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1.1 L—HIc&5MmI7atR
1.1.1 M T 7Rt RICETE L—FDF A

L—HFIIHEBA SN T 0T 7 50 FREE L2RE L TRV, SEEOERI L
e RE DN T 2 IEE NS R ARy MZREAT - BRI TE 273 2 & LTHIA
MBI R 1w <, & O RS A EARF 30N L - 3153 B 2 Fro I 20 I F8 g L C & 72. Figure
LU V=P T a2 2 MO 2L 2 /"9 [1L1] “ L =PI L WEEL <L
—H< = 7 (Laser machining)”®ER TH Y, L—WFIZ LD - UIEOREKD L
—VFISHERZETHENZ V. LoL, 20O X5 2 ToRE D & A O Hifr
WA SN Do T, L—H 7 m¥ ZX(laser process) E RS LD L DIl > T&7.
DI, L= T a2 I —FIC L DML L OWEEMR OB L 7> TS,

500
Fiber lasers > 1kW
450
Demonstration 422
of diode 389
pumped solid / \ 400
state lasers A
345 aapaaz /| 342 .
Demonstration
of Bragg-
Grafings in Go 47 \ r 300
doped fibers 260
podibors 200 37 | -
Demonstration of 217/ > | 8
polymer photoetching
by Excimer tasers 1 Fiber lasers > 10W with s
. 157y. 1 wer slope efficienc
148 Y po pe Y
02 EXCMT ok et XeBr 128 g of-n-=60% 150
: Excimer laser V
vented o onetrated ¥ 96 97/}/ 100
| 6570 T
T, Chirped pulse amplification ”
o401345W%57°9 Lo
I I e . S S e B e e e B S S S A A S S e S S S SN SR A e 0

Figure 1.1 The number of worldwide publications per year that mention laser material processing in the

tile or abstract with relevant developments noted [1.1]



WA T 7 a2 A CRA SN D — AR L —F D AR b A X3 pum 2> 5 5E
um ThH O, FITRX~vxz v F T, T4 NI VT T T 4O TITE K S Bokm T
BRI R TIN LA e TIEH 25808 L 0. L L, BERAKKPTNLY AT LD
MENARET, FAEDEA~Y AT L LU A MRE LW DBERN D72 <, INTHE
BENTWD 2D, KB ASRART T ZAHRE, A ZADRKENT A ZDOHNTLAJE
RAENDZ ENRZ. RN THEE T OV 2 RS E RO K& VRFEBBRRE S D12
AVCTKRIBICHER L TE TR, BAERENRENZO Y7 mm A — ¥ OEEWVINLIZ § A
TW5. BlZIE, RETIMTOHAITREROBHIM THEA IS RT 105 E L 25T
WB[1.2].

V=7 av R I RV T, RE—=2 T5OBRET o A2 TlEel, b—
W XA VT b T A4T 4 7 (Laser direct writing) [1.3], ftHRAE{L[1.4-5], /LA L —
W 5K R (Pulsed laser deposition)ZE DFFfE N T~HIGHARETH D, ~ A7 L AITRN
AIREZR 720, HHBEERBIROERRHRMIZTE S, iz, a7z ML —
YVEEDOBE VA L—PFTHE SN 2RI T B G 2 2 2 & TEWME O N
~NEBENT 2T 2 & b AEE[1.6-71THDH. T, ITFEFHEZBRONTE T 5
KGBEHS T L T NT N 2% FHER L 28 OHERE» ORI ND T /S 2D
NN 9 2 I M AS FE 3 12 @ V. Figure 1.2 (S EHEEET N4 2A DO/ERLZIB W T L
—FRISHARE A 7 v R BN R T, RO RV U T e h T 0 T E R
o, NF—=7, BWOER, T=—VU 7, BIRAT 74 L 7 (Selective
scribing) £ T, 1 ZIET R TOT R ATL—VEZIGHT LI ENARETH D Z &R0
L. FDRD, TLHRTTN s TAAL ZAOMLIZIT L —F 2O —L - b
v« m—/L(Rolltorol) 7B & AL A[EL R D & EZ BNLD.



Laser selective scribing

Pulsed laser
deposition

M.F. El-Kady & R.B. Kaner, Nature commuinations,
0

Laser direct writing

J. Proll et al., Journal of Power Sources, 2013

Figure 1.2 Schematic illustration of laser assisted processes for fabrication of thin film device

on transparent/flexible substrate [1.3-5,8]

1.1.2 L—H/)L RIEDER

L—HF7av R BT X —"TA—FFPEEL SV RAETHL. L—F XX
ST EMEBIOMABEREZMAL, ZNEZICHT 2HEHMCTH 5720, MELOWRIUR & %
PCBEBR LTV AR E SV ARORIROGIEE D LB F 2 5. WRICK > THEOK
WA NAL B SRR 72 D — B UV I B ORI A K& Wiz, /S N7z
ATHBMIENAREE 8D, 7o, ARy MRITEEXN/ NI WEE/NSLdD, IR
RN LR THEERIMTAEE 2D, UL, RFEREEIN/NS WD, T
HENLDEANESH D, —F, AL IR ITEFRBIESNPKEL, 7L ABHTZ0IC
MTRSDBRENAY » bR DH L. £z, ZHTRIFEDOWIN A =X 7w AT & E
BIMLITEHTE S DT, SHBFAAMERIEFICENEFZDH. bbHAA, BVIEFIR
BRI TG GE I (Heat affected zone; HAZ) S5 % [T AIRIR E 720, IRENREWZEY
TR DOEBENEFIZ D1 MELFET H.



L—HHEREH SN THEIRA T &N 25 £ TOMEIC OOV THIEAICHAT 5. £77,
HEH L —FE— 2RI TICBE S, M THOBEEN EFT5. BTN BLED
Kl & &, MBIDRET 1t ZTFIZSVRER T ) BA—F U LD L E DT 7 L —
3 = »(Thermal ablation) & ¥° 2 fbA— X LI FD & & DIEET 7 L —3 3 L (Cold ablation)

DT DHIENTE D, ZONEDIENE L 72 DR A 7 — VI3 7 & BRI T 5 B
HE 0O A A~ OB Th 5. EEEMRMITE -7+ vy 7
Uy 7RI A—=F[L10]063E &, &B0OBEAK Y aPRBRE[LIEHESN TN,
BRI L 0 b+ RVWSLVREE RO L — VPR WEICRN S5, 7L A
W R 1 L4 A A T EERRRE & AT o, R CIREZ{LZ R LB T 7 L—3
aveied. —J, EmEREMEFR LY SEV UL AEO L—TIiX, EFRESE A
FURE XD o REVIEEEIRIEQ BER)ZRT, L—F AR K T LTI
A AT OIMBD I E HIFBRIIHIR & 72 5.

Figure 1.3 [L.12)iZ L —H L R Mg & XD — (2% 2 5 0 B OBERS 12 & & D 7261
BT BEa I 10 Jem® 205 10* Jiem® O 7 )V = 2 AFEIRTITHOIL D 2 & 307
D MEO L—H R X DT T A~ OAERRBRNIT —EMIck e ap i sh Tk
0, TN AL—=YFOLRITET T A~ ORENVIRZEIND. £ D56, 7
T A< ORRFEFRROBALSL Y T v 7 OFREICORNY, MFE G L 2= 3L F
—ZWHHELTCLE) R EERELRITT. 7= b M L—VPEOHAIE, IEFITEE
=R F—RERIND DT, ZHAFRINFEOIFEFIZ I FBRNEZ 0 d 0.
ZHAWITIEME DO FE vy v T XV /NS AF—TH N KRN
BV, £ T T 4 ODRENEGOHPGFTHNIN T, @FEWHMEE O NE I T
CHHWD ZENREL 2D, S I, MFEELY RE Rz X —TREZ S
HZELAEEELERY, VU ERERWCa— L KT T L— 3 X DM EORRE
HAREE L. ZOHE, T /AN AL —PEIZLLDBT 71— a VTR DN,
MEIERE OB LY 7 — U —7 7 XNk S, BE SV AROWRIUZ RS 5 =
EDRH BTV A[1.13].
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Figure 1.3 Industrial applications of the short and ultra short pulsed lasers based on pulse width and laser

intensity [1.12]



1.2 F/7#8/LAL—YMI 70+ X0

ZO XS, WEUNT & FERIEWIA ATRE T, BUEESIRGE O/NI WO I TOER
K &, ISR O Z O H TEA TV DB VA L—F R Rt L — 7 a2
DY =L LTHHINTWDZ ERBURTH S, Figure 1.4 ITHEL/ LA L — PR3
DIWEZ T . 1960 FLIRE O IR/ L 2 LB DI R I, AL ARITE 7
A MPLLTFEThEL o CEEFEIET M L—FOIEAbLHE S TE T 5.
LU, HIFHEOARZENES 2 A MIRFEICEOEENRE L E2 DT D EK & 72> T
Wb, T, R=73SNT77ANRN—TRETLIT =L MUV AL -5 Hiiok
BEHNRBER SN TETRY, BE SNV AL—FOEENRLE KOO OB & BIERIT/HR > T
WHD, EEHIL L OBIEBRBEEMTH Y, ThE AW KRN T L < 2o T
%.

. ) . KLM
First ML laser Ti:sapphire
Chirped mirror
l l l CEO control
: : % % b
1960 1970 1980 1990 2000
19:pe Dye laser
27 fs with <10 mW
£ 1ps Ti:sapphire laser
ke 5 fs with >100 mW
2
&
S100fs
Q.
=
=
E 10fs
/C;mpressed »
1 fs 1 T T ] 1
1960 1970 1980 1990 2000
Year

Figure 1.4 Development history of short-pulsed/ultrashort-pulsed lasers



=7, TRV AL —FIIRRORZEERL A ME TIHEFITEN TR, T TITERL RPE
ENBTIESISAEINTVD., L= E—LDNFHNT A= TSR THY, ThE
RS BRLTWDT2D, M7 rE R CBWTEDORELHAT L2 TH/ B LA
— 7 a e 2R GHEAT LRIV STEHY, EHOTrEAFEORBLAETHD.
MEHC L o TL—HFT 7L =2 a v DA D= R LFHEL T, ERESFHARLATHRWIIT A
N=ALRFEL L SAFET D AR T, EEMITCHTEDOIRNT /LA L—
PFat20@EAZBIEL, BFERTA—FEZVWLL I ENTELE—LY = A 5—DF3E,
IMTA T =X LOBIZIATE. LLF, /7B v 2 L —F O & Z OfRREIZ DN
TRAIGIZIR RS .

1.21 MIDAHDZXRLEMIFRDEE

FTIOBASNA L =BT T L= g IIEFITRVWR P CHRRRIPICE Z 2720,
Bk 2 70 B BN 2 0, B A A b BETET 5. Figure 1.5 127/ /L2
L—WT T L —a K DIMTRMGORA % KIEI RS, ME 2, iS5
BT 7L —arThiied, 77— a AL b EEME~DBYREIC LY
BSCESNER S D, £, EFWICRKRERIBESMAPEREIND T2, Frlit T
0 I AMBER T T AMB OSBRSS L D7 T v 7 ORABLEEL D, KAFO
I TOLAETMEEREICEIEM BRI D Z & b2\ 25 LM B OIREEIXIER I
FL, SDICLV—FERINT D EEHLAT 7 XARNEREIND. 77 A~ T — AT
WHIEHE CL—P 2RI L TRV @EBE LRy, 7/ B4 — ¥ CHBWET 5729,
MEHZIEFICRERIENE 5 A2 D2 L2 b. ZHIZEY, AV ERHERFIND AV
heAgPzrvarBRBIY, 77— arb—h2REL TR LH D0, BT
SNTZANVEIBIMTEHEVIAEL, 77V ELTEDLIZEICH D, FRZ, KT
T, —@ATDOAR Yy MIEZEONVAEZRET 57 0w 2054, 77U OFEIEK
D7V ADWIL AR E LT D IRKR E b b, E7o, MEERSMTT51FE, MTH
X T — "R EN, B R U o 7L —F 7 ot 2BV CIEFICHE LV GRS
Lo TIN5,

OFN, FIRRINAL—FT T L —2 g D BT T A~ DL /NI LT
A BEH O L 534 % A9~ 2 BRREIZIRAE 5 5. FRIC X (I L2 13 B oAb 2 7 224 b,
HHELRDD, 7T V— 3 VBIROMEMKIEMERIEF IR, £ O IR T
LV, E77, SRR TIEIMER I — LD BRSNS KEL R HDT, L—¥%k
DEMICET2MALME L 2D, 20X 5L, /AR L—FT e AT, AT
o MERE - RO RBLENLT T —F T HNEOHL LN E S 2 5.
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Figure 1.5 Effects of ns pulses on the materials

1.22 E—L> A4 /x—DF A

F OV AN DR ZER E— AT 0 T 7 A VITINET ZEJROTR & 72 0, Z OFIH
T E— Ay = A N—ORANITEER 2T T0 L. —REICEE L —F e — AT
AT AR & Ff T2, B — LD HULER & JEDENT IS 1T D REH R INE I TR FE o
FAEICEMT D, 20D, PHRBESMEZFFO Ny Ty FE—LA(A—=/"—H T
VTV E MWK T HEENEE -S> TECWD. Figure 1.6 ICH VT E—AE by
TNy NE—AIC X DHEBREMTOA A=V ERT. U T U E—LaDg4E, |
DI LEWVEZBR TRV F—2BAT L2 L1220, BT X~ mEEL L
THRUIMCHE A=V e 5252 125, £z, MTLEWMEL D /NS RT LA
ERFOE— AN OB Z BV D Z L2 D, T, Ry TNy RE—LADEAR
HOULER & JEE O R OB E FoMET 2 L, IMTRMZROTZ ENAfEE 5.
by Zony ME—=LPSMNT Y, BARIESR T, ¥ TNV AT oA N—, (RIEFIH R
FHEA~OHRNIEFICEm < Io TS, —fil & L TEARIER 1TV ARkh oA
PAF 2 —BEHIHE S VA HEOESHIEE LTHET2 2 ENARETH L. HiE DY
EILEAMEL O LIS THEIOERRICERZGbE & &, LA H T 0 O L%
RELTHHBE LTUEHATE D, BBFOHEIIAT — VL —F~y REEIMSTIC
MEIOEZIFENCI T LTV & XIFHTE 5.
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Intensity
(a.u.)
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Heating energy ﬂ "
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) |I G
HAZ

Damage

Figure 1.6 Schematic illustration of comparison between Gaussian beam and top-hat beam process

ZOXEITHEARE =Ly =AM VT FEEHOTL—FE— LD NRT A —F %
MR SEDL L TIMLAEZSETE L. Fex OV —7THEL TELE—A
VA N=THOHRENFRTFOLE, BERM T 7 7 AL EbIlE—bv =BT
NHEETNT A—ZOERLBOTTLF TNV THDH. RFETIE, T/ LA
—WIZ DM TITIE A D AiEME & L TR TR FO@mEDT-DIT, FER - BEm
R EAT o T2 BRI T VRSV Ay o A 23— & LT ORI F5E T OF A ME 12365
IZEWEENTEY, ZORHAERICO W CEmEIT 2.

1.2377L—2 3 FEDER

ZITEIT 7=y a U FEOEREIMEL L L= OMAEFERZ Lo it L
T ETHERINLEFELRET L2 2L 2EWT 5. Fl21E, TFEEBEKEERROMITIC
BT DL EREOBRIR A 7 T A &2 721X Stress-assisted ablation” & VN 9 FIENA <
HANHN TS, R E A, & 2DV TR & RO Fm 2 /e e L, BUs e
T N— LDORERIC L AE) T S BTS2 WINT A ET FETH 0, BUREGER 2 I
2y, BRADHE A=V H/NELTHZENARETHD. TOFELWVWAI=AALFHEIE
THHTHHT L. 2SN — I LA EICEREL 52 DL SN T T X
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~EAMNHND T A LA FET D RENRHIE LTT T X~vD K& R EETE
HC~—F 7 %L —Hr—=07, L—VHRTT X~z F o 7[1.14-16], /¥
WAL —PFHEREENET OND.

