¥ a4k

AR NS ()

R E s AR S R 5 R A se e S L ERT D
Diva

3@3&'@ H: Si-Si Wafer Bonding via Ultrafast Laser: An

Experimental and Mechanistic Study

X He e 47 e BT 14210217
% B B S AT R T AR b
£ B T

HSPBOT_ Fif KBS
ARSI Sy B __ RIS
AR ST AL AR T

2026 £ 5 B



RPN = e s A A N7

AN Wik, 14210217 KEEAE: i A A A AL FRb iR S TR

O S I B fE i i [ B 5 S 06 S AL E T IE ", AR NAETR S U

RN, ST, b ARTSE TAEEA BRI MR . BRI
CAE I B NES, RS CAC AR HARAN NBgE A B2 R R 5
BEE RO SOR o 0 AN S50 BB rh A B S TR A S AR A,
CAESC P BB 77 50 . AR N8 R IR B AR B VAR A R A
NA&AH,

LA EEEL: AL
sswnss. A4

20264 5 H 7 H



-2

FERERE A HCAM R T = 4B RS (3D ICs) Sl R4 (MEMS) #2511
O T2 SR, ARGua b A& Aomi 4 R n#y, 5 IARIR HE T S BUs MR E
P B RS PR R o R PRS0 B R AR SR AL B TR N BRI X DA ] s )
B XA, BN RIBAZIRIN AT AETT 5 o ARLESERR S, 8 PO =
T 28 FER by 51 R Tk AL R 2R R B 080, BELAG T fe A2 F T 1A R, BUE B
A A ML

ST, AR TTAESRE HH— b4 e v 8] J2 0 3552 R B (08 PRIBO i B 5 7 22
AR RS W IE R S| NBOEEE L2, K 1064 nm WOERT
200 pm JERREF E IS AR TR 79%. [FII, R FEIRS Ti SR R E, If
H&54 MATLAB (i B Ak e B, 23 268 106 AR B AE S X IR TR AR

SIS IRR ], FETL IR E SR N, WORTERE N 5 S TCVETE A R R
Pe: TSI Ti A JS, S T2 30 B2 A0 (2 2 S0 R e T 3
A JJUESE T SR REEPTARINSG o8 . I8 It — DR Ti SRS, WOk SRR AL B Rk
MEEE SR SR, AT WX IR 7 Ti &8 K REbeh, e EERER T
FREMHRE THEN T RITBES .. B TAERKERN VIR, 28 Ti 4k
RERSEEERZY 5 pm (¥ 7 T A] BRUR AR HUL %

ASHIFFCIRAE T <2 Ja8 v 1] 2 A7 A (2 B8 DRSO 1 1H A B DO o A 21
NSBE PREO - S IR AL TSI IE 5L S

KA.
HREOE; AR RPREE; BOCENER, HEH

II



ABSTRACT

Silicon—silicon bonding interconnections represent a key technology in three-
dimensional integrated circuits (3D ICs) and microelectromechanical systems (MEMS)
packaging. Regrettably, conventional silicon—silicon fusion bonding requires global heating
of the wafers, which is incompatible with low-temperature processes and temperature-
sensitive materials. Ultrafast laser bonding offers distinct advantages due to its localized
energy deposition, small heat-affected zone, and customizable bonding areas.
Disappointingly, the extremely high peak power density of ultrafast lasers induces strong
nonlinear effects inside silicon. This hinders effective energy deposition at the interface,
making direct bonding difficult to achieve.

To resolve this issue, this work develops an ultrafast laser silicon—silicon bonding
method assisted by an antireflection (AR) coating and a metal interlayer. By introducing a
common optical AR coating into the bonding process, the transmittance of a 1064 nm laser
through a 200-pum-thick silicon wafer is increased to 79%. Meanwhile, a Ti thin film is
sputtered at the interface as an absorbing interlayer. Combined with fixture optimization
through MATLAB simulations, the deposition efficiency of laser energy at the interface is
significantly improved.

