEARGEL D AR JEFRZE BHF 70 #

n IR D 78 75 Ni, Au, Ge

R U L—/NPG R
p MR B D 78 75 Au, Zn, Au

7 =) 450°C5 0, 420°C2 4y
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Fig. 3-8. A micrograph of a device after electrode
deposition and lift-off.

4. FRBHEDY U —2R

FFRFHZE T O GaAs g o im—y F o 72X 0, FRbREZV )V —2F2%5. U
U —21%, Yo7 NERFNEE1E BT DB, WROEKRE RN L > THREHEN
APIME L TCLEIBENRAOND. ThEHTED, VU —ZORKERECIIEm
RN O/NS VRPN HIRHE T, WIR A HRE STV U TNV 2 EKPICHE T ST 5 0 E
Ndd. VI —2A%OFFFHEO SEM GTE% Fig. 4.7 \Zd . FHEFHZE T O GaAs 4
RNy F L 7 E8NDZETET X v IR S, EHED OB S -1
IR TNDZ END.

Tuning electrode Cantilever

Air gap |

Fig. 3-10. Scanning electron microscope image of the fabricated device.
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3.2 RERERKT - RRUYZBEBHICL —S O

Tuning electrode
Laser

electrode (n)

Fug. 3-11. Schematic of the athermal and electrostatic tunable VCSEL.

Fig3-11 |IR L=k 9lZ, ~A 7 u~y v DF a—=7FEMmE L —F DO nBMORIZ
REBEZEIINT 5 Z & T, ERIIFMEZRE L. WE LR FON o FLAA—RI
126 um & 160 um TH 5. L—FOEAEMIT—EIZHEET H 2 & THE O HDIED
EEZ L DWEEBZIMH L, H2ixE Lz A7 — Y OIRE T thermo-electric cooler

(TEC) Ik » TLENEHT-. KNI ALFE— R 7 743 (MMF) ICEBSES S,

HART MTFITAPFIZE o TAT FAZRIE L.

321 EFENC X DR AT RRE
FIMNEEITE Z & OIIEAT bV % Fig.3-12 IR 7. WIhoH#E 1, EIR[EE 2N S

Lo THERIZTL—2 7 FL TS, BEAZFMLIDRETOERIZEISLEL
TEY, HRORBISER 25 A7 MVOBIBOMSEGZ IR Y 72 SIXR e s o iz
RAFFBER & 160 um O3 T, BRI IS L > THERE— RA+2IciESn T
FY, K 860nm 5 840 nm E T 30dB LLEDY A RE— RIEL (Side-mode

suppression ratio: SMSR) 235 541 T\ 5. ZAUIxT L TE & 126 um O FE 1 TIEE(b ik

ZERDN 5 um R & RE S, @mRE— NI RBREGAONR-T2720D, HH)

89



%3 F  WRIEEIET - MR AIZHRFEL L — VB LUOLERT LA ORYE L FTfi

2w/ T E— R R LT 5. SMSR 1% 830 nm 2> 5 841 nm 2 - T 30 dB UL k% flefr
TXTWA. BMITSMSR NEAL L TWD R, ZIULETFH T OFIGEAT F Lo,