L—H LR & DA EAERNC B 2 BT % - BORHRL R 22 A SR RIS b JE I B
WRIENDBH THLN, =T a7 7 A VOEREZIGHT S Z LIc L0 EEMICHIE
== XOBENEIRN AR SN D Z LD, IRV~ OFIRRERNE LB
PNV A =PRI e S D &, BRI L 7 v 2 255 BR300 T b— B R Al
DEDDHLMENRELI R ZLEEFAATHS. 20 X5 idEMC, 7 /7B r AL —
V&2 AW FENRRFTZ1T O 2 L IIWBBRZHET 510 L o TH R TICHE
MERET DI > THMO THERPETHLH EEZOND.
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1.3 XHEDBEH

OB REEEE 2 T, EEMNESFAIN TS /B LA L—F T a2 %
HLZ, b= T m b &SI T 2R B B — A v = A B B
F LRI T 7 2 & A D@ EAGIC B 2 0P JEaRE 2 24T L 7.

B2 mCIENZEME—A Y oA 8= & LTI LIIRIELF 5 1 O VEB M 2 i
L, ZOIGHER 7T 5. £7°, CW RhEIRIEEFFE T OBEREER & 725 B
KU DFEARFEIT DUV TIER « BERRAICTHI R D & & b, IR FHE T ~D B — LMol
BT NESRT. £, TRV R L —YREIREE TR T ORI TR L ORE A R T
BEETVERW, 7/ B4 =261 2B AR 7 & LT RTREMEIZ DV Chf
L5.

BIETIIA S L7 bR =J R TR, ZAOREL & BITEFFENEE > T
XTUW5 TCO MEAZMEE L, Ryt —A%2AWEITRE &ML AT LD
FEIRT. ZOBETIIMEIORE A B = X LTHOW TR BT — LD % %
AR LTI T oE B2 5.

5 4 T CIIR R E RIS & U TR ST 2 s S 4H-SiC 288k & LT
B, 3D YEK NSy =D T DOX—FT 7 ) aV—Th D TSV TOREELD DD
FREVLRR 21T O INLBREL - R - ©— 2707 7 A VEORL IR/ T A —F D
BATEL, MLRMEDIEAERA T = X DIZONWTIENWEREITH Z L THER T rk 2
ERETDHLEEHME L.

S BETHEEEESH THERESN TSI ARy bRy AN AERZ 20
BT DI OO ERT. AL XOELRNT FLa s L AR—=ZAOME D
HFHRFEREL, 51 sub-um A — X OBAGEEALIN TIZIGH T 218 H 72 > TORARR
IR EAT D .

UL OB OB EZZITT D 2 Ik 0, fix RO L —F T ak 202 H =
ALEMRHATHE LB, MTAEE VAT AOREEICE—LY = A BV T HilE L
DEIIEAT H0NCET2MAE/LZEHHME Lz,
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2.1 [FL®IC

Gordon & [2. 13 EIKD@PER 0B L > R R 2 WE L2 LIok, Blb > X8R & v
7253 SEAEITRAL D /N S WIRIATEL O 2 T~ 2 Z L it TE /2. CW L—H Tl
F S DB L R E D W T BRIE Y 70 JE B % R~ T B 50[2.2-5], AL A -
FL AV A L= % W2 IERIE PR 2R 8L - i 2 TR~ 72 fl2.6-111%F R HIT b .
IO O E BRI, B X RIS T A EMNEE V, MDA L —W
E—ALDOERMETLRT 2L OFHRERET ANREINTE . 2T HME O
DREIZET DL S, EFEIT L — P — AEFERICER LR b2 TE T
D, Bx ORI N—TTIFEL > R E RO TZRE LR 2HNT T LR T
RE— AV A R—F R L TE[2.12-14]. T ORENEFRERTORE R E LT,
Kl & BRI E— Ly = A B TGS TED 2 &% 65, Doan 5[2.12-13]
FEL U AR E AT IRE A FRE I LD ZEME— Ay oA R—DFHEZRL, Ny
B —LDAERY AT LETICEDIGHAZILR LTz, 38 5 O Lok 7357
X, XD NRT —DBEFTENRT A =L L A== T T o =aF—y
TLETHRARE—LT 0 77 A NVEAERLTWD., —F, BEHLEEEOMEI NV—T
[2.14]TIEF /B SV AL —FE HORE SV A oA B 7 HTZ#RE LTV D.
F ROV AE— AT LT 21 7% D 7V AEMERNIE LN TR Y, BlL v X056 %
W B SV A L—F O Fi 2 2 AR E AT 3 R R S iz,

INHOMETIE, TNENOT 7V r—3 2 kLT & Z2bEE RV 51T
X7 BITRGOAR T v 7 7 A WITIIER A RN F R T A =X (VL RIE, BRI NT
—, E— A8, BEY IO KFET D, 22T, RO N T —1308
FROBHEREFIN 2 THIEFITHBICHE T 5. 2O, ZNBIEFNT A—
Z OB AGDE L TFA NIV BEEEFRFITT7 LR TR —L v = A
N=E LT 2 &iTe%.

2.1.1 BRAEAXZHZFOEEIRE

o OFFE 7 )V — 7 TP L2 F R T OEBFIIC DWW TR BLIZR R 5.
Figure 2.1 ICHRIKIEF R T ORI AE DY EAFBFREE O A A — PR ERT. IR
MR L — W, b L — PITRIURF M 2 R DI AREURE, i L — s SRk S
b, ZZICEEKRFRFEZEIIHAG DY THRA R E— L oA B TR 2 &
(272 % b L — Y 2NERGUEHI I S D &, el IR EE S ER U EE AR LS A
C%. —RENTIRIED IR ZAE Z OB EBMIC KR S, IREN BT 25 &8RN
INEL DT EITR /NS 2D, 2O, ST ORI/ 720, K
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REHIM L o XOBE 2T 252 L1225, BEDL L LA RENCRN T2 2 & T,

HOEZE R AR DTN FRE L 72D, T—% 27« F 4 AL v ADFHERhE LR E
A, SRRBEEAIT ) 2 LIk 7T v FE— AR E — LIS ZE M 8L A &

T HZENAREEL 2D, Z D&, Doan ©H[2.13]1% Durnin [2.15]DFEBRIZEH L,
BIRE—LZ ML U A TR S E TRy E—LA %R L.

Liquid sample Refractive
index change

®
hdl

Pump beam I
Probe beam [

Figure 2.1 Principle of fluidic optical device. Left: without pump laser, right: with pump laser. Local

density field at the vicinity of optical axis make liquid sample work as defocusing lens.

ZIT, B E LA L—FIZT B LB O BT RIZIER IR A L L,
L ZAMRMPEIESHISND. BMISREZIC L OWMPRO B 2B BT 556,
WAL =P ORI &> THREDN EF- L, JBITRE S OV 2GR & 1E & A ERR
B ERD Z b LinL, TRV AERWVDLGS, Sl o miE i
ZAZ RV BERNREAET D2 Lk, SR OBDEEEIEEL KT THAIC
e L CRIB R ET RN AT D Z LI/ 5[2.8-10]. EH L EHOWIE T NV—TT
%, ZOWERNREITRELDO T ) BV AR T e 7 7 A VEFRIZIGH LT2[2.14].

TOEIC, BERNERETF T LI U TINARE— LY = A 8= & L COFFMhfE A FE
HiZEm<, L= T~OEH IS TS, —fle LT, Fx OB s L—
7 TIE CW ihBIEAFHR T THERIND T/ BV ARy 'L B — A% KPk/ Sx
VI TCO MDA 7 54 o ZANTATHVY, v/XA MEDEWINT RO L
72[2.16].
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BT, ZOXIRERIIEERT, RIKLFRFOBERE LTCW L—F LT #
SNV A =P E WD REFOBRREICHT T, LT XS it aiTo 7.

CW L — WAL T FEFOREHRIPEE L THET D Z LA E KRR D%
HETHD. Figure 22 IZEBARRMORE L ZTORELZ T —LT7 07 7 A4 LD
R i L —F ORI & IRIRY v OB RETHINCAT DAL D T2, KX Rl
AEBAECTLEY. 2O, BRMRSEAEL, BEHNEATLE O ORI
DE—LT8 77 A VHHEE Y OxHEE RS Z L1k D. 20X 5 I HIRSHRILIR
BHFRERFICEIDE—L T oA B VICHEZER & 72 5. Akhmanov H[2.17]23#)8 TH
— L =P E—L2ZHVTHEAEKZBE %O — L0 HCERHEEICOWTHE L
Lok, B8Rt O ER e 38 £ I B3 2 FEBR - BRI RN 2 < ORI K V1T
N T E72[2.18-20]. £ ITIZIE, Karimzadeh [220]IC LV L—H & — A DWHEN 2 B AL
AT T 285m0 727 7o —F N Sz, Karimzadeh (37 LR L-F LB R v
7 ARG 2 O T, IR EL D /D S WIRIEER~D CW L —H B — L Daf & B — 4
TuT7 A NEREFHRELEZ., L L, L=V E— ADGEIRICOW TEIER#T 2 VW T
FHRL U7 e EHINIESA E e\ 2 TR TIE, B — AMEHEE VT B AR
B~DE—ADEWE I 2L —Ta v L, BRIMENRE—LAT 87 7 4 VOEFI K
ET A RN L 7.

Fiz, TR SV L —WREIR IR T OGS E MM A0S HIIEES
T, ZTOIEH IZOWTELRIRIAVBMEL o TWND. T IC, KBTI
07y ANEEH LT ISV A —AEFHOENRT DL LT, T A= FICBT
LIERHEAARETH D Z 2R L, MM THO 7 Lo 72 8HlEE T LT
OISR RIS W TR 5.
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Laser beam Convective flow
g / |

® » @

Liquid solution

Local laser heating Onset of ngtural Spatial profi!e of transparent
convection beam is distorted

Figure 2.2 Onset of natural convection in fluidic optical device and distortion of the laser beam profile.
Local heating by laser lead to onset of natural convection. As liquid with high temperature, which has
smaller refractive index, flows inverse to gravitational direction, laser beam is refracted to the direction of
gravitational direction. Therefore, beam intensity of lower semicircle becomes stronger so that axial

symmetry of the round beam is lost.
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2.2 BAEARZERFICEITSEARMROFELE &l
a) AL XY AT I

B R E AV DR TR SRt e L CTRAR D E— 2 F W, KFER
ZREMEZ 5 ZREHDEFERELTDHZENBWATHSH. CW L—HhEEh L
RV AT T, JEITRZETEES TR <HKFT 5. —RIHRIKIZA D dn/dT % FF
D7 H[2.8], BHDEIXIRV Y E A RRER 9 5. Figure 2.3 ICAHI THOW OB o X
AT L O 2" dn/dT PR E L, WEDRWT X ) — )V ERIREE & L, b
He (488 nm) & WU T~ 2 035 & VR R S 7o VIR &2 V2. (43813 Sunset-Yellow & UL,
ZDWUL AT k)% Figure 2.4 (2R, Z ORI E ST IICIES L OH T A% 2
Y MTIEALYF T E LTHW, EHHMICRE RIBESMEZRTZE L7012, ©
— NIHUE % U CEATIC IR S 7.

g
Variable

ND filter L1 Sl Filter

DM
(gt )
(oraean )

Figure 2.3 Schematic illustration of the dual beam thermal lens system: Natural convection in the cuvette
leads to asymmetry of the transmitted beam profiles. It depends significantly on optical parameters of the

system.
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Figure 2.4 Absorption spectra of Sunset-yellow. It has strong absorption on wavelength of the pump beam

488 nm in the present context.
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b) AR IROIE & B — L DO{EH

- HH DR

CW L—HWINIZLDIRE ERITDT v e THDHT2H, 7 2 R (Boussinesq)
ERAMEZR D . 2 DDA T ARETH EN G AR A Figure 2.5 (127”7, 3 IRICIE AR JELT
FER, z FESE T, y FEED G L. x-y Wil EOFRSEEIE 5 mm
xSmm OMUAFIZL, L—FE—ANZOHFLEEDL X LIEERDOY 7O x-y
W BV A X 24mm x 30 mm). AT ADES I 1.5 mm THY, FHEMGEIRO T H
DEZFT4mm ThoTo. IEFIFBRXEZLUTICELD D

V-v=0 (2.1)
p(v-V)V=-Vp+nV’v-pp(T -T)g (2.2)
p%UPVﬂEkV74S (2.3)

X213 FEnEhnEkoR, EHEERFA, =RV X —REFEOXEEL, v, p, p, 1,
B To, g cp KIZTZENENFENY MV, EE, JET), KGEE, MUIEREE, WHNEL(E
PHAURIRES), EAIEE, B, BMRERE RS, B Uo7 22/ E A & f2 CW
L—H OB XA MEIE S 137 > ~Ub bk« ~X—/1(Lambert-Beer) DL 2 FIWTLL T
DATHRTZENTES

(*+)°)
_2 5

Wo

S = aexp(-az)x 2P°2 exp[ 24)
W,

0

Z 2T o, Po, wo lZZENZENRIURE, B — LD T—, E—AD¥EE T, ERIC
L —FE—ARERINTNDD, B 2R ERESILF 2y FOFNEHTE
ItF%. L, ROXSREATIOX S 2t OZITER L R0 - T-.

o BEAREEM6mmIZHAY U INVEIN/NASIL(L=1mm), F2Xy FOFOE
—LEROBNEHETE S,
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o VT NOWIUEE(x = 1.65 cm™) & DT — (P = 2.0-14.0 mW) A3 /M E 1
720, ¥axXy FNHOE—LAT a7 7 A VELITERTE 5.
F72, WA LIS OREEE TR ST 0 & LTz,

1 A

[ S ]
1 |
1 1
| |
1 |
1 |
| Beam 1 Beam
. o L
1 |
1 1 Natural convection
«—7T = [— 1 7" I
! T=Ty I <::- boundary condition: :>
: | h=5W/m2
____________ B [ [
Cuvette filled with liquid sample: 1.5 mm | L | 1.5 mm
5mm X 5 mm ) 1
(a) (b)

Figure 2.5 Calculation region and boundary conditions: (a) x-y plane: x-y region was selected as S mm x 5
mm size around the beam at the center. Temperature boundary condition was set on cut cross sections. (b)
y-z plane: Glass walls were considered as no-slip wall. Natural convection boundary condition was

considered at the interface between the cuvette and ambient air.

T ABET no-slip BE & L, JAPHAUR & ORICIZBMREIREL 5 Wim® O B 2t i %
BE L7, F72, Figure 2523 L 912, BE—A0bBENT- x &y FiEiosER~MT

J PH AR EE & RIRR 7R SR (T = To) & 5% E L7z, B — L8380 um)lZ X L CFHR Ak
Nt RENSTZTZD, BEEREZHNDZ ETHREONR 7 y—< 2 2ARM ET5. K
2.1-4)EH D ANSYS 15.0 Fluent Z# W CEHHE L7z, 22T, XQ4HDIMBIEIL udf
ERWTER Lz IR v 7 OrEi Table 2.1 IR T4 /) — Otz -,
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Table 2.1 Thermal properties of the ethanol at 300K [2.21]

Parameter Unit Value
Refractive index of the ethanol 1.36
Refractive index change, dn/dT x 10* K 3.6 [2.8]
Density, p kg/m® 783.5
Viscosity, 1 mPass 1.045
Coefficient of thermal expansion, f mK' 1.073
Specific heat, ¢, kJ/(kg*K) 2.451
Thermal conductivity, & mW/(m+K) 166

L— e — AR E S A L FATRIGFENC, EEO/ASNF 2y MR SN 5GE
X, Eﬁﬁﬁ®mfﬁ@h¢é<&@@ﬁ@ﬂmﬁﬁﬁf%é.Ltﬁof,ﬁﬁﬁﬁ
DFFEICBNT, RQ2DOHDDOH 2 WP NLER L 2D, WAEDTEI B IEBIFE LR
BAEIERQI) D RN X —RFA OB TRESARROOND Z L1272 5.