Experimental results indicate that without an interlayer, the laser passes through the
silicon wafer without causing any effective material modification at the interface. In contrast,
introducing the sputtered Ti interlayer produces clear, symmetrically distributed
interference fringes and regular modification structures, confirming an enhanced energy
deposition. By further optimizing key parameters such as Ti film thickness, laser focal
position, and single-pulse energy, localized ablation of the Ti metal is successfully triggered
within the interference-enhanced regions. Consequently, clear Ti element signals are
detected on the lower surface of the upper silicon wafer. Analysis of the Newton's rings

indicates that the excited Ti material can migrate across an interfacial gap of approximately

I



S pm.

This study demonstrates the effectiveness of metal interlayers and AR coatings in
improving ultrafast laser energy deposition at the interface. The findings provide both
experimental data and a mechanistic reference for realizing ultrafast laser silicon—silicon

bonding.
Keywords:

Ultrafast laser; Silicon-to-silicon bonding; Metal interlayer; Laser transmission

welding; Anti-reflection coating
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RIZLAN X3 o 3R Il SRRSO I L4 7 D9 PAZRPEIR SO = 5 5 AARZR PR O
LS E
FESCPR N, TR R KL o 5O E FIEIR L L, AR RTIRZ LS5

HZF 2R T RO SRR AR Z . BLMV S HI AT 2 1 1064 nm
Bt (B TREEZ L16eV) MBI, HTIHIGTREENS T 4 fn ke =R T 4 58
JE (1.12eV), M EZRIDNEITLRIERI, 24 TRIBEN =E,/hv=1. St

SEIF AL T 7 1) A1 B 7R - B A s A 2 i o )
I(z)=1,e" (2.2)

Hor To ANSOGE, z NAEFRREL . AERERT 1064 nm BOGRIBRI R EEUN (a

10



2% BbAEEn Ak

=10 cm™D), MEMEICEBEIRE . M AEHT H BRI AR, B
MRS R B3 e T AR . ARSEEG BRI — 22 5, DL R EARIERAE B R
&L NEBREENRRERTURZ, SSOUEOE SR B (K 2 sz . 4810, b
BN RE B BUR R BT, AR T AR TR e RN G B R
H A8 B B8R TR E VRN IR 300 K T+ 1140 K I, AR
e ZHFT KT 10 e BURIHE K ZE 2x10% em! DL _E o 3R 20 AR RS0 AT 14 558 2
SF D 1 SE A Jikar (e n I #R B e MR, R SEEL 1064 nm BOGTEREA R
O ) B B B — o X T A S IR RO, Bk R SR I A A TR A
P HCRAE R 8], R m ORI T2 LG S50 25 5 i 2 g 3 S AL, S ki R A
0 BN A2 AT R . BEASSCHTR 1 300 kHz AT &, AHAT KR bs (£
3.3 pus) R FREMBI ARG BN AR . ST REE AR AT BORE, BkopA]
[T AR FAEE TR AN RERE, kil (B AR SR AN P R AN T o B TR B, A4 AR
i 10 MHz B, J5 Rk 75 RETE A — kb B 5 MR 78 2097 BT B 1E F X3k, AT T
A A e T A R RS

FEEZ R, 1550 nm A1 2000 nm S5 Bt TRERE X, LAMERISIRAR, Jasn]
UL TCARFEHL B RERRL, 1 KD R RDER PR AR e e (B T 22 % B, W AR AR s AL
WOR 26T B SRR R S R, TR T 7 T 30 B o v 1) = 2 () e v 9%
1M, IR B R T2 SR =5, (8 RHURE Lol iid o i A & . 1064 nm
BB B AT, B B R T Y& M s O REA R Py 350 s A st 3
e (KD 558 TR T i GRS I RIZON, A SO 7T A%
LIEBL

2.1.2 BREOLE RS 8 TR S & TR AL E

XFT 1064 nm EPRBOY, i T RS TLMERIC (V=1) #4174
46 B B TR T o R AR Ik A e U AR A T, IRy B il 3 )
SHFEEISOL TRE R, MORRERE R (TR AR IR, SRR TR R 2R Y
Ko UL, 1064 nm G ERIOE I AR s N A8 SO AT BN BT IR 2o S
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2% BbAEEn Ak