Ny RO RN T 2 2B E HIAANRERR TH L EE X LD, ZORE, #HE
KE— REHEARE— FD netgain DZEDAF3IT72 0, +0RMENRTE TWRW. LU

L ORETEMIZ, BEAEEE 3 um BRI D IASMBE—F— NMEd 5 2 & THRIR

T&5.
0
#AT2-6072
10 e
—_ =1oUum 18V
= 0 | 19.4Vv 15V
oa)
"2 Vvems=
230 I 208V
(7]
S -40
@ =
s 90 12V
8 -60 |
(p]
-70 W \1‘ VJU
-80 . . .
830 840 850 860 870
Wavelength (nm)
-5 r AT-ES2-D4312, L=126 um
T=20°C, 1=4.5 mA
—-15 Viens=14.5V 137V 15 gy 11V v
=
3'25 B
S
§-35 |
=
s
&a 55
-65 H‘ L
75 ' '
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Wavelength (nm)
Fig. 3-12. Emission spectra at different applied voltages at 20 °C.
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FNETNOFETOWEZHIMEBELEOBE & LT Fig.3-13 IZ/77. 126 pm DFE 1~ Tl
14.5V OHINEE T 863.4 nm 7> 5 829.8 nm %= T 33.6 nm, 160 um D357 Tl 20.8V
OHINEE TP & 876.7 nm 7> 840.2 nm & T? 36.5 nm OEFENE Bt 51 2345 7z,
¥, BEAZFML TOWRVIREETORENERL201E, AFHLROEINEWVIZEZ
DRV IEY BNRKREL, BRHBEDNELRoTWDEI0H6THDL. ZOFER, 126 ym @
FTADHFNT A EEMEL, 160 um DFEF L HARWEE TRV AT 2 235
BTN, 77 7HICH T LI BRI, TRV IRY BOEWIC X 28—
Fr oy EIEZZBRELCHAELZLOTHY, WIEME L —HLTWD. 7272 LR
EOWE EOMRHE, BEZAMLRVREORELZ Y 7 hSETT7 v T 47 L

HLDOTHDHDT, imm T DHOIHINEBEICHT HEEDOY 7 VEEITTHS.

880 i
875
870

___________________________ T=20"C

865 [ -
_ T & L=126 pm . e L=160pum
€ 860 | .

0 5 10 15 20 25
MEMS voltage (V)

Fig. 3-13. Electrostatic wavelength tuning characteristics.
UIZBME DI RARFYE A MR T D720, FFENIC & - TR 25 LK T

F1-ERAE (-1 RpE) Z28E L7z, Fig3-14 XA FFHLRE S 126 ym DFEF D, AT —
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VIREE 20°C (2B 2 EMER R T & o L Rtk & EIE-EAE (V-L Rt T 5. fl
& LT 831.8nm, 840.6 nm, 852.0 nm ®#J 20 nm OHFIFHOT — X &~ L1z, HitE L
VARTENL, T+ T 4TI AT Ko O 2 RIE LT, BIEERIL Z DR R4
PHCIZ15mA 75 1L9mA TRE SEH L Tuew. 20°C I3V TITEEFI AL 6 mA

OB REEBHRMETEZS. XHNEE6MAICBWT14-1.8mW Tho7-.

2 35
18 L AT-ES-2, D4312
' (L=126 pm) 3
1.6  T=20°C, CW
S 1.4 2.5
S —
—1.2
2 ! g
n —
508 153
S 0.6 1
0.4
02 0.5
0 . . 0
0 2 4 6
Current (mA)

Fig. 3-14. L-I-V characteristics at different operation wavelength.

IO LN FEDT =200, R L OBEERZE L, Fig3-151R L7z, HE
B 844 nm THR/NE 2D, ZOWRERNOHENDIF EE< 2D, Bk 827 nm /> 859.5
nm @ 32.5nm &5 JRWEE T L— Y RIRDG D7z, BB e~ TR
REBMED ERPAOND DI, 7 —HRITREIT LR Z T OIC R L EELARTRIC
2HDT, M/RORTAEERTHS LEZOND. HIE LZBEERDOT —# 1% 20°C
DHDIET T LD, ZOT7T—20nbITHREREAN RN E R DR LFIGE— 2 2,

20°C IZBWTEEIZIZIE B L TWB Z LAz 5. HIRIR K ORI LR KR E
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IEARAT L —PFIZB W CTHIEE 0 nm/K, ALK LTRSS E— 7 1% GaAs B - H 7 Doy
R¥ ¥ v 7OREERGFEN SR EZ 030K THLHDT, BEN EFTHICME-TH
FHOHEFRIIREL 25— ThD. > CTREDRERMEZSET H7-0I2IE, KEF
R 2 R 272 WEPH RIS B — 7 A MRt EE RN E T2 L H3kGt L, A7 >

P RESLEDHRETHD.