- HITFES
TEFIRBBICE U DR D B HT =R AR IXIRE AR ISR < IKFET 5 I1E & BT o Bk
I ToffiE 2 Nick RIS -
dn
n=n0+ATﬁ (2.5)

HESIIRQI-HEME ZLI2EVELN, ddl 1T L L TIRE 2 0 TRITRS M
FfEICRDEND.

- E—ABIRE
(1.D)A = D/ T (Padé)ii Pl & W 7o BB 70 il iE 2 MW CESG OB 2 <. R7
TR E HWe e — MMEEE WD &, 3 IRITTEREIERIZ T E — A DIRVER & 5L
EHETAHZENARET, BPOA— N RKREL RDIFEZOBREFTNEL 2D
[2.22-23]. ZOFHEFHEIZHW O D HRAOEMIEMRT 2 8 —20BHOE L EE
FTUFORT MEB RN OEED

VZE(X,J/J)—CLZE(X,)’J)=0 (26)
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ZIZT, EXEY, clFEZBTONRKETHDL. X7 MBEOEEFHN AL T —8 L L TFE
T2 EETDHE, EHEANT =L LTUTOXIICRETE D N[21] ¢

E(x, y,t) =ie(x,y)exp(- jor) 2.7)

- >
— —

L, o ZFNENEAARY ML, ARSI TH D, TR THDH ERET D &,

—(:\
EEES e ITHEICHBEICES ZENARETH D ¢

e(x,y,z) =¥(x,y,z)exp(- jk,n,z) (2.8)

Z 2T, ko, no X T NFEIVEEHAL, BEETOWRY, Z2REITETHS. X((2.7)EK(2.8)
ZRQOITMRAT D ERFMIIKFE LR WA D T — KB AN ESND -

2 2 2
W i DY T O

oz’ "oz a9y’

+k[n*(x,y,z)—n) ¥ (2.9)

ZZT, zHROESZOENMNKE L 72y E T 5 Slowly varying envelope approximation
W, 2 Fm O 2B 2 BRI 5 L

W _oW oW

n
"oz a9y’

+k§[n2(x7yaz)_n§]lp (210)

L. ZoORBGTEXLZADI—FONTinHae T L RmERIcEEEIND ¢
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W __ 2k @.11)
0z P
1+72 5
4k0n0
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A 82 az 2 2 2
P=|—+—+k[n (x,y,2)-n,] (2.12)
ox~  dy

THD. 2@ E R E 2L, 7T e =aly EERAWTESMEET) &,
KQRANTUL T OB AR GTBRRUCER IND.

S(WE,, +WE  +WE +WE 1+ [y0(-) + 4k AxAy]WE

ix=1,iy ix+,iy ix,iy-1 ix,iy+l ix,iy

= 6(+)[‘PZf§‘iy + zjﬂ” + Wii*l; Lt Wii*’iﬂ 1+[yo(+) + 4k02n§AxAy]‘I’Z:; (2.13)

ZZT7T
8(F) =17 jk,n Az (2.14)
y=k02AxAy[n2(x,y,z)—ng]—4 (2.15)

TH5H. MIBHATIHTEXEZ AN TXRQI)EMS Z L ICXVESNIROLNS. ©
— DA TV T AIITELGNLUTORXELVRDOLNS.

1=C’;ﬂw2 (2.16)

) FEBRIE K O Fik

Figure 2.6 |2 A DHRS X &2 7”9, a) TR RZBL U XV AT LE_R—R |2 L7z, =
Z T, Figure 23 TRL7Z XS Il L it a g Fic—on L —HF e —2anA
C7u 7y A NERERN-, R A m DT LA A G L= H ) — (a3
(Sunset-yellow)#&HZ S IV H4U7=. Figure 2.6 (2R T2 U 7V E—LAERRTIE, ©—A
DRI —=D—FERY 2 T AT S 4L, BT D E— LNZ DL v G RERRT 5
Tl D. ML AOESIREIL 240 mm TH Y, FERICEBIT 5 E— AL 190 um
Thotl. FaXy FOHRLE E—AOEAN BT 2 L5 ICHE L. k7
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DR TE—LADBEN I TNDL D, RBREES ARSI, BB —207 1>
7 A WX Figure 2.6(0) C/RT LA ICH T T UMb T =a7— B8 HEND. BfEh
ftE—=L7nur77AVECCDE—LT7 7747 —CFHIL,PC TS T T 450
fiwEEmltT 5. BEONRT—XR[ZEND 7 4 V¥ —ZHWT2.0mW 2°5 14.0 mW
FOEL ST, BE EFIZbT B LY LN, IECARIIERE S L
otz KEEMFEE Table 22 ICF & D 5. TRTOERIIKKPRR TITON, EHF
REElZBWCHAZIT - 72,
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Figure 2.6 Schematic illustration of the single beam thermal lens system. (a) Experimental apparatus, (b)
Configuration of the single beam fluidic optical device. Thermal self-action of the single cw beam was

investigated.
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Table 2.2 Experimental conditions

Parameter Unit Value
Wavelength, 7, nm 488
Original beam radius, 7 mm 0.4
Pump beam power, P, mW | 2.0~14.0
Beam quality factor, M* - <1.02
Cuvette thickness, L mm 1
Absorption coefficient of the liquid sample, cm’ 1.65
Focal length of the lens, f mm 240

22.1 BARRICKBPE—LTOT 7/ ILDEH
Figure 2.7 IZF =Xy b 226 710 mm i L7 — 2Dyl EDOA T v T 4 fi %
AT BN A LGS, ERERE VI 2 L—va VEERIIRBVL—EERT
ENGD . B NIHODEA M L AR AR L, 2 OORERE—T RO &
MWD, LL, BARMEO G ALY, EHA MO =703 K0 KEL2oTED,
EhWT =27 —E—A3EoNEnolc. E—ADNRT—Reidedbizd, 2o
LM —ADERIITEEIT o7
FRLTIaL—TarORECELTUL, UTOXIRERPEZEZ LS.
L GBRERERTHLIOIZEEOTY ) — Lotz vz &
. B ZAHRIZEDF 2y MNHOE—LT 07 7 A VK
L AT EEOERNA—H
[ LMV PV OBHERENIEFITHENZ ENLHERTED 458, MRS KX
REBEERFTLTNDLEEZLND. KVREOGWY T LE WD, E—L0D
U—%B< 55, MLWEFTESMEZRRT 22212250 T, ~TiEHOF—
FaeRESTDHUEPHDLEZEZOND. £z, FRIZBWTE—2FIEF 2y bD
HMAIZTAR Yy MELD 3%RERENo7c. BEFE T -8R ELL2nE L
7eleh, NU—DNELS RIVTRDIFEREDPRESRDIFRE ol bEZXBND.
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Figure 2.7 Shaped intensity distribution. (a) Py = 2.0 mW, (b) Py = 4.7 mW, (¢) Py = 9.3 mW, (d) Py =
14.0 mW. Experimental results with natural convection (cross mark), and calculated results with and
without natural convection (solid line and dotted line, respectively) are indicated in each figure. The

numerical model well represents modulation and distortion of the beam affected by natural convection.

Figure 2.8 IZ y #ill IC3 1T 2 BIT R AR OMXE L U — LA T T 4 A~
HARKHR A 720 & ZITH, BARHAERAET 5 & & DJEFrRaAEIE y = 0 Z Pl xt
FitEZRESK-oTWD. Fio, KROFEIZ N D LT, REREFTEARITIE— L
BEVIRWHEIFIZER SN TS, ZXHEBT, Y7 E—L8 L U X AT A TIE
E— AV A B TOMENREL o TLED. LEN-T, REZREITEAEZ LY
DRI SHMT 2720100F, RENEZTDZENEE L.
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Figure 2.8 Size of the refractive index gradient and the beam intensity in the cuvette: Py = 14.0 mW.
Dotted line and dashed line indicate size of the refractive index gradient with and without natural
convection respectively. Solid line indicates the beam intensity profile. Figure well demonstrates the

influence of the convective flow in terms of the refractive index field that propagating beam experiences.
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Figure 2.9 Asymmetry of the beam along propagating direction. (a) variation of /(+)//(—), (b) variation of
1(0)/I(+). Dashed, and dotted lines indicate calculation data of Py = 9.3 mW, and Py, = 14.0 mW
respectively. Experimental data of the indicated cases are represented as cross mark, and circle. These

parameters can be used for the evaluation of the annular-like beam shaped by fluidic optical device.
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222 TaAT7IE—LRIZEITBHE

Z 2 TlE Figure 2.3 TRTF 2 7L E— ARIZE T D EIEM 231 21F 5. Figure 2.8
THNDLEINE, VTNV E =AY AT ATIEE— LR L0 BT oANER SN D HE
WOKREEINKEDSTZ., 2O, Z 2 TEHBRHEE—AREMIICEHE Lz, £
WAL T o E—LOFEITUTOATEEIND ¢
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zR=”Zﬁ (2.19)

ZIT, Wo zn ArlEENENARy FEE, LAV —RE, EE, EXaio¥RT
b, KFEROEELZZE L, RHICERITENATORE, Lo X2 Oz (L% Ol
AJREZR /N T A—ZICK VB LTz, FHESMEA Table 23 I2F & 0D, o7 E—L4
VAT N EDHEDOTZDIZ, NT=LSDRHENT A —Z 1T Table 2.2 NHER T2 H
ST EN NN = I TN E— AV AT AT T =a 77— a7 7 A NV EER LA
PN 5K FEDY 14.0 mW DA (Figure 2.7(d) £ 0 L < -7 TV 7= 9.3 mW(Figure 2.7(c))
ELZ LU R 2D EEELESE D Z L TR ERESEDE SN~ LT —
RAR—Ez AF vy onFEIND. Z0LE, MO E—L2RIEF 2y FOHFTE
BT 22 LT 5. LUy R2D 2 fiEIZ 20D —2DEANF 2y L T—HL
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Table 2.3 Calculation conditions

Parameter Unit Value
Wavelength of probe beam, 4, nm 1064
Original probe beam radius, R mm 1.0
Pump beam power, P, mW 9.3
Beam quality factor, M* 1.00
Focal length of the lens 2, f mm 240
z position of the lens 2 mm -60, -30, 0, 30, 60

Table 2.4 Variable parameters

z position of the | Probe beam radius in the Pump radius in the
lens 2 [mm] cuvette [um] cuvette, wy [um]
-60 263
-30 149
0 81 95
30 149
60 263

Figure 2.10 [ZF =Xy F225 30 mm i L7z EDOE—LAT7 0 7 7 A L OFFERER
BRT. VTNV E— AV AT AR, E— A FLERE N KIgICEDO L, T2 T
—E—LADOWENRM ELEZ G052z =00 L XX, T2y NNEORHEEE
WNETE, BITRGEZRBR L 2o — v = B IR Thb e hotc b B
2Zod. Flo, 2fEPADELEEX, 7227 —bE—ARKEZLJANR>TND. ZOZ
D, TTITIRN DN EFF o TORIECIHIT RS 2R T 5L LV RERT =2 T —
E— AR ENT NI ER 005,
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Figure 2.10 Shaped intensity distribution: Gray solid line, dashed line, black dashed line, dotted line, and
solid line indicate the beam profile when z position of the lens 2 is 60 mm, 30 mm, 0 mm, -30 mm, and
-60 mm respectively. The shaped beam profile depends heavily on radius and phase of the probe beam in

the cuvette.

z=60mm D& &, 22.1 TRE LT A —HF [(+)/I[(-)=0.718, 0)/I(+)=0.167 TdH
STz, YU TNVE— ALK, 0/I(HIZKRE B LR, I(HIEETSsEST
WRWZ ERG oD, T 2T, Figure 2.8 TEITHREGN y HHIZ 7 FLTWAHZ EIZ
FERL, SlhZ y HZy 7 M a T 22T o 7z, BRI ATREZ R 2 B8 L,
ROl % y FIAZ 5 pm §FOBEI I/, Table 2.5 IV 7 hENTE—2AD
I(+)/I(-) & 1(0)/I(+)% 7~ Figure 2.11 (Z Table 2.5 (278 L7247 — A D & — A O W fi 8 4y
e ydhbA T T 4 70T 7 A V%7 . Table 2.5 & Figure 2.11 I[ZIZ D72
IZY TN E =LV AT LAOFER GO Lz, el s 7 b5 2 L i2on T, I(+)I-)
WX LICTVMEIC 2> TV D, B, 20um > 7 P &R L ERLEERT =2 T —E—
AW E =LA77 7 ANABH/LNT. TNODOFERICL VT 2T VE—AT AT A
IZBWCHEIO Y 7 N2 EBET 52 L THRINRORELZ F/MNCT 52 L RARETH
HZEDBHLMNTR T,
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Table 2.5 Variation of I(+)/I(—) and 1(0)/1(+) associated with shift of optical axis

0.75
0.5
0.25

0

0.5

095 -0.5 025

095 0.5 025

Shift [um] 1A/ [ 10)/1(+)
0
(Single/pump beam) 0.70 0.79
0 0.72 0.17
5 0.77 0.16
10 0.84 0.16
15 0.90 0.15
20 0.97 0.15
25 1.05 0.15
I[au] I[a.u.]
1.0 0.75 1.0 0.75
08 0.5 08 0.5
0.25 0.25
06 = 0=
£ 0 £ 0
04 > 04
-0.25 -0.25
02 05 02 0
0.0 -0.75 0.0 -0.75
0 025 05 075 075 05 025 0 025 05 075
% [mm] ¥ [mm]
(a) (b)
1.2 = = Single/pump beam
No shift
1.0 " — 20 um shift
<08 i ‘\
.ﬁ.. l “ /,\\
206 ot
£ ] ‘-
0.2 ! '-‘
0.0 = : .
-0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
y [mm]
(d)

I[a.u.]

1.0

0 025 05 095
¥ [mim]

(©)

Figure 2.11 Shaped beam profiles associated with shift of optical axis: (a) ~ (c) show cross sectional

profile of the beams after 30 mm of the cuvette. (a) Single beam system (pump beam in the dual beam

experiment), (b) Dual beam system without shift of optical axis, (c) Dual beam system with 20 um shift

of optical axis. (d) Intensity distribution of the beams (a) ~ (c) on y axis. Dashed line, dotted line, and

solid line indicate the intensity distribution of (a) ~ (c) in order. Well-shaped annular beam with symmetry

can be obtained by adjusting optical axis.
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2.3 BAXERFICEDFT/BWIWRAEVY

AR 38 1 DM PER) 72 BT REAITHAR Y o T F 22Xy b OTRIR & b ot U
NI A= EBIND. BEFOMRICE D F 2y hOYell7m/EA &Rt e
— LR ENELTLHIETHITELEZ/NSLSTHIENARETHDL Z ENERB X
OB F 5 TR EN72[2.14]. Figure 2.12 [CAMZE THWOHN TE 72T/ B/ A L —
YRR A 758 1 EBRAR OIS %2 "3, F / B/L A Nd:YAG L—F & fibfe e L L,
RIRFEHZ T A —Z CRITRA A5 S 2 3. IR BT R AR E ESH-0 7
ICXEESND &R D CW L—H IR, ) B v 2 b — W hie o 3542 B i
DZEENT L0 JRTREITR IS L0 MM 5. RIFFETIX 2 SO HDEE A
WA AR ERH A ATV, BT R E(LOBERET VAW D 2 & TRIKLFFE T OIR
BEIZOWVWTERLTE. CW 7T U A 42 b—W i3t Lo TR 21L& B 11C
AT DIV ND. £io, TRV AT A F— R —HFIENAYAG L—H &
REFE SN TR Y, IR FERTICL DT 7 B OV 2RO 7 r 7 7 A VO E L%
T2 70Ic VSN, BEFOFER2.14]TIE, YLV S REOEWT 7
7V ARG D 2V A ERGRERE IS DWW T ERR B L ORI RBRE 21T o 72, 2 2T,
JEhEE Yt & K H O O ) 2 B T K D R HE S T~ D S I W T OB R 72
BEt 217 9.