HLTES 2 3 TBOK R XU B b (R LA 12410,

XA FIEBIP BN 1550nm OLTREERZ] 0.8eV) Hok, POt TREEALUE
FIRAN I ERIE, 206 7l (MPAD BN E 3 A OB EL 1550 nm 941,
HZ eI 8 N=2, B0 (2PA) UK ER T- HT N B MPA 1K
Seide R 5 Esm N IROT RRAE L, I REAAEAR =y V(B T 5 R A R ROk A B
PRAK O EAR [F) P 2 D 2R PR RE B 4 2 KD 5 B MDA I TR 77 11
T SEEIAZE BEZE 0 AU i B2 1), 3 T PRIBOYG BN MPA SIS Hh i e 0ROl
RIS . X+ MPA,  WRSCIE R 5 5058 (11 U5 Bk L«

w(l) = %I(r)N (2.3)

A, By N2 TR I WL S B LE Y SRR, R S

Jm.E
Keldysh 444 S % y = @ E £ . fF 1550 nm HLESSLIGHRE T, p (B T 3-9 2 1A
e

(y»1), RYIZIHETHE (MPD 2 FMECRNLEI . E RS R BB A
5 1064 nm PN A S 3 ORHILAI L 5 A — il R O R

TR R AT RP A, R RSO TS 3 B B0 15 5 Ne A )AL R 2 )
i G I AR T RN BLA R T,

dN., (1) _ 27fy 1Y)+ aN (1) _NO 2.4)

dt Nho Ty

A AR A I = TR O AN R ) B LA B BB (AT 932 3F
ZEVER BN WHD L R E (SRR PLASIRIE . 7E 1064 nm AT (RS
N=1), HUUHA AL CEE R 7 AR, S5 R AP SEBr b3S i
U545 MAE 1550 nm WOk T (B N=2), H—TUAR R0sF RIS 2,
R RN Jim B S5 TEORN LRI R k5 1 56 B 14 o 18 P S I Jes A . A
Rl i 7 I W BUR R BOL T RE R IR PO RS A B, Al
HLES RE G 15 3 S5 B0 1A R A R R 4R B R T

12



$2% BhAmEEns%k

FRBOEAE T Z W AR, Bk i - S s 8 715247 O 2 3L RF R U 1
I 18] RUBE 7 it (I 2.0 BARTI S, fE KPR (fs-ps) MIRRIEE Py, )8t
SR ARG T IO 5 I O 19, 67 IR S il d v B R e i, iR AR Gt
Pr -3 T SR TP A U AT G g SR AP, B8, fEREE IR
M RN (ps-ns) BrBe, 1A FHIER AN R TSRS B G, WORER 716
L 2 I R AR O X EEEIE R 1 TR R R A A A N
TEESFIRRE S, RGN R A e (872 H LR PRI R . &
&, P EFFP (ns-ps) BHA, BT RGRRNBERZEMBUS S MR, AP
AN FEFTRAL I B, K BT 20 BE B R WD S R ARAR G . 2RO DAL i R
IR AT 9, FFAERDARE N B A A K AN R TE S B A5 # AR 57 o

HRF FFIRUL
& fif &R 5

BRT-BRTRS

b IAUE HR T T

EEA
$RT EHEA
HR BRTY

B 5%
ﬂgggﬁ S8

BAE
; : | : | |
106 1075 104 103 1012 10! 1010 100 10® 107 106  10°

fs ps ns us

| | | | | |
T T T T T T

2.1 BERHKIER TEREENIE LTSRN —REEARESBRE
B, REENESETE

2.1.3 FHEAE S5 AN I AL

FOCTE N RE B B T RF 2 b e, AL AR 2 1831 T DA K St T Ak F) A% 5
VERE BLREESCRCH R A BRI 7337 I AL o (EAE RS2, 1064 nm 5 BLFIHOE I L ik
M RAREZS, e T PRI B IR A [F R vz 2 B, A2 0 B B
T AR X0

13



2% BbAEEn Ak

ST 1064 nm G0 Rk, Bk RREER [RZ K T B F— i A A= R A IR (49 1-10
ps), HLT RS 5 mEAEbkot N B Rk B /i 4Py . R = SHvI#, Wi