4
[ 4
35
°
z 3
= °
=25 e
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8 2 B [ ] Y
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215 3 o
8 L4 °
< ® o o0
£ o1t
05 | AT-ES-2 D4312 L=126pm
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0 T T T
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Wavelength at I=4mA (nm)

Fig. 3-15. Threshold current as a function of the operation wavelength.

322, HRIREREOEEKFNE

W, BENR 2 & ORRIBERBEZNET 272012, BEZHNLKEREZZSE
TREET, B AT —VIREICEBIT 2 EZME L7-. Fig.3-16 (%, 20°C & 50°C I
B OWELZHMEEDREKE LTy FLTEHDOTHD.

L=160 um D FEF TIE, WIFNOEIIEEICBWTEH 20°C D553 50°C L 0 & EHRAEI
2D Z LR yingd . TR FFLZOBERENC K2R 7 MY T80 THY,

L=160 um D&HE TITRE EFIC L DEFHE L —Y ORR > 7 F e fifE 3 2 (2135
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BPEE TH 727280, WROREREPAIZR>TNDLZ ER0ND. TR LT
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ZRVVRRE TIEBBREN O S AL LTV D - DIRERENIETH 5208, BIEZ BN S &
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Fig. 3-16. Electrostatic wavelength tuning characteristics at 20 and 50 °C.
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Fig. 3-17. Peak wavelength as a function of TEC temperature under electrostatic wavelength
tuning.
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Fig. 3-18. Temperature dependence of the wavelength as a function of applied voltage.

KIZ, L=126 pm D FHE 2 OWTEMER K & IR RIRERE O BIfR % Fig.3-19 12 /R L7z,
TN TOIERR IO CREREIT@EE O L —F Db D L0 b/ S 22 B2
HlENTWD. FHCEVINEE 115 - 137V ICB W TRIZEER R T ¥ — < VEIEIC A
LTk b, 836.39-847.78 nm D) 10 nm (2 > TR FIREELREITIE@H O VCSEL LV b
7.1 %75 43.8 £/ & 72 0.0059 ~ -0.0099 nm/K (21l S AT\ 4. Z OEMERFHIZI 1T
DI Z L DI AT RV % Fig.3-20 (2R, D 30°C 2L L TV HIT b b
57, KRV 7 FEITRRKTHREINERE 137V 2612 03nm Th o7z, ZOfRERIE
WREDOT Y —< L LR EBEOWN.Z AR T DO TH 5.

96



%3 F  WRIEEIET - MR AIZHRFEL L — VB LUOLERT LA ORYE L FTfi

0.1

Conventional VCSEL (0.07 nm/K)

0.05 | | (X (£1/10)

13.0V ° o }

AMAT (nm/K)

o

_005 ! ! !
825 835 845 855 865

MEMS voltage (V)

Fig. 3-19. Temperature coefficient versus operation wavelength.
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Fig. 3-20. Emission spectra at different temperatures under electrostatic wavelength tuning.

97



%3 F  WRIEEIET - MR AIZHRFEL L — VB LUOLERT LA ORYE L FTfi

3.23.  KIEEEFREL DI I ASHIDH O LRI A 72 T5 8
BUEDRENIBIT 5, WRILEREZ/NSROERNLELN LM E R (LLTT

Y=< R RATENE) ORFZRDDER L, S HICFRMEZILRT 570D #4275 2
L9, 2EOBRGEI TR LIS, BERKZET O LASNS ROXMGEE X

&, 7T —~< L kEFHEIIROXTEIND.

—2A-£Mj 7, 2<% g
AT Jese/ P 0L ™ aT

oA
Aﬂ“athermalmax = 7¢ a X 5E,max X gO

... (31

... (3-2)
A (B-1) D FIREREL DR SA 2> B E I 5 1R JIBRE OIR EER O TH v,

ZOREADDFF SN D HISACERE RN FE dgpax DIRE DD TH 2Tz, TR0 D,
T Y=< VEREERII AR D ROR SOEMEE, 18 SR, RRAARR
Vp-OMOL ERIITT ¥ v » TIES goll DA L > TR ED. W7 ¥ v v TR,
Fig.3-10 D EBREN S LAt D Z ENTE D, 2F D, W=7 X v v 7R RELT
A CEEDEWIEE, FIRTEEICHT 2 ERIREREOZECEDESLNTH D720,
SR INIE O IR FEAR L DM kil 2 2N IEIZER G L CRIIE, A FOIR ARSI

F HEINEEOHIPHZ A D Z LN TE 5.