Ocilloscope

Signal box:
synchronizing

Nd:YAG Laser
1064 nm

Aperture

L1 Sample

Diode Laser
780 nm

1064 nm filter

Pump focus

Figure 2.12 Schematic illustration of closed-aperture time-resolved measurement setup for nanosecond
pulse-shaping using fluidic optical device. ns pulse of Nd:YAG laser induce thermal lens effect in fluidic
optical device. CW argon ion laser is used to measure continuous change of refractive index on axis.
Temporal profile change of ns pulse of diode laser, which is synchronized with Nd:YAG laser, is detected

as well.
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231 F/ BV RL—HFIZKDBRADEREEL

) BT REALDET IV E B — L DG

ZITE, TR —FIIBT AREOETE RS, BRI AT T
5. Lo T, SllE v oxtFriEZ T 2 ot HfREE RS TRIEE T Vb 21T
STz WEFEBAN O EITREI, WEIFICBT 2 EERFAR, EEEREORX(T
E:-x%~7xﬁ@ﬁm::*wﬁ—%ﬁ®ﬁ®3«mD£Mﬁ&K%%wfﬁ%®%
AL CIREZACICET 2 HRATERT Z N TESH[28]. 22 TIEZOEMHIZONT
ISR RS . BE IO —FICLHBOHBLBEEDRICIDIENEZEET D L, K
[l W6 DA OB T T 2L TR G LN D ¢

2 e
Mvzj_y_ivzj (2.20)
c, 2nc 3t

d (AP e
— -v’V'Ap|=
a;( Y

72120, v, B9 clZENENEH, MRS, EEMEH, B CoEE T, BERK
Byidn—1rrY -m—LbrYOEHL YV TOXTRIES Z LN FARETH H[2.24] :

yo L =D +2)

3 (2.21)

RQR20) TN RN F =N L BERNED 2 SORNEIC L L BEBE OB HERA L 7
STW5. AEIO L HITINEIEDNGIETH D8E01E, oo /L X —WRIL D 5T
BEGEOEEIT /NS, Lo T, RNQR20)DOAELDF 2 HITEHTHZ LA TE
Ao

2 2
919 Af —1’V?Ap _Vbeg, (2.22)
az\ or c,

—J7, BAL U A RITEBT DIEIT RO BACITEEE p SRE TOEMICEAKR L TND &35
AHDTENTED

Aﬂ—(a”) Ap+( ) A=t Ap+(a”) AT (2.23)
; or),

2np 07
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AT O X 912, WRIKOJEITREITIEELIL LV EEZ{LORE L KREL<ZIT 572D
RQD)DIEEEEFEABEE L, UTOXHIICEIET LN TES

Ar=2] ap="ap (2.24)
), 2np

H(2.22)EQ2NEMABTDLEDL Z LITLY, ALV XBRIC K 2 BT R b OB iz
REEHTHZLENTED

2 e 2
TOD v amy= zy—ﬁ—y [ _Vlas(r.0ar (2.25)
a9z ne ¢,

AWFIETIE, H VAP AT AEE RN TRQR25)EEMEMICHES 2 &
7. 2.2 THlA7z v — AEHEE AW TR FHR T OIEE #E%$i®%%%§ﬁt
E—ADElRFHAETE 5.

7V AN 1, 1ZxE LT, BRSOV A DR B — 7 13K 20, D & X & L. b &
TRIEH T A /XT A—H % Table 26 IZE LD, BT 2 IPEOT S ) —
AR LR WK D IR L.

Table 2.6 Calculation conditions

Parameter Unit Value
Wavelength of pump beam, 4, nm 1064
Pump beam fluence, F, J/em? 12
Pump beam radius, w, pm 5-25
Pump beam pulse width, z, ns 5
Sound velocity of liquid, v, m/s 1.36
Absorption coefficient, a m’ 1000
Cuvette thickness, L pm 150
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b) SRR DOERT

Figure 2.13 [Z/3L AHE 5 ns, B — A8 5 um O & & OIREIEFFTR T NHE O 0 -
B OF R R 2R T . 2V Z ORI T 2 BN BT R LB S D ER Y,
BEEWR P ERITNEHR L TWDZ EnNghd. ZOBEERICE D EITRE( L IRE
T L DBEBENERY, ;) A —F TR E AR BIT R bz Z L
TWDZENTND.

1.365

20¢n5 30ns 40ns 50ns 60 ns

1.355

Refractive index, n (-)

1.345

r (um)

Figure 2.13 Temporal variation of refractive index on radial direction. The compressional wave
propagates in radial direction. Wavelength of the compressional wave strongly depends on spot size of

pump beam.

Figure 2.14 | B — A8 Lot LR ITREMORREZ /R L T 5. BITRE DS |k
DY R I LD E— T NN DZ e g5, BE—ARBBR/NSWIEZEZEDN S BB
DRI 222 ZENROND . BITREDILD LAY 0 AN EE I OARHRH 1 35 H
THY, E— LRI CTREDEEDMIHF L CEORENEEDH. DD, v
— LB S VI ERBA R E 20, Sl ECOBITREOSLS EAD i< 7
5. —F, B OREIINRE LAORELZTEBITRE(MEDERY TRED.
BE EAIC K DEITRENDOSLS B0 DEERICE D EITEREOSLD B3 LY
FEL, BE—ABERNEWNEEERTMOBREIC L HRERT HEEICRDDOT, B—
LIEBRELBRDIZONTE =T OREXIFZDVDREL 2D LEEZLND.

37



1.365

—— W,=5pm

1355
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Refractive index, n (-)

1.335

Time (ns)

Figure 2.14 Temporal change of axial refractive index with respect to spot size of pump beam. As spot
size of pump beam gets larger, rising time of refractive index becomes faster. On the other hand, peak size

becomes larger with increasing pump beam spot size.

232 7/ ERANEZRA~NDREH

WO L7 1 22T =YL 2R PR R 2 HE TE 2 &, A Z2HT2 0 D
TTl—varlb—hER LTS EMfFENS. Figure 21512 A VA F
— S A OO i B PR A RIS R . B — AR MBI O REICENLT B EIE, —EE
HIZT 7 —varz Ltk SHOICESICEREZHSZETT 7 L—va v b—
Fom EREIREEND. T BV R L —FRERAE TR T OGEITE I OB T
SEEHATT D EITRIEAENFICKE L A2 B 720, BMHIIRELSIENDZ LIThD. TD
KR o To B — L EBLHT DINFRENERT D &, BAEREARERICRS 5 2 L2
RETHDH. LL, T/ ULRAL—PFIZE DT T L—varpbE EREIT 7L
—va TN AREREND L E— ADEHBERNEL 25720, DX ) RER
MEEFNIEAREENMEVEEZ 2 5N 5. —F, Figure 2.150)D X 5 (&AM E D
TN TE— L2 BRECENNT2HE2MET D &, BRI E < 72
HET T L=y ar I h—AIRBINTICT 7L —ar b— hOEINCET S 2
LIRS,
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Ablaton Focus
plume ~— \‘ change
v\/+ | direction
v @ Materials ﬁ
t (Transparent)
Materials
(a) (b)

Figure 2.15 Nanosecond in-situ focus modification for materials processing. (a) Forward modification,
(b) backward modification. As ablation plume disturbs propagation of the beam in the nanosecond regime,

backward modification can be more useful for practical applications on transparent materials.

Figure 2.13 |27 7 & 91T B — A O HLLERE D ATITRHT =23 002N 9 2 sEI S 7R
L, BB FRFZ2EH L E—NTHEMIZIEN 5 S IIWEMIZE 2720, 2F D, B—
LD A BERICHE IZHRET T2 2 & T bR bIcHEINZRET 22 LN A[RET
H5. ZIZT, Figure 2.16 IZ/R"T L2 ICF =2y hEREEHAELINLIEFICHE
T HHFRICONW TR 21T 572, Table 2.7 IZFH R EFERT.

Liquid sample

Pump focus Probe focus

Figure 2.16 Schematic illustration of experimental apparatus. Focal position of the probe beam is shifted

to propagation direction.
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Table 2.7 Calculation conditions

Parameter Unit Value
Wavelength of pump beam, 4, nm 1064
Pump beam fluence, F, J/em? 12
Pump beam radius, w, pm 10
Pump beam pulse width, z, ns 5
Wavelength of probe beam, 4, nm 1064
Probe beam focal radius, w, pm 20
Absorption coefficient, a m’ 1000
Cuvette thickness, L pm 150
Cuvette z-position mm 5

BHCDEREZDOE =T AT oo T A RRbESROMEL ED &S, BRAL
B D24 Figure 2.17 (233 B AERETEITRZ(LAE B2 5 & & b ITRRBIIZE
WBIZ/INE LB 2 MDD, 9ns 775 28 ns DFIZ 95 um H AL L THR Y, F /7 )
VARG TP IC B DR AN FHE CH D E B X B, Figure 2.18 ([ZHE SIS
LEME—LT 07 7 A VORERE N E R R TFHR T OBITEREE R L%
DE—LT a7 7 ANERy B E—LADERE—7 ZFOZ LN phbd. OF0,
BEWE D AR CIRHTER A L7254 & B — AP O ORI RN L5y % % L
7w E =R FHL, tOERLD HITVIE TRy E— A2 AR L THEB L TW»
LEFZZXbND. K, BEWMEN r HRES ML TLEY, BRHEDGICEEL R R
D&, WENFFRFOML XL LTOMEICEIVESEHRES D22 005
(49ns). AR TIET I 21— a VIZEDMFIOARZRLTNDEN, SH%FERIZELD
FREE T Z & T, mEESHER TS L CORBAEGEIND.

20

-20

-40
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Figure 2.17 Temporal change of z-position of focus. As Bessel beam is generated by compressional wave,

fluidic optical device works as convex lens instantly in the early nanosecond regime.
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Figure 2.18 Temporal change of spatial intensity profile. Bessel-like beam is generated as refractive index

rises to change.
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3.1 [FL®IC

By FAZ Y=, BT AAT LA, KGEMREDHA AT b2 hr=
7 AT DI & LA LE, B EE 5 (Transparent Conductive Oxide thin film; TCO
thin film)DOF|HZ2A S LT\ 5. TCO & L TEICHHINDMEE LTEA > V7 Al
{t A X(Indium Tin Oxide; ITO), 7 » 3 K— 7 & X (Fluorine doped Tin Oxide; FTO), (k.
High(Zine Oxide; ZnO)1 % HL 5. TCO I E WEXIGER ZRFET 5 & [AIRFIZ,
HFEE L THHA SN 2OmV I ZRER LR SR T 672, 7/ A=
F—FDEITIMLEIND. TCO @RI ARIEED & f B E TOJRN AT |
MZESTERATH L7280, — MR THL—VORFREE S LV EENHELS 75
ZEMBW. FDD, TNV ZRENT L DEDERZED TCO HE~D A7 F A
EUIMTICENCHATE S, &6I8, EERC TR R N TESICEEINDEE
1064 nm/532 nm DO F / L —H1d m/s A —F O TIHE 2 F5o7-9[3.1-5], KBEEM
INDEICRERT NAADAYT T4 ZIMTICIEFIZHEHHNLNS.
Figure 3.1 ([CH#EEfFER 7 /L7 7 A3 U 2 o KGR M o b i OB X 2 R~ KB
BMANSRNMNCAT TA L TINL a2 i L2555 28T, RER/EBET XA A
DFIENFREL 72D, ZDT=DIT PL P2, P3 & o iofig/h 3 FHHOBIRNA 7 T4 £
TISRELE T2 D =07, AV TA THEBUIKRGARF SN THERENTERNWT v R
TV 7 (Deadarea) L 72572, AT T A L TIRIZ/R DX /PSL BT ITWIT 722
<, ZIIIKBGEMEY 2 — VOB ELZRO DL EERER LD, bHbAL, T/
B SN2 L —FIZ K DI THICTERL S 5 BSEEEIN T~ R U 7 ORI RIET
WELBEINRTNE RO 0. LEen- T, MEREDA =X LE28l+5Z &
37y R U T /N L, BUCBTEROREZIMA D Z LICHEMT 5720, kst
NDOTPA ANTBNTRERERBETH D Z LITITEM ORI 20,
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Glass (Transparent) substrate

[

Sun light

i

Figure 3.1 Cross-sectional schematic of thin film photovoltaic cell

L)L, —RIRENT T T v = A OBREEFRRICEI DV~ 7oA — kL
BREOARy M A X&Fi5Z L1270, ZIBHEBEIC KRR S5 KSR LT
AZADEET v R=U T O 100 v 4 7 1 A — MUVREIZH 72 5. 2014 47, S. Krause
HBROINCESTT = A MV AL—FEHWER~A 70 A= NVDAZ T4
VIEBMNRE SN, T2 b ML AL —FE WS LIEFICREDOH WL —F
— LA LMBEROBEOMEERAEHANDSa— AV RT 7 L—va v EHND70,
TAE EDREEDOH CENTEREN/SEOND. LL, 7= b MLV A L—WF )/
ANV ZA =PI AR TEE T X FRFEFICRESNFROMEHRE AT T ABHE
HTHL ZEPMFELNNVCBNTERDR Y 7 Lo TS, 22 THA ORIV
— 7 TIEE—L7 a7 A NVERLNI LT FARNT A —Z 2 HEHT 5 EICERL, T
JRRNAL—=FEHW-R7 T4 7Tt A0&EELEX > TE7-[3.7-9].

— R AR E 0D ORI AN 78 B RS AR ST B A i AR R B & A
% & WM ERCS T, 8 D W e R AR U R B S T L B 7R R B S AR A TR L
NEBEREEZRT Z & THERINICLDBEORENARETH DL Z EAMBbNATNS. K
Bt L7 WERS 2R 2 Wl S8 2 BB G 220, BRI & K T & 5. Figure 3.2
IZZD AT =X LOMIEXZ RS, ZO5E, /NS WT Lo v 202 800 fififhiT
IR 2 252 L0/ D, SEFRF IS ZORAXET T L—va DA =X
LT D HEER R BE AT T E 2. EEROBWERIC & 5 E7 1[3.10-12], FLEiC
BIFDHEERIC KD~ A 7 v/ ) N T H2ZE LTET /V[3.13-14], B4 M
LU 7287 V3. ,13-14) R REVTH D, £, VL—VFBEBAT I X~izkD
B — sy MBI U 7 kA T (lift-off) e B — = o T BT 5 FEER - BRERIRRE B K AT
PITE[3.15-16]. 2D & &, WIKRRLEIEMRIC L2 HENET T X~ OWrE RN
TN —LDIMUSINZ DN DENZIEFICRELTHHENH L EN L MbI
TW5[3.15-21].
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Figure 3.2 Schematic illustration of basic mechanism of thin film removal processing by substrate side
irradiation. For the thin film with high absorption coefficient, most illuminated laser beam is absorbed at
the vicinity of the interface. Local thermal ablations such as vaporization and formation of plasma lead to

stress assisted removal of thin film by a single shot.