)0 IR B GRS RE /0 5 25 1 o S R PO T HER 5 R A R PAEERE S 1 S v
AL, FANAD Bk R T O R AU T

1. ~2/Dr, (2.5)

Hr D ARG BURE (L8 0.852 cm¥/s), o ANKITHRFEEISTA]. fIOK 220K #4
PR L B A e 7 IAGEm X A RN . IR RS T IR A & 53 Hoh LR, Ak
PRR AL T W AR AR S 3 T BB FANL 7737 (R 5 AL

XFF 1064 nm FZFP KT, BRhRFSES 8] 5 - @A st IR TR AT G, B O
W (2.5 MEDONIKREWROKREL, IGEM XA KRS, 72 WA RS2 2

HLES 2 TSR XU B, o 58 1 A R ok s AP X R ) A, AR R PR
BRI L Az OIS o 4E 1064 nm AR R, SEES 1B HOSON 5 FRAN ( B [R] 42
il ZE O HE B (Rt O R i N e 4 FHL T e B 1] BE R AR A% 34 ) o X I SRR R D)
5 e o oMb N R e T2 5 AR o

2.2 S SR

2.2.1 B4

AN TR T — 6 R E ORI 280 (LGW30, HFRDGEE, K2.2),
%P B B O IR 1) & B4R OB A2 77 1Y) BLAZER-IR-10 AU PEOG8s, HiAR
FEPRIEE 15 ps HIKF %8 FE . 300 kHz B E MR DL & 12.8 W (I EC K H TR . N

REMS1E SEBRAG A ) B SRR i R T AU EE 500 FEAMEE o S 8h, B ox SEIG M i F0 47 B
R g IR SRR B N 755K, RO AR SRR, eV T R 3T
PR TERFRIRAE 7T, A Bh 55 CCD WL 2 4t Ae % SR AT SR HZ X S5 1) S i TS0
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2% BiAmEEnyk

22 HLEERE

222 REEMBESHFERTEME

TERER BT RAEN B, R EARIE— B e BRI (GP-L200-300C, ELL
R A A PR A A SR TER . BT R WG IR BRG], E B S H B
HIZORTOR, T AR O IE 3 80 e T3 DA K0 UPE ik X S it KA
TE TR P A DROE R A L A1 8% 5 2 0 A

YR BHAR T 238 (SEM, Quanta 600F, FED) 38 i Yt 4 1 R4 o AR ELAE T
JE PR & B REARL T15 5, SRAGBURE SRS BN PREE A5 ., R RALROK . 9N
KRG TE T B ZAM A EEOmBE . BRASZ. HihG. RIS, ]
ARG AT B I AR R R A 4 P s ) o SROCE A R AT
SeMt T, MR B A R, PR IR U T X SRS
BLEREM AR ST A5 50 R SRS 5 AR AR 5 55 e e 9 A FE TR, BRI 25 A )
S MR L, RAARBEAXBRTESE .

R B (OB (EDS, UltraDry, Thermo Scientific) 5 SEM B¢fH, il e
FIHRBORRE R TP AR RORHE X 2R, XRER T & 0 3 KR 8 5 A0 £ Bt AT JR A
Mg BT, T T RO XA B AR R AE
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%29 smithakl R0k

23 (a) XFESHERBERS; (b) HA5HAHEFEMRE (SEM) 526
Sty (EDS) &%t

2.2.3 WEIEIRETHEREAX

TEF SR AR G AT, WAda b S R LA I R e 0O P v S
B BB AR A, BT L T O SR VR PR P TR o A S A (R R W B A
(VTC-600-3HD, VLFHAERS BB A RA T ) KM PR B, 33 v B
ol B 2 THT A A T L SR I TR T4 TG BT BRI . s T 51 N TE A
G TE L, BRI B R SIS IR A, RIS R LR, AR
TARIGBUE . BT . 1A C & = ARG RN, SCRF 2 RS B IR T2,
AT A S v < e VM ) o) 5

24 ZEREEASTRETHERR (Y
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2% BbAEEn Ak

2.3 Bt LRESE IR E
2.3.1 BOLARSEbr e ik

TEBOEIN L, ANE B & B AR E SRR AT, SECUH RS
PR RE B IE IR SCRR R RO S B0 AT S AR D, 8 R0 F O
() B bk o e B 5 0GB T AR AH B A 2O IE & . A SO 7T B T 58 R BIBOBAE R
R =40 A0, N5l E 1.2.2 Ik, SIABOGREE R EIENEE NS FEiEIR. Kb
THEXPOCPE SR (DOF) #HATARE, THAHOGRE % B 5 5 SOt E L.