45
E40 FSR limit
=35 [T Cantilever TT T T T T TS T TS
2 30 -// . “\47.1v
S5 [ ==
§ 20 | Spacer layer \24.1V
- t=
— 15 %
£ o [ SHm
3 2um Measurement
2 5[ 1um (Vimax 13.7V)

o

90 100 110 120 130 140 150
Cantilever length (um)

Fig. 3-21. Athermal wavelength range as a function of cantilever length for different spacer
layer thickness.
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Fig. 3-22. Scanning electron microscope image of the fabricated athermal

multi-wavelength array.
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Fig. 3-23. Emission spectra of the devices with different cantilever length.
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Fig. 3-24. Peak wavelength as a function of the cantilever length.
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Fig. 3-25. Temperature coefficient of wavelength as a function of cantilever length.
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Fig. 3-26. Peak wavelength of the each device of the multi-wavelength array.
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Fig. 3-27. L-1 characteristics of each device.
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Fig. 3-28. Emission spectra of each device at different TEC temperatures.
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Fig. 3-29. Peak wavelengths of the athermal array as a function of the TEC temperature.

0.07
g Ao = 1.2 ppm/K
E
— +1/4-(AMAT
z 0035 B ( )VCSEL
=
g
5
2 0
=
(0]
S
L
§ -0.035
2.
g
(0]
—~

-0.07 ' ' '
60 70 80 90 100

Cantilever length (um)
Fig. 3-30. Temperature coefficient of each device as a function of cantilever length.
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Fig. 3-31. Schematic of the tilted
cantilever.
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Fig. 3-32. Calculation model.
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Fig. 3-33. Coupling efficiency. Fig. 3-34. Threshold gain with and without mirror tilt.
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Fig. 3-35. Calculated and measured threshold current as a function of wavelength.
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Fig. 3-36. New structure for reducing the excess optical loss due to mirror tilt.
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Fig. 3-37. Electrostatic wavelength tuning characteristics of two devices with bridge type
mirror.
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Fig. 3-38. Emission spectra.
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Fig.3-39. L-I characteristic under wavelength tuning operation.
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Fig. 3-40. Threshold current of three devices with different type MEMS mirror.
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Fig. 3-41. Lasing spectra of the bridge type MEMS VCSEL at different TEC temperatures.
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Fig. 3-42. Peak wavelength as a function of the temperature shift.
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Fig. 4-1. Schematic structure of the MEMS CVSEL with Metal/Semiconductor bimorph
thermal actuator.
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Table 4-1. Material parameters of metals for strain control layer and heater.

E (GPa) a (ppm/K) p (nQ-cm)
Au 79 14.2 22.1
Ni 200 13.4 69.3
Cr 279 4.9 125
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Fig. 4-2. Thermal actuation of the cantilever for different SCL materials.
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Fig. 4-3.Fabrication process of the metal/semiconductor bimorph actuator.
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Fig. 4-4. Scanning electron microscope image of the fabricated device.
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Fig. 4-6. Height measurement result as a function of cantilever length.
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Fig. 4-7. L-1-V characteristic at 20 °C.
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Fig. 4-9. Emission spectra at different TEC temperatures.
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Fig. 4- 12. Thermal dependence of the refractive index of GaAs and AlAs measured using
semiconductor multilayer optical cavities [4].
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Fig. 4-13. Wavelength drift characteristics. The wavelength shift shows excellent linearity
against temperature change, which means that the anti-reflection layer is successfully suppress
the interface reflection.
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Fig. 4-14. Deviation from the linear fitting shown in Fig.13.
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Fig. 4-15. Calculated reflectivity spectra and reflectivity as a function of AR thickness.
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Fig. 4-17. V-1 and P-I characteristics of the integrated micro-heater.
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Fig. 4-22. Laser microscope image of the contamination after BHF etching.
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Fig. 4-23. V-1 characteristics and differential resistance of the C-shape and Ring-shape
electrode.
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Fig. 4-24. Comparison of the V-I characteristics.
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Fig. 4-25. Calculation model for thermal conduction analysis based on FEM method.
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WEDONDILETH 5. RIROFEB TIIBME N AL TH 5 DT, Z O Tidfho
{EMTEEAR L 7.