L2rL, TCO DS, EBD X5 ICHFRFEE I PFEEIZ HRIRE WD,
TR R St & BEARBI PRSI Z B W CREIE 5 T OIRE A 3 K & < B7p 572 <, M & B I
ORI K X R E AL E LT 5 Z LBV, 207 TCO KD L —
T 7=y a B TUISHEET 7 v —va v HW O 72 . GEF5EE D
2L D E[3.3,22], BEMIES OGEHEOREIZLY RKEVWT VDU ANRKE LD,
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Figure 3.3 Schematic illustration of experimental apparatus. Photodiode and energy meter were prepared

to detect effects of plasma shielding.
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Table 1. Experimental parameters

Parameter Unit Value
Wavelength, 1 nm 1064
Pulse width, ¢, ns 5-7
Focal length, /' mm 100
Beam radius at focus, wy pm 12
FTO thickness, & nm 600 - 700
Substrate thickness mm 1.8
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Figure 3.4 Confocal microscope images and cross-sectional profiles of fabricated craters. Upper row
(a) and under row (b) show the results by substrate side and film side irradiations respectively. Thin
film was ablated from the surface regardless of irradiation direction. Substrate side irradiation

needed only 10.6 J/em? to achieve complete film removal, while film side irradiation could not

achieve complete film removal with 421 Jem®.

50



TEF T BE D B8, HEO X A —Y LEVMEIL 48 Jem®> THhotz. —J5, v
NSV A BRENT 1 5 M O 52 2R L & W E BB E D554 10.6 Jem® TH o722
L, BRIBHOBEAIZ 7 LT A% 421 Jem* £ TREL LTHREBREITTE
BNl ZOXIN, BT T —varThidrbIeENnbH A=Y LEVHEILFEKTD,
B HFINC L » THEE SO 7 7 Lb— g > b— MIBE IR EET 5 2 &0
D

Figure 3.5 IC7 VY 2T 57 L—F —REBESOELERT. 7L —F—&IX
WEHIcEb 6T, 7 AOHINE L HICKE LD I MR35, Figure 3.5 (a)
WCHF A=V LEWVMEZ VT A ENDHOERERT. 7 Lb—F —FLFA—VL
JUVMEICHENLIHOBERIZILI N —EEZRLTEBY, ¥ A -V LIVVELY 7L R
MREVIEOADIN T SN2 ERnnd. ZOMKERIE, BMzEo/snwr ) Bt —
ZIZBNWTHERAT LT —LIRE EABEAIL, MEREAT 71— a VRV RES
NTWND Z & DIRVRILIZ/AR 5.

HEHBE OSE, 7 L— 2 —OIESIZ TN ZOHME L BITRAICREL R,
T AN 0.6 Jem® A EDBEIIH T AR E T L EN TS, TCO M H D
BRI X0 R ED AT T ADIREN T T A4 (Table 3.2 2RIV b K& <7D
7o, BITAREKR L A=V EZITTNDEEXLND. TDD, 7L AT R LT —
IEAVREIC X D EBROBEEZP S Te D IR SN LERHSH. L, BRI O
&1 500-530 nm PL EYELS IIBRE SRR o7, TO X D B R OEEIZONT
IXREICTREL <R D,

51



30.0
_____________ A
250 el A
e A
)
L & o
_ 20.0 Q 4
g 88
=150 | g
= &
z &
g 100
g jo
© O Threshold circle width
5 0 i Q reshold circle widti
: O Subs. side irradiation
i A Film side irradiation
0.0 . . . . L
0.0 10.0 20.0 30.0 40.0 50.0 60.0
Peak fluence (J/cm?)
(a)
1200
—O—Subs. side irradiation
—& -Film side irradiation
1000 ==="Film thickness
800
_
£
£ -
= 600 r
R
= P
=} A—hk A&k
400 ahk
s
I
|
II
200
A
0 A . A A A
0.0 10.0 20.0 30.0 40.0 50.0 60.0
Peak fluence (J/cm?)
(b)

Figure 3.5 Parameters of the fabricated craters. (a) Width of the craters. (b) Depth of the craters. The
width of the craters well agreed with that of threshold circles. Ablation depth of the substrate side

irradiation increased with the fluence to reach and damage the glass substrate.
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Figure 3.6 Variation of the laser pulse temporal profile after processing. Normalized pulse temporal
profiles compared with the original profile with (a) substrate side irradiation and (b) film side irradiation.
In (a) and (b), solid line indicates original pulse temporal profile. Dotted line and dashed line indicate
pulse temporal profile of 8.84 J/cm2 and 28.3 J/cm2 respectively. In both cases, declining part of the
pulses was steepened by inverse Bremsstrahlung. (¢) Pulse duration change after processing. Circle and
colored triangle indicate results of substrate side irradiation and film side irradiation respectively. As

plasma rises quickly with large fluence, pulse duration gradually became shorter with increase of fluence.
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Figure 3.7 Variation of transmissivity of the laser pulse through the sample by means of number of
illuminated pulses. Solid rectangular, solid circle, solid triangle indicate the substrate side irradiation
cases of 8.84 J/cm2, 14.1 J/cm2, and 28.3 J/cm2, respectively. Hollow rectangular, solid circle, solid
triangle indicate the film side irradiation cases of 8.84 J/cm2, 14.1 J/cm2, and 28.3 J/cm2
respectively. Film side irradiation requires more pulse numbers to steady state than substrate side

irradiation because film is not completely removed by the first pulse illumination.
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Figure 3.8 Schematic illustration of modeling region. Axial symmetry of a laser beam provides the

implementation of cylindrical coordinates system.
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[3.31]. F7z, M 2 WICHEEFER TITdEh R Cd 5 7o Ol FE 72 7 AN X B R D
0 ChD. TT7AEME FTO RO TR mIZT » 7V v 73 TnWb & L. dilim,
PRIT 11 T I I WL 0 300K DR ERR & Uiz, T OERSEMITLL T OX O Tl
Hansg :

oT
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T
=0 , k il
» FTO 9

oT
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L
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Y oar
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z

ZEMCITIT AR ESEEZ AV, B0 AN A TR L HUER R 21T 572, Table 3.2
Bt OMMEZ £ & D 5. ERIFIED N O I W I XIR R M % 5 fE L 72[3.32-33].
WIEREL o 1T A TN OF R LG LTz b, WINER 4b, B 1, AR
DEDOLLT OBfRZ H W TR 72

A=1-(R+71) 3.7

Table 3.2 Physical properties of materials

Parameter Unit SnO, [3.32-33] (Temperature (K)) Glass
Density kg/m’ 6950 2520
3520 x 10* - T+200 (250 < T'< 1000)
Specific heat, ¢, JkgK | 7750 x 107 - T+475 (1000 < T < 1800) 837
614 (1800< 1)
Latent heat of melting, L, J/kg 3.17 x 10° -
Melting temperature, 7, K 1898 722 (softening)
Latent heat of vaporization, L, J/kg 2.08 x 10°
Boiling temperature, 7, K 2273
30 (T'=300)
Thermal conductivity, k W/m-K 4540/7°%8 (300 < T'< 2000) 1
5 (2000 < 7)
Absorption coefficient, a* m’ 1.5x10°
A7 m’ 1.5x 10°
B m*/J 9.2x 10"
Half range of phase change, A K 50
Film thickness, &~ nm 650 -
Refractive index, n - 1.6 [3.4] at 1064 nm 1.51 at 1064 nm

“Based on measurement in this study
Based on sample specification
Based on experimental results in this study
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Figure 3.9 Calculation results of transient change of axial temperature at 10.6 J/cm®. Bold lines and
narrow lines indicate the case of film side irradiation and substrate side irradiation respectively. Dashed,
dotted, and solid lines indicate the results at 9 ns, 10 ns, 11 ns respectively. Temperature at the vicinity of

the interface does not increase significantly due to conduction to the substrate.
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Figure 3.10 Calculation results of 2-dimensional temperature distribution at 16.5 ns in the case of film
side irradiation. (a) 5.3 J/em?® (b) 10.6 J/em?, (c) 28.3 J/em®. Dotted contour lines indicate melting
temperature. Arrows indicate experimentally obtained radius and depth of craters. Color bar next to (a) is

applied for (a)—(c). Most of melting area may be ablated during the process.
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Figure 3.11 Mechanism of the TCO thin film removal in laser scribing process. Plasma shielding disturbs

development of thermal ablation toward substrate in the case of film side irradiation.
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FEGL, FEARH OEGEMTREIXR ET2 2 EB8bholz. L L, LY AT AD
BEICBWTHBEREN AT —VICET L 2 LR ABENELD. 22T, Xyt
v — A0 B 2 S (Self-reconstruction) & W ) (R HFFEIZHEH L7-.

Figure 3.12 IZ7 F > a LU X2 XLy BV E—LDOERFHE Ny 2L E— A
DHOHBEDOA A—VKERT. FUVT U E—L LD AREINDI Ry B E— Al
1A 0 IR VB TUT L S 2 28 MR EE S0 AT & B0, JEHhJE VTR & 2 S &
Fb, EEHTE—ATH D720, BHERKEICEEDR S > THLHNEER LIS LA
WAy L E - AREEEIND. 22T, ZOREYBIEQIRE o7 X< T
HoHELED, EIEOF TRy E— AN HCHHEE L, BN THOMINEARN THR
D EBZ . REITIEZEDFER - BRI REEEZ T 7.

SELF-RECONSTRUCTING

-
OBSTACLE

GAUSSIAN BEAM BESSEL BEAM oY Re,
NTENY ity

Figure 3.12 Schematic image of a non-diffracting Bessel beam generated by an axicon illuminated by a
Gaussian beam. The generated beam has mainly properties of the ideal Bessel beam - radial intensity
profile is done by the zero-order Bessel function and the width of the central core is constant over the
whole Bessel beam existence. However, its intensity is influenced by illuminating Gaussian beam (see the
bottom plot). The top-right part shows the property of self-reconstructing - the ability of non-diffracting

beams to reconstruct itself after passing an obstacle [3.35].
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—F Y| ZH L. 22T, TRV L URACEHBETLOE— LR RETARS, TXF Y a L

VRO IIRINGEREIZ R 5 TVARWI & TRy A E— LD FENELTLEH[336]. 2Dk
DWMT XA OEEE F/IMET D720, FleNyEAE—LOREZ/NSI LB A
ETaewic TR rars b X G o XY L XTHERL S VD Demagnifying telescope 723 AU
LD ZENHDH[3.35-37]. AFETIE, B2 XE2E) 1HOT7XFyar L XIEXT
THRIaAL LA L AT R Ay Ly ATHRK S L H A TE Demagnifying telescope % Ak
L7e., ZOFEICIVFERINDLIRNy L E—LAOSEHRENSVIELRFOZ LI2RY, <
vEALE—AD 0 RE—Z7 O —LRBP K HFm ETCEZbE(T 5. 208, ZOEF
Demagnifying telescope 1LFEH IRV RIRE ZRFE L, 2 DD L RO N7 RRFE N R
BLRDHAYy 3D DH. Lo T, FRDO N MMER LD 72012, Z DZE T Demagnifying
telescope & 7z,

Beam expander ~ variable
Apeiture P ND filter

M
Nd:YAG laser
I (1064 nm)

Sample : SnO,:F thin
Bessel beam generated film on glass substrate

Bessel beam shaper :
axicon — convex - axicon 3 axis stage

(a)
Figure 3.13 Nanosecond pulse laser scribing system using high-quality Bessel beam generated by

modified demagnifying telescope. The Bessel beam generated by the modified demagnifying telescope

has significantly large focal depth and simplifies optical adjustment.
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Figure 3.14 Spatial profiles of the Bessel beam in the present context. (a) Bessel beam profile at focal
point, (b) Bessel waist and peak fluence along optical axis. The spatial FWHM and focal depth of the

beam were measured as 1.3-2.0 pum and 11.5 mm respectively.
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AT, EEAE T PR (Scanning electron microscopy; SEM) & £ 5 A SE &
HAWTINLESNIZEDOIER & 7 u 7 7 A Vi, TN TOEBIZRKPERTITH
iz, FEBREAM % Table 3.3 (TR T
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Table 3.3 Experimental parameters

Parameter Unit Value
Wavelength, 1 nm 1064
Pulse width, ¢, ns 5-7
Focal length, f mm 100
Beam radius at focus, wy pm 12
FTO thickness, nm 600 - 700
Substrate thickness mm 1.8

3.3.1 mIfnfEEEL ONR FMEDFEL

Figure 3.15 (7 /L= 2 9.0 Jem?, 12.0 J/em?, 15.0 J/em® DX & /L B — L 0D FEARAAIR
FTIMLINED SEM M EWME 7 w7 7 A VaRT. ENENDOT LT ATx L
T N7V ZDORE E » F13 0.5 um, 1.0 pm, 1.0 pm T - 72 (9.0 Jem® DALY
VIRV ARZ L VBREENAEBEN/NSLTI0 um DE Y F TR T, BT S
THOLAITEB L T LE -7 ®)). ZNEHOWH EO(EEO 10 T CRIE L 7R
D)L 2.3 um, 3.3 um, 3.0 um Th o7z, — R T VT o E—AIC LV INTEIh 5
WEOENE+ um THDHZ LlZxtL, Xy E—AEHWD Z & TIHEFIT/NHNIWIED
RO, IV ZA%/NSLTHZETHEEZ/NSS L, T AERBIMLS
LZEESTEITFRETH D08, MEMEL IR T D120 T AV ZDORE E v
FH/INSL LRITNER RN ENRnhD.
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Figure 3.15 SEM images and crosssectional profile of grooves fabricated by Bessel beam with substrate
side irradiation. (a) 9.0 J/cm?, (b) 12.0 J/em?, (c) 15.0 J/cm®. Considerably narrow scribing with 2.3 - 3.3

um width was achieved.
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Figure 3.16 Mapping of electrical isolation with respect to z position of the sample. Fluence/irradiation
pitch of the indicated cases is 9.0 J/cm?/0.5 pm, 12.0 J/em*/1.0 pm, and 15.0 J/cm*/1.0 um respectively.

Electrical isolation was confirmed in 6 ~ 11 mm range of axial direction.
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Figure 3.17 Schematic illustration of region of opto-thermal modeling. Beam propagation behind plasma

shielding can be taken into account for precise prediction of temperature distribution.
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ATy T 41X
I[(r,0) =1y -exp(—A-dZ — B -E,) (3.9

ThahH. 2T, Lo —2a7a 77 A VERT. ZOE—LA T T 4 1%
E— AMERiEAE W CTEHET D, 52 E BB O W TUIRO/NEIZ TR 5.

- LT T g D E—ADRHR

B OIRIRFHFEIC 7 — U = Y.~ (Fourier optics)IZ¥ 1 2 H HZEM~DIEIEET VA H
WHAL7e. T 2T, Figure 313 IZRT Ry BB =AY = A X=X FEED A A 6 =
17°L T —D2DKEML o XL LTIRELTZ. 77X ars L XDk 2z fiig4x-Z
LT 5L, UIMERBIIUTOANTRTZENTED

E(r,—Z) = Eyexp (— ‘;—22) - exp(—ikr sin 6) (3.10)

ZIZT, wE kIFENENT Fa IR SNDORTO B — DB L AR, 2K
T M fR EERE SR COEHRIE] 0 DR FRE 2 FED 728, 2 Rt 7 — U 8L 0 RN VA
#a(Hankel transform)IZf L T& 5. BHO NI NVEHIILITORTEEIND -

Si% = kY, E(r, —Z)rjAr]o (kR;1) (.11)

S7 =S7%exp (ikz /1 - Rf) (3.12)

Z 2T, A= - ER & FEH O AM OB EZ, RITHES IS
XY MDD p EFESDOBE R T (R = 1 /Tpay). S O EAFE T L FAHE XFIEEN T 2 JEFE
EEBRTE~DAT v T ESERT. BRIIZOXGIDZW AN ZVESRTHZ L2k kD
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IIT, AR =Ry R THDH. 7T AT K DI RIHDexp[(—A-dZ(r) — B -
E,(r)/2] DGR BRI z=0 TRG.IDIE L OND. HEIL, E—LDA T
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T4 FEREMOCTUTOLSITRDEND

IzzﬂfﬂEZ (3.14)

ZIT, on, IFFNFIHHBZERTONE, EITE, BEEOFERL T, X ((3.14)
%ﬁ@&ﬂﬁﬂ?é:&m;@,%ﬁ%ﬁf77xvﬁﬁ@%ﬁ T — A DG
PIBHIZ B END Z L1272 5.