IR RAE BN T 72 RS B R0 TR L, AR SO = ks
HALFLR N P E A& ME B EAE S AET T RGibr e . mii e sl R P AL 1Y)
JEPEEAR (1/e? 3 FIfiAfER (DOF) 73l AR ARG H:

2

dffgg (2.6)
2

<Dcur=2Zi;2 2.7)

Horp, 2B CRSEER T I BOG AR 1064 nm), £ o8 FERGIAT 2R
¥E, DANFERER, M2 AR FEERET.

WOLIR L R GUR A NA = 0.4 M B2 SHET R E, ADERER Din = 2 mm,
Vi AT R BE D B8 B AR S RO Az et e, R

fon 200
=t = —— =10 mm 238
Jon M 20 8)

ag

WOt S DR ADER TR TR E A M =1299, M;=1253. AN ERA
X, HEABHISERER do~ 8.6 um, XN EEIR DOF = 85 ums

3 7 ARAE A 3 T R AT B P o T S 56 %o SR BB AT SRR, S Btk £ vE
29749 16 pm, BERKTEISTHEAE, 6P E PIMIER IR . & WZE F2E T LU TR
. 7£ 300 kHz B EHR T, WOGHREE 56 R I ILALC R P EER— BB X

17



#2% BbAEEnyk

sk A ZARLT 260 ANk 22 ik AR SN AT AT OGP X S S B 2 AR,
AT 3 S S I 2 38 K T Bk AR Y B ELAR

E 2.5 BAREEE 10%INE T kimsk s
2.3.2 KBS HTH

FERR S RGN H R ERER S RIRS IR, ATt — DA R R A%
NROCELR x-z BB K, UERHEA R RGN RER I SR EHE . U
FEM BER A S BT & AR e R L RE 7.1 kK em ™PIWENSZILUE, XM R R
JiSEHBATREE T AR SCEE T RTHOG IR R SR NA = 0.4 B8,  DAR SR
RIE [ R AL SOOIk AR AR o = AR AT R ) NA=0.85 5y NA P8 XL af Rk
W, ASi RAERGEIREK, ERERIIMN RIS, f AU E R A LA 3
TR RL S BT 5 A

100 :
[_1d=8.6 ym, DOF =85 um
801 [1d=1.06 um, DOF = 14.0 um
60
40+
N 20
Pl
Eﬁ 0 -
% 7.1 kJ-em™
20F (EERR L B1E)
40t
17.7 J-em™
60
80 F -
B um
NA =04 NA =0.85
REXMH

i

Bl 2.6 FCLBERESNEIRENHEETEREETSSHREMNMEFELE

18



$2% BhAmEEns%k

NARGHFTEBOCDI R SRR, PLE R fe;=300 kHz Ayl € 5611,
£ 10%—-100%Lh 2 19 73 LUV Fl A RHEOC S BOf AT IR 8, 45 RAI TR 2.1, #Z2ER)
RSV

Pout 5 IhH E 43 LU0 R B ) AL FIMORTh R bR e 15 51 S ik B & -1
PR S E R s

E =z (2.9)

WotimE (GETE RS R MY ot sRre 51 i Ab B 6 B AR T4

AE,
F=—2t (2.10)

Hodr d=8.6 pm WA RGE NA=0.4 %4 FHFLRER EA .
PR BE B %5 3t — 20 25 FE WO TR il ) A2 RS Bl N T e =00 -

F

E =— 2.11
vol DOF ( )