Temperature

O

Before improvement

Residual GaAs sacrificial layer
after selective etching

Semiconductor layeris inserted between
heating element and substrate
(GaAs sacrificial layer)

Fig.4-26(a). Structure of the heating layer and temperature distribution when heating power of 10
mW is applied on the anchor of the cantilever.

Temperature
C)

Fig. 4-26(b). Structure of the heating layer and temperature distribution when heating power of 10
mW is applied on the anchor of the cantilever. Generated heat is confined in the bridge since it is
surrounded by small thermal conductivity material: air.
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Fig. 4-27. Current versus voltage of heaters composed of three metal materials: chromium,

nickel and gold. Chromium is most suitable because of its high electric resistance.
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Fig. 4-28. Improved structure of the heater.
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Fig. 4-30. Micrograph of the device after improvement.
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Fig. 4-31. Emission spectra for different heating power under electro-thermal actuation.
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Fig. 4-32. Peak wavelength as a function of heating power.
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Fig. 4-33. Improved electro-thermal wavelength tuning efficiency.
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Fig.5-3. Group velocity and slow down factor versus
wavelength from the cutoff condition.
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Fig.5-4. Principle of optical coupling between a VCSEL and
a Bragg reflector waveguide.
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Fig.5-5. Calculation model for optical coupling efficiency
between MEMS VCSEL and Braaa reflector waveauide.
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Fig.5-6. Time average intensity of optical Fig.5-7. Resonant wavelength of the MEMS
field in cross-section of the device. A portion VCSEL and coupling efficiency as a function
of the light in the VCSEL cavity penetrates of airgap thickness.

into the waveguide.
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Fig.5-8. Integration structure of MEMS VCSEL and slow light SOA.
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Fig.5-9. Gain versus output power. Linear gain is in proportional to the SOA length.
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Fig.5-10. Radiation angle from the SOA surface versus
wavelength.
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Fig.5-11. Proposed structure of an on-chip beam scanner.
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Fig.5-12. Coupling efficiency.
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Fig.5-14. Saturation characteristic and Fig.5-13. Electric field distribution
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7o, FRBHLREINT0um 75 114 pm OFEI2B\W T, JHE % 849.6 nm 7> 867.3 nm
EFTOLUINMIIZES THIFITE D Z L 2R L. ZREFRFIC, ZORFHERES
DFIIZ B W T RIBERBN ENLRAICERT L Z L2l L. TOMRE, b
2%70,80,86,94um & L72 4R OEFEN L —FT LAIZB W T, #ixhk & 24 2.5 nm
IR R L2 6, I RIREREZ @O VALTICHE TE 5 2 b2 EiE L. =
DEWET VAIX, WRAIZEEE L —F LIZFERBEOMEE, RO T 7 a+& 2 ¢l

o2& TE5.

B fEAL « PR P ZEMEHE R A1 7oA D SERE
INETEARLRADO~ A 7 a~v o v EHWTE R, Fx OREDOSE, BUi /)
ICEDREFLROK Y IKY WEFEIET D780, KHHEITER L7REICH S, 201X