3.2 EFRRIC, EOICITARESEE AV, U AP A FEIC K 0 BVRE R
DEEF A ZIT o7z, E— MMEWIEITmR AT v 7 2T IR L, BREIEEIC

RALT. BREAT » 2B DFHHDO T V=Y X L% Figure 3.18 IT/R7.

Electric field modification at axicon

E(r,—Z) = Egexp (— —) exp(—ikrsin @)

Hankel transform of electric field

72 = kX, E(r;, —Z)rjAn o (kR;7y)

Beam propagation in spectral space i 0 (surface), pl
oz . = z = 0 (surface), plasma
s = 57 exp(ikzy/1~R7) shielding is multiplied.
exp[(—A-dZ(r) — B~ E,(r))/2]

Inverse transform to electric field

Ef = k ¥}, R;AR,SFJo (kR;Ty)

Intensity : I= @ E2 ‘—} Source term renewal

Figure 3.18 Numerical algorithm for calculation of source term of each time step considering beam
propagation in the direction of optical axis. The attenuation factor of the plasma shielding is multiplied to

decrease magnitude of electric field at the film surface.
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Figure 3.19 Crater depth obtained by single shot irradiation and calculated melting depth. (a) Gaussian
beam irradiation, (b) Bessel beam irradiation. Film side irradiation of Bessel beam leads to complete
removal of the film by single shot. The numerical model in which plasma shielding and beam propagation

are coupled well predicted crater depth in terms of melting depth.
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Figure 3.20 Axial intensity of Gaussian beam and Bessel beam inside the film with fluence of 16.0 J/cm®
at ¢t = 0. Intensity of the Bessel beam is reconstructed behind the film surface while that of the Gaussian

beam decreased critically.
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Figure 3.21 Intensity distribution of (a) Gaussian beam and (b) Bessel beam inside the film with fluence
of 16.0 J/cm” at ¢ = 0. Significant intensity was obtained by self-reconstruction followed by diffraction of
the Bessel beam (right bottom of the (b)) becomes significant just behind the obstacle of which size is

smaller than area of Oth order lobe.
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Figure 3.22 Schematic illustration of self-reconstruction of Bessel beam inside the transparent thin film
by interference of the wavefronts followed by diffraction behind the plasma. Diffraction of the edge of the

wavefronts leads to self-reconstruction at critically short distance behind the plasma.
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4.1 [ZL®HIC

~A7mxT L7 fhr=7 AT A ZADKEYIE MEMS (Micro-electro-mechanical
systems) T ORI EZFESI Lz, ERE L TUER L TETWAHMEHIT Y 2T
bW, VA OYEDIRNZE 2 5 IR REE CIEEN FTRE/R T /A A~DFTFEINE
FoTETVWHIDONBRTHSD. Z0OXHIRYRITHERLT, BEL-HHELE SIC,
GaN FE~DOHFNREE > TE TV D, SiC & GaN DAY R¥ ¥ v 7L Si OZF T~
K3 THY, mafn K 7 NEE, @EVRER KILBREOBEN L FE 72D,
RU—YHRT N ZFE L THERAESN TS, 2O X I RKRERAY RX v v 73w
BB IC 31T 2 FBmME b IRFET 2 Z &2 5. FRIC SIC 1E, FERICKE 2 E %
FH, AEZEMICHLE LTV D720, M7 SR THIRHE CTE 2B TH 5. Figure
4112 2014 TR D SIC GBI TP Z "I . ~NA 7V v b - EXEEHE, i,
ek, —ovr, Z—EVEONT—=FTNRA R, FANRY Y U TEZBIT S SICT
INA ADFIENIAFF I N TV D 0BIEL O [4.1].

%0 == 10 years long-term market forecast for SiC devices in various power applications|
800 +-v- (EV/HEV nominal scenario) |
% R&D / High T* / Others
700 £- B e -
Ships & Vessels —
Source: Yole Développement (2014)
o - QR b R T e e U A — _ J—— -
s # Rail traction
- Y - 2 - i
?‘, a0 .. "WindTubiee A -
£ » Motor AC Drive —
] I I U N
E p—
j—

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Figure 4.1 Long-term market forecast for SiC devices in various power applications
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DX D IREERT N ADFEIEL T YA BES T, TGS - BRI
D HIVTWAEIN IC F v 7 & R G BE S AICHEA BT 5 3D RNy r—2 7T
bo. TOEFEHME L THEERT AR Y 7 %fid TSV (Through silicon via,
Through substrate via) 23 JT4F7FE H 238 N T & TUV 5 [4.2-3]. Figure 4.2 [T X912, 3K
TLFEBIZTSV ZHNWDZET, RoT 407 « UL —=0BRELRY, T4 ZAD/N
BUERFIREE 70D, £, Ry T 4 v 7 - UA Y —%lib/ieldl & TT A ZADE -
RO 72 M AME S B 5. TSV ITERLEHEUSMC S, 3D-IC A v 72~ A 71
T X UV EERT D Z LI X mEEREO M FIz b X <IEH STV 5 [4.4-7].

excessive
wire-bonding space

Figure 4.2 Wire-bonding vs. TSV on 3D-IC stack. The use of TSV leads to saving excessive space and

improvement of thermal/mechanical durability of the package.

—J7, SiC OENT=LZEEIHMMN T MEMS JEHZBIC TRy 7 Lo TN 5.
BN ACFE R EE RO, RO RTA U xy Ny F U 7O TEEIZIER
IZEW, Fpre CLEB 7 I X~ o F o 7Ok vy F 7 L— ML 02 um/min
M5 1.3 um/min TH H[4.8-11]. ZNHIZHSR, SICOL—F T T L —ra itk bdzy
T TEEFMO TR, 7 ART v T EMEICT 52 ENAHETH SH. Table 4.1
IZSICHOL—YT 7L —varb— FOREFEZELEDDH[41]. Z< OFRHFITED 7
=L ML T I BETONINAL—YFOL REEEZ MW SiC O RY U 7L
BINHESNTETHD. L—F RV U U ZIIREO SOV ZARIERERIC L > Ty T
Y7 L— FBRRIBIZZET 20, —MRAICHE pm/min OO TEEZRT 2 LR35
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Table 4.1 Laser ablation rates for silicon carbide [4.1]

Wavelength Fluence  Ablation rate  Repetition rate  Temporal ablation rate
Material (nm) Pulse width ~ (J em™) (nm/pulse) {Hz)} {m/min} Atmosphere Reference
3C-SiC 248 14 ns 2 40 100 240° 800X 107" Torr 4.12
248 s 8 100 100 600* Air
193 25 ns 8 100° 100 600" 4.13
1026 400 fs 12 60" - -
1040 300 fs 10.60 - - 600-900
- <200 fs 105-180 - 50000 33 000-15 600 - 4.14
4H-SiC 1060 30 ns - 470-1800" 8 229-870 N, flow 4.15-17
248 30 ns - 230 100 1380° Air 4.18
800 120 fs 20 250 - - Air 4.19
355, 532, 1064 - - - 60x10° 3000 Air 420
355, 532, 1064 30 ns - - 8 120-840 - 421
6H-SIC 266 8 ns 1.06 35 1 2.10 LOOX 107 Torr 4.22-24
308 15 ns 220 60 100 360" LOOX 107¢ Torr 4.25-26
a-8iC 193 Sns - 200° 100 1200* Air 4.18

PEREWNCFEENE G 72T ) BV A L—FORE, INTfREE, XK, KU U7
SO ERFREE 2> TW D, IMLERMOZ ILEMNEN, 77 X~ o054, MEoR
ERRETH D120, < OFEHICL > THREIKE Tt A0EARREN T2
[4.13,2527-28]. ZHNUL ORI L - T, WKRXET a2 2 H\\WA Z & THAZ, ~A
rway gyl MEBOBAME, T RERGETEL I ENMEINTEL. —F, M
TENTZARNMOLEG & L —F OB OB CREBMOEET, WIKSHR T m 2D
FRENRITE SN R - 72[428]. £72, HUYTorE—bZHANTWDHLLLE, &%
BEINSL T EITEFICH LWVIRELE o T S,

FIWTHRARIZLIIC, Ny E—AFARy MEN/NS ERERENPBRD TEWD
720 TSV O X572 KU U U ZINTA~OISH PR ST 5[4.29-31]. 20 S
[4301IZAT LV AIO KUY Y o 72 LA L —HFoXy e —LAzHy, H
HEFENARELBRDIZFERy AL E—LOFEHDEROE L ETHEH LR 2D, T
TERLSBRDIEDENRY UV IRREETHD Z &R LT, 22T, B SiC ik
TN Ry T2 AT 22 L0, AIHE, TARAGICR LT R Wit 2 R 7
D, Ny —AEEOMTIE Y 6 OFBEMERE <, IO RU U7 RAFETH
Ao LFEZI.

AREETIL, OB SiIC IR TREWS Y UV TBEELZ OO~ 7oLy
e =27 2A~OIEAPYFES LTV D 4H-SIC 28 kHE L, TSVIZBW e —AT7 v >
TANEGONTFNT A=, INLRMEERRE TR OV T/, 4H-SIC 12
5L TCRERBEMEEZ AT D NdYAG L —V DEEAKRIE (1064 nm) & 55 2 &I (532 nm)
ZHWD, HINT T A =2 LMBOIGE L OMBBRICOVWTHRETSZ 2 L L
7.
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4.2 EREERUVFE

T BV A Nd:YAG L — (L ABE 5.5 ns, FEIEE WL - 10 Hz) D F A (1064 nm)
&2 EARIE (532 nm) & VY, JEE 330 um @ 4H-SiC MR E @I TICH T 5 /87 A —
MUY 7 RREETEIT ). KRBT A—ZELTICE DS,

- W : 1064 nm, 532 nm
=AU T AN T, RybL
< JEAPAFZER  BIRKRR, FiEK

Figure 4.3 |2y £ /L B — A FEBRR O Z "4 7F 2 L X% FW T Figure
A3 RTE—LT 0T 7 A NV EFFOZEMFWHMLS pm DXy L E— A& AR LT,
Fl, AT U E—AEIM LRIV EN LT ZOZER FWHM (32 um TH D,
HESIREIT 1064 nm OFE 1 mm, 532nm OFE 2mm LA FTho7z. KEMTIIHZ
2B HNTITY, REORTOKDOEZRIL 1S mm & Lz, KETIFAEMZLDE
— LD HUFIRE AN B E U COtlh b OREMLE 2 798 L7z, 4H-SiC 13ZE R 7T n
R=7&aNnTBY, kA FVEERGNEZRNT R—E U TRELZFHTFER, &5
JEF- DML 13 x 10 cm™ Th o 72, B — A1 4H-SiC D ¢ ST EATICIRE L=, FEB
Gff% Table 42 ICE L 5. F72, 4H-SIC OWPE% Table 43 ICE L D 5.

Bessel L2
Axicon  4H-Sic beam
Nd:YAG laser 4
A =1064,532nm G_I i
7,=55ns, 10Hz l i 5
s—_ - | 3
[0}
Water 2
. . -20 -10 0 10 20
& r(um)
(@) (b)

Figure 4.3 Schematic illustration of experimental apparatus. (a) Bessel beam irradiation setup, (b) Bessel

beam spatial profile.
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Table 4.2 Experimental conditions

Parameter Unit Value
Wavelength, 4 nm 1064, 532
Pulse width, 7, ns 5.5
Bessel beam width pm 1.5
Gaussian beam width pm 32
4H-SiC thickness pm 330
Water thickness pm 1.5

Table 4.3 Physical properties of 4H-SiC [4.32-35]

Property Unit Value
Density, p kg/m® 3211
Specific heat, c, J/kg-K 690
Thermal conductivity, k W/m-K 116000/T
Melting temperature, 7, K 2973
Latent heat of melting, L, J/kg 1.55 x 10°
Vaporization temperature, 7, K 3538
Latent heat of vaporization, L, J/kg 9.55 x 10°
Band gap, Eg eV 3.23 (at 300K)
Effective electron mass parallel with ¢ axis, m.y (mo)" 0.19
Effective density of states masses, .5 (my) 1
Doping concentration, Ny cm” 1.3 x10"
Refractive index, n - 2.6

* my : electron mass
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4.3 BRRUVEER

F ) WA —Z TIIBMRENEE TIEARWE), BESNZEMIIE—L2D LEVWEE
RO eI —&T 5. LiedoT, MBEOMERT 7L —v a3 U LEWEIT, F
TEMBHI R 7 SO ROBLEL N LTV R WIREE TRAIO SV A DS LV BrE S
THENOROD ZENAEETH D, LEVETZ LT R Fyld 1064 nm (2% LT 30
Jem®, 532 nm 2% LT 6 Jem* LR Sz, LT, £9° 4H-SIiC O L — PRI
DNTIRARTz b, I D SV A E G Lz & & O ROIR & HRICRHT 2365 8T 2
— X DB HONW T L 5.

4.3.1 4H-SiC DX A Hh =X L

2QRFEDOWE L HIZ, FTOHT= ¥ —(1.17 eV for 1064 nm, 2.33 eV for 532 nm)iE
SIRIZBIT S 4H-SiC DX RE v v 7323 eV)E D /W&, ZD7i=dh, ERRIND A
H=ALFTEBAF Y U T (H EEIEE¥) EDMINEEZEZDZ LN TED., BEKRGFHES
¥ U T RIEREIILL T O X D IZELS Z & AHETH 5[4.36-38] :

3172
L (4.1)

amZmepr? enpcyd

TIT, e dmg e n o X TNENELER, WE, AOETHR EEOHEER E
Pk, HZEROEE R, REREERF Y ) TEEn U TOL Y IcREND

ne =<4 (ﬂﬂz+nﬂ (4.2)

I Tk nlIENENA A ALSINTEARHIIEE, BUiExy V7T EETHDL. L
ToOHBERXOLY n, b nz#HE TN TX S

E
N, 2D
-1+ 1+4-gCN—dekT
c
Ep

4 ED
2gcy kT

ng = Nd (43)

N, = 2.513x101%x (300)1'5 x (M)l's (4.3-1)

Mme
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ZZ TNy g Eay by R IZZNZEN K=V JRE, HEiRE
V2 VEM, T4 7y 7 B ERT. REKFRES

TZ
Eg = Eg(T = 300K) — ax-—.

B
S

(4.4)

(4.4-1)

A F oAb R —, KL
FRE3-HhTEHEALND. £

72, IBERFEANY Ry v 73R @4 DI LV E£EEN, 4HSICOBE 7 4 v T 4~
RS A — B DfEIE a =65 % 10* VK, b= 1300K T 5[4.32]. FF—0DEHIE 50 meV
?® hexagonal site #¥E(iZ. & 80 meV  cubic site #EMLIZF CIRE TR—E 7S Tnb &

KE L72[4.37,39].