H:rf DOF=85 pm ¥} M AV

3= 2.1 BASHIREE
AR A Pouw@ 300 kb ReE Ep BOotEEF  REEEZE Eval

tt (%) kHz (W) (pd) (J-em™) (J-em™)
| 10 | 1.6 | 5.33 | 9.18 | 4.59 |
20 35 11.67 20.09 10.05
30 4.7 15.67 26.97 13.49
40 5.9 19.67 33.86 16.93
50 7.3 24.33 41.89 20.95

60 8.7 29 49.92 24.96

19



2% BbAEEn ik

£2.1 (&ER)
WEASE  Pouw @ 300 K RE &= Ep BOLBEF  KREEZE Eva
(

(%) kHz (W) qnp (J-em?) J.em™)
70 10 33.33 57.38 28.69
80 11.2 37.33 64.27 32.14
90 12.4 41.33 71.15 35.58
100 12.8 42.67 73.45 36.73

HI 2.1 W, FESATRAENM T, ALK L1 ks TR S, Botk
BE B M TE TR L) 20% (R Evorc10kJ-cm™) DA RIAT#E T REA R M BRE (7.1
kl-em™) o HSZBRAEFZ DDA, 55 BT IR K8 2 WO SRS AR A i 2T
R 2.7 Fis e AITTAERE Hp™ A JR s st . ACSEe 5 SR Ak HE L S B IR SR, &5
G, B T 2 X AT R O B S5

E 2.7 FEFHRERINR

2.3.3 WOLSHCHREM B A SR SR BRI

ik L LR BR S HUK I, B 2.8 Ak BE L BUESLAE (NAD
5k ZANERE , R T B PREOGTERE P A R v AR A . BRI — £ 5
AR, RS iTH#e LEHE DRTi.

R 2.8 (a) THA X, BERMT NA = 0.85 fIsREELME, KT 5 ps
IS, Joie B bk b e 2 A oV e o LA AR B M AT 1518 R FE 2 VAL FR e )

20



2% BbAEEn Ak

ik T R AT VA T 3l i, 5 K SRS o/ R T A I R S A O S
FERURRIZL, BEEWY z 7 IR RE AL, R A A i R R R A R A
o dbAh, ERKTEEBBE G, RERILUIATEIE ENIRCIE: 5.4 ps T e
HZ1 R 84+17n), FARMIEREL) 0.27+0.08 uJ, KT XA C X, fEEALLL
TR, = TUMEEN D X, dERMEHUE S e £ R ER SRS, EXEE
B R R

BE— 5 1.3-1.55 pm PBOH S 807 A GEiH 87 ) NA A B[R FEA7 1
fH: JrA1E NA<0.65 NEATIIZ T —Hidl, NA BREHCENRT 0.65-0.85 2 [a] (&
2.8 (b) PREEL) . LB M 2B K TE 4 R SRR T WD K E TR R A [
AREARER NA3 A Red T AR AR fadsk, A kit S &
S, NA=0.3-0.5 IZXFER) A5 R A B AT,

WATIEZE (15ps, NA=0.4) B2 K 2.8 (b) W] UL: Jhk 6 4k FE LBk T 46 ik
L HNA = 0.4 BT BE, J018 W] 85 5k B & #0 J0 2tk N B X
1% NA AFERNA R H—, BEFTHE (n=3.5) SINMRIEHTH 550 NA 2
—BREK, NA=0.4 X R X AR NA=0.85 KA 1, IEEREERE %
—ANERLL L H T, SRR K T AR A B RS, R B RS SE
BRI SE 44 AR TR R 2R, BB VTR B FE RS U85 . DRI, & NA A
JFAE FIAE T R 4 AR LR A ELAE PR, i DR B 1 S5 28 1k o i e 37 2 i 8 IR,
T AR N BE RS