HENTH DD, mFEN L —FOBMEIZITIREREEL LT T LamfiLe. Thxd

B 570, BEIT & EIC KR ISR OZ E N TE LMFHLEEEL K2 DT A
ACHEATHZ LT, BEOT U O £ BIHEREE 4 2/5 RE I S,

W P28 A 40 nm FREEICE THRR CTE 2 lReME A G RICK VR LT
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WIZ, MFELPMEDOR T2 EL, BEEROKRRKMFEZNEST S22 L T, v A
7~y ORFEEISERT 2R KT TR E L Em Lo, KAEO KX 2R %
L7 HTEWAFFHE(L=160 ym)DFHE 1-TlE, L —VRIREEHFAIL 226 nm THDH D
ZxF LT, VA T(L=126 um) Tl 324 nm Tho7-. ZAUIAELROK DY
12 &2 K EDOER OB R E PRI TR T H DO TH D, T L THTICRUE U iliRe b 2%
L, BMEEEOME LEE Mo IIH SR> 72 b DD, HIZIAW 37.7 nm (2 F
T L — PRI RHPH A Y5k T & 5 AlRetE 2 FEBRMIT R LTz, 7272 LR D A iE O
BEMTIVATHZ2OT, RKEEOHZT b HiR Y OBOEBEIIH L TRVIE<T S

REDKNENVLETHS.

BBRPEEAREASA TV T BT £ D RIBERER OB R
HHE L —I, @RAFEROBEREI I EAERT 5 2 L T, BRIBEREZEE O 34
% (-24 nm/K) IZETHERT 2 Z LI L. BE ~ o 7 v~ o o OB RO L

&Y, ERLEe =2 0L T NRIMMENT Ko TIRWER AT EABEIES fIREIC 2 5.

W BIR AR OB RAIZ X 2 Eh R R r A8 {E

BB BT URBICHU N 2GR e — 2 2R L, BRI 5 2 L THEER
AIEENEAAT o 72, FIHEE CIIE R TA2RI1E-0.2 nmimW Th o7, R4 B(h I8 T
WBRKE LT, MBWEOBOE LADA A+ THLZ L a2EfLE. £z, EXWN
BT & D W R W RBMETIZB W TREDOARNZEBMER R OND Z EBHLNTRY, £
DIFRIT B & — Z OBEMARIO RN ES Ch D = & 246 L7z, DL oA & dE
Lo HE 2 REL, WROBRTEMELMED & & blg, WRAEMHEL 10 5Ll Lo-27
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10) ~A 7 ax Y UEFEN L —FITBIT D AR JEORHEREAD
BUWELI-EEITRE FY 7 FRERBREEZA L TWLOT, REZLICHT 2EES 7
FORHEEREST D2 LT, Foxr DR FICB W TBRD TEETH D AR B O TX
HTEEMALMT L. WEOKE, WRITREEICH L TREIZE LTS Z %
e L, BERETAE & O G, AR JBOHFEAIZ LV RGN O ZEK B F mIZI 1T D X

2 15%L FICE TIRBICE TWA Z EZ2HBLMNT LT

11) Bragg I)KH i A v — T 4 &R & MEMS VCSEL O - [ri4E fif i
fIEFTIZ XV, FSR &Iz 7z o Tl M DO HAE S 2= 13 40-60% TH Y, EKO A —F
A FERE— %2 MEMSVCSEL OiETCE 52 & 2l LT-.

7, An—T A MEREE OISR T OHRKMEIC &L VGO0 HIDEOE D TR 2 f

g

BrL72. 50 um D%V SOA Th > T 10 dB LA EDOFIERIE G 5 i, 1O FI#51% SOA
DEIIZHHAI L TREREPFTONDL Z 2B LML, &2, £ Imm @ SOA
TiL, 24 dB OFIEFIENE B, MEMS VCSEL 7 b AT 2 I ATIAT =3 2L P
THoTHRESBREENFOND Z & 2 L.

$72 Bragg SUHEEA B —F A MEERONOMEEL LT MG SEMEELZ T Y M7 HE
IE TGS 2 2 & TRERBIMADENZHFOLND LWV O FBIZER L, R AIZRKR
& LTPH MEMSVCSEL % ZHUZHEFRE L, B MZEMICH &2 B — LD B 2 i i) IC 28
fbs85, E—LRAEREZFFOLIRAZRE L. 24 nm OFEEZIC LY, 30°M Lok
Thv—AMREAAPEOND L AL o7, £, B SN E—ADIERY f1% SOA O
BRALIZE > ThELL TED Z L AFIA LT, BE 1mm O SOA O34, 300 LL OGS

BOFons 2L L.
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