WEERIFSBIEE ) 137 4 v T 4 v 7 /8T A—H y = 0.76 [4.401% I TULF O R TRt

HIprZEtmTEs

Hmax—Hmin

M=Mm1n+ (Nd )V

Nyes
Hmax = 950X (%)_2.4
Umin = 40X (%)_0.5

Nyes = 2X10"7x ()

(4.5)

(4.5-1)

(4.5-2)

(4.5-3)

T2, e VRSB R O T HELO BBFET D L EOBEE, g I F—E 7
BENE S AMPBEERRKENWE E TIRBEETH L. N ZBBED fhw & fnin DH
MECTHHLEZD R TRETHD.
Figure 4.4 |2 5 1064 nm OIRFERAFH B F v U 7 RIURE Z R IR EF &L,
W AREL S KIEIZIEIN L TV D 2 & 353025, 2300 KRR EE £ TlE R —0Byphtilc L 5
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A F AL TRIAREL SN LTV 4. 2300 K 22 5 I3l E F# OB 723 S, [&E
HOHMBREFREENEICENT 5720, WAL AR 8ENE2 5"y, LizR-T, b
— =L ZWIT HIEEMEOREITELS RDEEZDZENTED.

1.E+06

1E+05 |

1E+04 |

Absorption coefficient, & (m1)

1.E+03

0 500 1000 1500 2000 2500 3000 3500
T(K)

Figure 4.4 Temperature-dependent free carrier absorption coefficient of n-doped 4H-SiC for 1064 nm.
The absorption coefficient increases with rising temperature. Under 2300 K, ionization of dopand leads to
increase of free carrier concentration. Over 2300 K, thermal activation of electron from valence band

drives drastic increase of free carrier concentration.

Figure 4.5 (CEMEE 2 800 L7255 OIRE FRICKE R 7 v v 2ADRERF 2R
J. dF/dT % 300 K 7>% 3100 K £ T4 LT 5172 1064 nm O L X WMEZ LT A
1128 )/em> TH Y, EREL L —FHLTWiz., Z0Z L XV 1064 nm OEHEHBHF v
U TR X OB IMBAS LTV D E R S Lz, MBI EIRICZR 513 L, IRE LR
BTN TINS5, DF D, MREETII/N SN 3L F—TH R
AT 5720, L= REORIET 2L F—0RANINTHEEO K& SRR
ZRIET Z LT 5. Figure 4.6 |2 F =40 J/em®> D & & OV 2HUT5 5 REDEL %
R 2OV ZEE NI ME L, IR E SOMENBEETHD ZENDNnD. LnL,
NIV AERE IR HIEEMLERE EOFAVUINEL 2D, RETMLOGEIT—>D
ARy MIRT DOV AN EL e D720, IMTHOKRE SORBREFIREL DRV E
Zxond. —F, ARF YV THRIUICEE SN D EEOL—FZHN TR T4
IINLE AT SHEE, MLOZEESKIBIIRT T2 2 LckhdEBE2bN5.

Eini
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Figure 4.5 Fluence needed to rise temperature. As materials temperature increases, energy needed to

increase materials temperature gets smaller.
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Figure 4.6 Variation of crater width with respect to pulse number. In the case of free carrier absorption,

size of fabricated spot fluctuates significantly at first several pulses.
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ZZC, 532 nm OWIEHEIZE LTI, N2 R¥ v v T ORERGEICEE T 50
WD, PFE 1064 nm, 532 nm O LIREKRF A FX v v 7((4.4-1) & DEEFR
% Figure 4.7 |Z~9. RE EFIZoN, N FX¥x v 732 2300K H72 9 T 532 nm DY
TZRNX—ID/NELBRDZENGND. Thbb, HE 532 nm OYTFORILA T
= A LH2300K KV IRIETHBEF v U 7RI 63 RREI (Inter-band absorption)iZ
BOLHENH Y, 4H-SIC @ 532 nm (6§ 2 WIRE S B3I 2 Z L1/ 5.
ZD1=®, 532 nm ORERFRIREIL 2 DOWINA D= A LT v TV 7 L&
SICHEMERET Y BB L 725, 2 532 nm O T L & VME6 J/em?) 23 1064 nm
DZI30 Jem?) L Y KIS/ NS 2B JHKTH 5.

3.5
— Bandgap of SiC
= = 1064 nm photon
30 F 00000 oSN~ e 532 nm photon
> 25
R OO OO OO O UOOTOOOT o OO
>
[
@
c 2.0
w
15 |
1.0

300 800 1300 1800 2300 2800
T(K)

Figure 4.7 Temperature dependence of the band-gap of 4H-SiC and photon energy of 1064 nm and 532
nm. As band-gap of 4H-SiC decreases with increasing temperature, photon energy of 532 nm becomes

larger than the band-gap, while photon energy of 1064 nm remains smaller.

4.3.2 ;NDORK

a) SNEEDIEK

Figure 4.8 (Z 1064 nm O 7 /L A 60 J/em® 12 X W I TSN 72D SEM 4% 777, K
FIILCIEZERF M TIZHART, 77U —, UF v A MEOBKNG & RENTEE D7
o TWBEZERGND. L, KFOAT YT o E—AICLDMTOHRE, 77
v DFENELL oo TWDZ NN D. 7T v 7 OFAEFMEIZ OV TIXRE Tk
XL, RyvVE—LOEE, 77 v 7 ORETHR LI 2ol LL, ROKES
TV AR Z DIZONTRICKELRY, Ry BV E—LDH A KRR —T D/ —
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U OMNMIEHNLTWAZ EN NS, 22T, A Fue—7o 7> A% 4H-SiC
DT 7T L—2ar LEVMELVIZDNTNEINoT=DITH b 5T, Z O ILiEmh
L7ZEN 7 30— Rm L TWND I ENDMND.

G, Air, 10 pulses "~G_,‘7Air,‘104 pulses Nl G, Water, 10 pulses :10“ pulses

@
A

B, Air, 10 pulses 104 pulses B, Water, 10 pulses 104 pulses

Figure 4.8 SEM images of top view of drilled craters with F = 60 J/cm® of 1064 nm irradiance. In the case
of Bessel beam irradiation, entrance of the hole enlarged with increasing pulse numbers affected by side

lobes heating. Gaussian irradiation under water environment led to formation of cracks.

B2 IR FEBRGAEITRIT B O 28 & R DR % Figure 4.9 1277, 5 1064 nm D
AT T =AML DKFMTOGEILT T v 7 ORENBFE TH o 12720 kst
SH L LT, R EFHEFHEKICERZR LS, Ry E—AO SV AEREINT 5125
T, E— 2B THB L SN ROHEMNMBBEE THLZ N5, D, Xy
BEAE—LZHWDLZ ETHIRFLTCWem T AT NMEDORE/DH Z Lk o
7. 22T, AR EBEHEEIRET 256, IOV ADY A Ru—7 O, RO
PNIUVADRINRLT 7 L—a ANIEELTWHETRIT L ENTE S, SIC O AL
3100 K EFEFITm <, FRZ L —MBOGA 3@ RITET 2 AN R TG R 72 H 45
M Z 5[4.36,41-50]. Salama 5[4.41]1% Nd:YAG L —H D EEARE & 55 2 @iikic X 500
T SICEZmIZC Y yTFEMEONDZ LERLE. HICEDEINGHREIT/NE
WHETF TR X —2Fo7- 0 Si DRSO RN & Z SN 5. Adelmann &
Hellmann [4.36]1% SiC DR RIEAS 1350K B2 ThaE VD, WIREN G5 2 L 25
BRI R LTz, A R —T7 D71 2 SiC T OREM LS WEL Y /ST,
BIRD AV NEND OBREIC L 0 A Fuo—T7REORES EH L, RIb L7 <
5. AEHWEERERICZSL, 79774, FATELCRNTA7 - I—HR

89



(Diamond-like carbon; DLC), 7 7 7 = > %, RALIZ L D AR S D RFEHTHIPIZ SiC 12
FERTRIARE R KR E W, LR o> T, 7V AEDEE 2 D12 230 TINTE Y oAb A
I, WIIRENRKEL 2D, A4 Fa—TTHLMLEINLZ LichdEEILLND.
7o, KFMTTHEZ DL REALDOEEEZMA D Z LIXTERDPSTZZ EBTND.

50 15
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—O -Gaussian/Water .
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Figure 4.9 Variation of the ratio of hole diameter over beam width. (a) 1064 nm with 60 J/cm?, (b) 532
nm with 16 J/cm®. Bessel beam irradiation indicated critical ablation of side lobes, especially for 1064

nm.

ZIT, IRALOEEEMHEND DD, MTLRED T~ 0308 %217 > 7=. Figure
410 1Z SiC i & 1064 nm TML L7 REY DT~ 7 a7 7 A VERT. INLROBK
OF HMUDOM T ENTNRNEBSICHEE 532 nmm O L—FE2WE L, F~r 7 a7y
ANE/ ., BT E—ATMLENTESEEIE7 UV — 72 4H-SiIC Bl & 1F L AL
R T~ 7T m 7y ARG, —F, Xy LrEe—ATMLINHE&XC-C
FEEDOD AN F(1350em™)E G F(1580 em YD E— 27 MR BN D, Bl DTF <
A FVIZDLC DENEEZ LI, ML LEVEL Y/ NENWT LT A% RO
4 1064 nm OREHIZ LV REICDLC BA BT 27 =— VY 7 ~DISHH AR TH
HEEZEZOND.
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Figure 4.10 Raman profile at the surface of SiC irradiated with 60 J/cm® of 1064 nm under air
environment. Red line: clean surface of 4H-SiC, green line: outer border of crater made by Gaussian
beam, blue line: outer border of crater made by Bessel beam. Raman peaks indicating C-C bond of

graphite exist in the case of Bessel beam.

b) 7T v I DORAE

Figure 4.8 TIZEF 1064 nm #7727 > B — A2 L A5 KTIIToSA, MEGmC Y
Ty IBRELTND ZERHRINT. FRIZ, 77 v 7 I3BEEZFOMEEZ L TWD
TEBRDNDS. IR Ty IR, HrUOLADRE TERSNEAT T X< KT
FE S, TN — LAOWENZIRED & & ROBFIICRKERIENEZIMZ D Z LB S
NTWV5EEZHN5[4.54-61]. 532 nm DAL, MLEAKICH»»D LT, T L
VME 6 Jem® KLV ENMCKRERTIVELATHD 40 Jem LLFTO 7 VT ATIEY T v
7 WA Lo Tz,

Figure 4.11 ([CH V7 o E—LADZEK[HPMINC L D7 T v 7 OFEAEF O 6 BE
X&Z7rd. BRAPBKHOLE LB G 7 v 7 BRETHLERH D0, KPIT
DY E LR DRE A RO, KPIMLOHEIEZ 7 v 7 ORMNEE A EFREBL T
HZEICHL, ERFOBAIFIEELE L TES TNDL I ENDN5.
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(@) (b)

Figure 4.11 Crack formation in the case of 1064 nm Gaussian irradiation with fluence of 60 J/cm” in air
environment. (a) 1 pulse irradiation, (b) 10 pulses irradiation. Re-solidified melt fixes the hot and
expanded surface of SiC during ns ablation. Therefore, the circumferential crack is formed by strong

residual tensile stress along radial direction.

SICOL—FT T L—a Ficid, IIESi N AL NE LTERL, RELHTHT S
ZEME STV DH[4.34,51-53]. Figure 4.11 75 b 7UZHEBEMABE > T\Wb Z &
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ZDA D= ALK % Figure 413 IZ£ &9 5. UV I LOHEITRORBE IR
INEL, ANV RDOREBD RN T T I RFEE Lehoto b BEZOND. LTEER-T,
HFRBEIVBRENE T T v 7 OREICHT D AN N ORENBEZIZRD ETHT
L2 ENTED. EiRFER TR IEFIZRE <785 532 nm OHE, 1064 nm (2
HARTANVNDREIDBNSL D7D, 77y I RBELIIKLS kol bEZLND.
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Figure 4.12 Raman profile at the center of the crater. Re-solidified region has strong Raman peak at 510

em™, which demonstrates existence of Si-Si bond. Furthermore, peaks of D band and G band of C-C bond

are also seen.
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Figure 4.13 Mechanism of crack formation due to re-solidification of melt.
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Figure 4.14 Crater depth vs. fluence. (a) 532 nm, (b) 1064 nm. Crater drilled by 1064 nm Gaussian beam

under water condition was not of interest as generation of crack was critical.
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IZEVINL ST EBITITIT AV FDBTERR S AL, RFEDHTHIT D728, Wi O FE iR AME
TT5.Thbb, RIGLIZEDRAADIERDBROESITHRES 52 L1025, FFIT,
KED AV SBEMRSI, RIBICE D AD ORI 532 nm LV B 72 1064 nm X5/
SV ARy E =AML D SICO TSV ICIEARBE THDLEEZLND.

Carbon/silicon layer

(a) (b)

Figure 4.15 Schematic illustration of wave propagation into the crater. (a) Gaussian beam, (b) Bessel
beam. Gaussian beam can reach to bottom of the crater directly. On the other hand, Bessel beam
propagates through the area affected by side lobe heating. Therefore, intensity and profile of the Bessel

beam breaks at the bottom of the crater.
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VIR O EREA 72T BT 5 8%E &2 Folz LT, 2 207 L A IR E O s
HoDORERETHZEIRDEEZEZ DD, 1064 nm (ZHATRAL B Tld/e <,
TNEZVABNESWEDET AT Nt aEFFORXy B R U I RAETHDL & T
BInsd., Z0EE, 1 20D/ NVATMAINIZAR Y b EOBYREIL2 DD DN
IWVADBRLREZIR T IEDLER L2 D720, 250V ADOBKMRIET 2 4 — I
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Figure 4.16 Schematic illustration of experimental setup for Bessel-Gaussian beams double pulse

drilling of SiC in conjunction with absorption coefficient modulation.
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Figure 4.17 Crater depth vs. fluence with 1064 nm-wavelength Gaussian beam. The deepest crater

depth was obtained with fluence under the ablation thresohold of 1064 nm, 30 J/em®.
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250x 400zt m; ¥D:10. Tmm 1. 7kV

Figure 4.18 Cross-sectional profile of TSV hole fabricated by 1064 nm Gaussian beam with fluence of 10
J/em®. Under 100 um under upper surface, TSV with small taper was obtained with entrance width of <20
pm and aspect ratio over 10. If upper surface is grinded as a post process, carbonization assisted drilling

can lead to TSV with significantly high aspect ratio.
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Figure 4.19 Schematic illustration of Bessel beam etching on SiC with au thin film deposited.

Temperature of 4H-SiC is increased by heat transfer from au film illuminated by Bessel
beam with low fluence. Subsequent pulse does not enlarge entrance of the crater as fluence

1s critically low.
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ThY, SERIIREINEHOBEER THD. 1B 1um BEOIEFITHMNAYZ 74
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FRAFE LTc@ it 2 7L 2 H PABE OB DRV A TRE T 2 HR L o727, IV R Y
Uy IMIICISATE Ieno o, 120, U@kt 4sE Lz, 1 7V A B IR
NGB GETIEOSORIML T ATFTFA L 2LV 52 LT, @iy
VANV T T L= a rEEET O ENARETHLEZEIOND. D LT
F0, AT TN E == YNTET TIERL, BRESHHOMTICHL S5
BROEBANEIFIND.
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’
1,500x 6.661m WD: 92} 20kY 10,000x 1.00 pm WD: 8.5mm 20kV

(2) (b)

Figure 4.20 Au thin film assisted Bessel beam scribing on 4H-SiC surface. (a) Top view, (b) slanted view.

Significantly narrow scribing with constant width was demonstrated.
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B o R aA[5.4], TPV BEOBER E[S.S1ENZETF 5N 5. Figure 5.1 [Z737F X9
2, L= E—ATZ ARyt MEERETHFEZIEIRELI ST T Y XLHA
L U RGO 2N B H. =K 'Y MEEFHICHW D EHE, U XA
FRTEEAR Yy B PRICKDBENFELFHRT DD OBIERTE2NE LD
LI, L R EFR T L v R — D T AR v M RDI A & EHINE
FHCTEDRIAEDR DD, D), BRI L v AHFANRERE R > TS,

—> eRETUXL
S

TIVXLAR YL > XA

Figure 5.1 Schematic illustration of evanescent light generating devices. Example for total internal
reflection fluorescence microscopy. Left: total internal reflection prism, Right: object lens. Object lens

can be used for measurement of fluorescence as well.
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ZIT, Blem ARy vy PHOZEMBESHRy VBB TERTES L E, =
Ny MRy BEANEMES, 2Ry MDD LESL LNy 2L E— A%
EBIEEA—FTHDHID, TRy My R ASRITERITT, fm e HICIE
HINSWAR Yy A XZFFo. 2O ARy My RIEH RO K E Vxt
ML RCHBROE— A2 BT 2L TEONDHEAENSZ . 22T, Ry
— LEERERICEN L CRE T 7 XE U 2HRT 5 FIES56-71E, L—FE—L%ZHE
B Rx oty PRICT 2 FIECHOIT D2 ERARTH 5. BEOEA T3 IH
MBI L <MD TET, WL XOBROEIE 1 LETHIVNERDHY, I5IC
mPRELBRDIEFERAABBREL T OLENRSHD. Z 2 TRERD L ZENIES A
WHNDH, ZOHEAT A MPIEFITEVONRTRTH .

ARETIE, BEHOT X ar L ATERINLI L v A7) =z "k b
Ry NVHBERFERET D, ZOR T OISOV TERE - HRRN 2R 21TV,
Sub-pm 3D FEfEIE~ DS A AT BRI DWW TR TR R 2 R T,

106



5.2 XFERTFDER

Figure 5.2 ICARMIETER LT v a L L XEHWHIZ ARy bRy BL
WHRERTFDOA A=V HEZRT. L—PFE—NFFE 1T Har Lo XEFE2T7Ha
VLRI EDATICEIT T AT =2 T — E— AR D, ZOT =2 T —E— A& i
BLURIZEH L, ZoREERET2RENSES. £HT 5L, ARREIICTT /AR
vy MRy BAKREREND. ZIT, BEEOT ¥ a v b XOEMITSEREICIT
Ko TWRWDT, KL CIRAVER AT 5. ZOREIZMES £ TRk 2 &
BHEHICEBEANSND Z L2, B LR 5. 20D, H27Far b
B ORI H LR 7 4 V2 —HE X, IR E KT 5.

Center filter Evanescent
Bessel beam

_ -
i \\

| il [ |
, Circular
Axicon 1 Axicon 2
truncated
cone lens

Figure 5.2 Evanescent Bessel light shaper using axicons and a circular truncated cone lens. Center filter is

used to shield the light leaking through the round tip of the axicon 1.

a) EJmITEREUE~ O it

M#EE L XX T7TF v a s Lo X0k a bl L7z LTEY, TOEMAE Qpe
LT DL, BIFHINIT =2 T —E—LDAKNADY Ope & 705, ZOAFAHITMELED
FRIZTFIEF L, WRICEBESNRWED, BEROBHDES IR D. HEGOE
IR SR ELSGEEE 2D L, M#EEORITRIIRELSTILERDHD. K
WFFETIE Opex = 68°, n=1.78 DR L X 2diE L. ZOHE, AXVOENS
n=1.65 O £ TR ATREL 72 5.
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b) RO TN A [ME

MR ORE TORRFIET a0 L X2 X Dttt &g i & RERER 2+
H AT =L ET X a s LRI L TEREINDI RNy B E— ADRE
DA NTUTO X D B TRT LN TE H[58-9] :

: 2
I(r,z) = 4”:;1“0( z J&(kr sin a) exp (— 2z ) (5.2)
0

2
Zmax Zmax

2T, Poa, wo, Jo, Zma ZTENENE =T — JBIFROE— LD AR, LT
VE—AONEE, IRy B E— ARAER S ND 2 fill EO R S (20, = woltan(a))
T, BIRD XS, ZORFROGE a=0pe L7250, TRy MENERS
NOBEEOMNEBEIXIEESINTREY, FE1T7XvarvtFrrrraofilfzZz252
LTz ARy MO — 7 MEITZLT D Z LI 5. 48 50 um, K 488 nm D
WO T o= L&, 225007 Fvar Ly XMOEREE = x v+ b
DR S A & DOREFR & Figure 5.3 12”9, E— A8 200 nm Oy F a7 7 AL
DELI, TX v ar L A OEREYZ mm A — % T2 LS T 17 7 A /VIZITE
Ib37e <, =2 AT 0T 4 DEME/NS NI ERND. RO L X5
DEETEE L B SN ERH D20, ZOEAERES R+ um & FEFIT/HE W,
AW TR SN NHFERTFE2AND Z LT, a) TR X ) ICREERFEEN 2N &
HED, HEFERMERO T AN MERRIFIZH E L7 &R 0n5. £z, H2 7%=
DL REHER LV ADRITIWS B THRSEHE D ZEDHRTHY, T =2 7 —
B AXEHEE ISR > TN D D, M7l v 7 37— %2REL LT =27 —F
—ADONFDO R UFAET RN, LN T, vV FE—LEANDRE, et ERh
DIHERBAREL D EEZEZBNS.
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Figure 5.3 Effect of distance between the axicons on intensity profile of evanescent Bessel light at upper
surface of the circular truncated cone lens. (a) spatial profile, (b) axial profile. Intensity profile and peak

intensity have great robustness on the distance between two axicons.
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5.3 Sub-um A—F OBEBEFFELIM I~ DA

AR TIREINTZZAR v bRy ANRER FIIMD TSR E—2RE
YeHhH UEALEFFOTZD, O T/NIWAR Yy MIEE L, EKGEE Z 32 &3
AIRETHDH. T2 TIET OB E U THIIERE LN TA~D s AT REME I D W TRRE 21T
<72, Figure 5.4 |[ZM#EAHEICH T D BAREFER AR 273, MEEE I s & Rk
IR R EA T HEIEIR & EEITEI N T T A EE, D= T A OIS b
filgz o A "x vty FRy AN THILSE D EREZITo72. 1K 488 nm O T L2
AF =% L, R 565 nm LU T ORI OGS D LTS A2 vz,
L1561 THY, WA= T7ALHIEORE TIEFHICEBI T2 LD, ERSE

% Table 5.1 I2F LD 5.

CTC lens
photosensitive resin
—
high index glass

Figure 5.4 Schematic illustration of experimental setup for resin curing. High index glass was connected

with the upper surface of the CTC lens by using high index oil which has same refractive index with CTC

lens and high index glass.

Table 5.1 Experimental conditions

Parameter Unit Value
Wavelength, 4 nm 488
Beam power, P mW 0.05
Exposure time sec 15
Refractive index of high index glass and oil pm 1.78
Refractive index of photosensitive resin (cured) pm 1.51
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Figure 5.5 lZ /3= A LTk S 7= SR O N FBAMEEIX & Wi 7 v 7 7 A L%
R AR 72 BRI CHE I DR 235 DAL, B LR A & RS RRE SixENE
A 310 nm, 3.0 pm x 3.5 pum Tho72. TARvEY PHONS W LEL D,
LD DR G IEFITNEL o TWDH T NS5, L, R(B.1)EG2D)ZEHNT
R SN D ER EOBERO K E ZIFE X 70 nm, EAL 200 nm TH - 727280, B O
REIFZENL Y RE Do, SRV DN BIRI B EEEA R GAI 2 5 A 72 =K
FRBNETH L. HBIEAIN L —VHEZWINT 5L TN E ) ~—FEDOR
J~v—2y NI =7 ORI ORR3 5. R ~—Fy NU—7 DAL 3 IRITHFMNIZIA

HE 2 H 0. BRIS, Yo F A4 VBIEAIR 2 =Ry RBHEOEAICHW B HA1T,
BRAGAIFE LI b UG L2 <, IENICIRG L TCWABES T L bIS LR W=D, L —
PN SN TR L IR L 2D 5 Z & 1272 % (Dark polymerization) [5.10]. 4 [A]
R T O YEBRIGANC BT 2 B HMITRIT TWD DS, TP BT - TZBGEI O LR R
FORY w—y NT =27 OILIRD T, THE LV RERBALAR > MY A X035
bl eBEZOND. £, WA—H T ARMZITT AR vy METRE S5
DS E T o H A T/INSBREBCDAFIET D2 N0 b, ZiubiI i 7 AN
PrRRoOBELICEEIh L EZ bR D.
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Figure 5.5 Example of cured resin illuminated by evanescent Bessel light. (a) Top view of confocal

optical microscopy, (b) cross-sectional profile. Size of the cured resin is larger than theoretical illumiation

area of the evanescent Bessel light.
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54 F&o
RETIE, MEOTZ AR B PRy BANE =L = A =% ER L, KFRDOE

P &R ~D IS A ATREMEIC DWW THHE 21T o 7. Z OREE, MY 7 BN &2 1T 5

Z LT, BRE 3D YU A —HFETE L TOIAMERH D Z ERrI Tz, BT,

Bohlcmizx s,

e THxVaUTHXVar-FHENEAERL A TEREINIMYL Y AT Y —lrx
NRE vy bRy ANBEZTZRRE L. HEGHICER SN "Ry
Ry v I DTREE AT OB R A VT, SRR O SR MMEE B HENIE
WIZEWZ L &R LT,

o ZONFEFEHY, MEEBIEOESM T 21T o72. =Ry Y My kL
HDAR Y b P A XL sub-pm TH Y, JEL I 310 nm, FEJ7 M 3.0-3.5 pm D
Wt as5 2 LR TE .

o ARy MY A XLV REZDEDIHEOLNTREE LTIE, SBGHAINZ Ui
o TE/~v—FAEDORY~v—Fy hT—27 ZHRL, EAFIKN? 3 RITICIEN D
O ThdEZEZLND.
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6.1 FEDFLD

AT TIE L — RN L7 2 & 2O & EIZmT T, R FORBEE L—F T 7
L—a VEIBOMI LD 2 00BENL T T a—F L, IR OFFEIREE ZT LT,
FITHEEMNTIES HNBNTWD T /B A L= T a2 2RI L, i
FELOVEREZ TR L TWAIEBERICB T AICHE b2 KFEICB W THE LN
FEREAAEZUTOEIICE LD S.

W2 R E T E AV ER e — Ay = A 28—

CW L — VR AL 73 T OIFBIHE EER T o 2 B R it D FEZE I DV THRER - fif
X VE L7z, CFD & v —AmiiEa 7 ) U 7 LEEBEET VICE DV I =
L=y g URERIZV U A E— A RIZBIT D ERMRE L —HLTRY, #oLyH#E
FOEFAEICKT 2 BRROREZ BT 2IChleo TADIRFETHD Z L0 L
TR o T BEETAZ AN TT 2 7L E—ARIZEIT 2 BARMEORMEBE R LT
A, kDG &R D O BB R & ORI i A NSRS D 2 LT ko TRRKRO
WEBLRME L O O@ERT =2 T —E—ARERTE 5 Z LRENTE.

T BV A L= IR AR R T IX B O F 2 ORFSEIZ KLV T B A JERE
e LCTSHTTRE TH D 2 L A O ITe > Tz, ABFZE CIREBER O X8 & R~ T
BAEE T V&2 O CTRELF R FITBIT 2 FEFRITREMIT OV TR EZITo 72, %
JER OB A FBIICHA LI FEREREL, T/ BA—FIT T oA T a—72fE
SIS FTRE TH D 2 & A EMEMICR Lz, BB OBREMN TICB T, EFITEA
MfEOFENWEMITH L EBEx HND. 4, ERICLDIBENHIEFIND.

3 TCO WD TS ) SV AL =PRI T4 L 7 OEE

F B Z L —F & W WEIIN T 7 1 2 DR EE D —> T DK %L
AT TAETDO—FETHD TCO HEDERE A I =X W& TR L, HiREtT
NaERAWTHRAEZITo72. TCO HEO X 5 I FRBRE S BBE LY KEWHAT,
BT 7L —2a VTR VIEOREMTON S Z &R0, LRI T2 L— VR
WHMOREIRETOT T X<l HERT 5 Z RNk T

ZOMRERANTRy L E—LAEHWEIN TV AT A RE L. Xyl —A
IXEPTIR A 2B 2 72 BB FRETH 272 DIE 2.3 um EIEFITHEE 2 A 7 T4 L 7R
ARECTH o7z, Eio, MO TRWVWEREEZROTLOY U T AALERD DN MED
Ml EICHET 22 EEFERMITR LI, &5, Ry E—A0HCEHHEELHWT
7T AW DFBEEIMZ IR HH VAL L D TCO MEDERRENRETH D Z
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LEAERBIUOBMEETLEZHWTHLNNI L. ZEEHDO T 7 A<kt EE L-Hia
ETINVOMEIEIZ, 7=V ZFOE—2MMeRiEE v 7V 7L, KB ®»
NNV AL—HF T T L —2 gDy Ialb—arNAalETHL I ENRINT.

4% BT 4H-SiC O L —VEREIN T A 7 = X L OfifH]

WA B AR B & L CHEH 21N CW0 5 HfER SiC OEE/N T.o & E L E
BIEL, N7 A—NY v I & To7z. R - E—A7 077 A0 - IILEERSE
DL RTRER, 2ROV 2% BT 256 SiC OFEKHIZ DLC B2 S h,
LEVELD /PN IWVWT A ATINLEIND Z ENghole. 20, Nyl
—LADEHRE =T THILINTLEW, HiN2T AT MEO@mWINLIZIZER S
ol £, MFRZRSOREVEETIEI Y a2 AV FOFEBEICEY 7T
7 OFENRFEEL Y, WOV ZAORINAPIEIT B D Z ERRI .

P 532 nm X UHERE 2R BRSO A BRI BN RRERIUC A #L S
D12, WIRENIRE EFIZ L > THEFICREL D Engmnole. Xyt E—
DT A NAODJE Y I BARIET 2 O T, — I Z O K 5 Zeii\ R R AT T
FHETLIHER LD, 22T, LEWVEIALZ VALY /NENT VI ADH T LR
NAZRHT DML FEEZRET L. 205G, WahMEth 26T 2 & &0z x v
F—HEPNEL D, 1 7SV ZBIEFAR Y bOHLORIUESZm< L2 2V ARIZE
DARy FTHRINENT 7 b—varaglEEo3ZLickb.

—7J7, 1064 nm P L EXVMEL VBT L= X TINLT % &, DLC B DU 2 /4
MRENZH W2 RN D FEEE S ) 2V EE2/NS K THZENARET, RER7Lvz 2% H
WA IR TN DIEN R Y U IR ARETHDH Z ENmholz. ZO%ERE
(LD T — PRI O T — /3L 0 R&E W=, MERRHFEL T & T7 A~
MEISTBEOEBANEOND EEZXOND.

FOHE T ARy by VAR T DR

BEOTHar Ly XA THMAOT AR vy Ry B NI AR T 2 B3
L7z, ;L v ARngERL, 77X ar L X VW3R NEERTH DT DI
ICHRl T SR MEOBWHEE T THDLZ EE2R L. TOIGHORARE L CHEE
AT T TR IR L R 2 M L7z, Z OfER, JEAITIZ 310 nm, 1F 3 pm O IEF 1T
MR A ERCT 2 Z L ICE B L. B Lo "Ry PRy BAKD ARy b
YA XL REREBAEIDG T2 I, BRBHARY ~—xy NU—2 2T
DML THDHEEZONDDTHLHLEEZLND.
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