21



$2% Rtk Rpyk
(a) (b) o
1.95 v/l T 3dpsi 00 6 HELESH:
ey T R | , NA=0.4, 7=15 ps
T8 ,I 2 : : | : " 1000 \
S b HER-Sued EEA A T ——
3. 8 : 13 2 o TSI > o EE &
s f ] ol S 100 \ ¢ FAsm @aTsmmE
F S ! \ HEE R
|l B i1 M 06 Um0l PR o e
e : | 14 R : N
ﬁ: i I '-:5:046 : = AP % N
s . ‘ I I N BRoEEE (W)
== () | - : = |n=:027 | 1 i \\ | | | ——
B :E}I__ __ D ! | . 0001 2 4 6
. 004X | 01F e W e c
--------- |
J_/I/ 1 1 1 1 1 1 ;I ----- ‘: :
50 0.01 1 1 1 1 1 1
026 ]H?]G’i = '(8ps) el = 00 05 10 15 20 25 30
N ) . R ———— NA
_ =+ sz PA AN —1
2.8 (a) 1550 nm, NA = 0.85 BEZH TREMEIAINMEERIKTE-EEHEE.

FE'B'XA 100%XMEN; "A"XKFEIRE, TiLEEZSEMITENE; "C'XEE

ERTMERE; "D'XATEMERELERT, FEIHEMEEREEZETE

DA & Bt . B MHEEI 9 E R 1000 AN Rikom 2 ZE AN [ 2 Ao

A=}
BeE

THRBASNMTER

IHMEMERR, <FRigRAEBMERN S, (b) 1.3-1.55 um SEER T EMEIREBSEE K X

PR ES A AKEE-NA BIESRM: STOE (B XS R & pkH

[ 24w B STk
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% 3% FINSETIEMABRM L - gL TE 5HIE

£ 3 E SINERTEENBRALE- RS TZ5HE

3.1 3|8

FE 78 7 BRAR G PRIOE 5 T fe ek FL s & O B LA 55 [ IR A, T BOATR S
FEIA RS S REXM T, K ERBEN LZW OPOVAR . T8k, A3
BIF 7S I AR X WO s g4 R PE BOC RO BB R G AT IUAL, 102 M TAFREA
S, 73 A BOCAERER R Tl A 2 5 S Ab RE B DL BRI ] R
VARIPI

EEXT SR — /NI, ASSORERE )R BE B 600 pm ik ZE 200 pm, FEAE R THITRAG
B, RGP N IERME BB RIRTE 79%. FXH AR, AT
S BV BV TG s el e R S NSRS R R ) P DB iR AR G s
e TR SOk T E NS A2 57 T AL SE I R R RE B R 15, AT Dy Jim 2 AR A B & I AR
T R AL RE TR

3.2 BREOLERE-HERES LR

HIFRERBLE 1064 nm KN RN AFAE SRR . FRIE GO L2 35 B TR U
RN, AR A SEBR AR AL B 5 T LT S BIME 2 8] A7 R AR I AR L 22, Xk LU T

#; 1 300 kHz fm ERHURARIT, AR S B IGE BN 5 50 /KRN T T — 2
BE— BN R B RS s T R B s 2 Ot IR RME I, 7 AR B B EGR T E)E
PFRAIT S A AR, S5 88 1 AU RN S T 7 2 TR AR 4R o = RN R 25 A A A
BEA AR AL B AE LN S EASig e, DR ZHE A SCIebr e € 2z B sebein
AR .

PRAEJTIEANE 3.1 s KR B TR BOSBUR R TR 2 b, BRE T
T iEmE S Rz (3.0 (@), lid Raser z 8T EE, Btk
AR R AR TR R, AR z fhAE AR BTSRRI

23



$3F FIANEETHENAAEELAE - #2ELTY 5

SRR EIE (B 3.1 (b)) A CCD Xt B be i S EAT Y S W (B 3.1 (o)),
PABEThBE s fie /N B JER BRI T AL XS ML) z s A Oy SERnFR T 2tk . 18] 3.1 (d) e
T B PR e R R — 2D AIE S T RO RE B Rl @ i A R AR L T 2R 1 B
R/ AP

El31 BIRTRE zHMTER: () HRS5BETRTHBETHTRENREZ
£; b) TR z HTEESAEBRBTRT LB TARMENID; (¢) CCD MEEITRE
ook ; (1) REREERREBEAR LRHRRMIRIE.

GAIE T 8] 42 8 J2 0 T SE IR OB S A I B, 1 S TG B I B R
HIREDUEATIT IR, SRE 3.2 fin. S, WA EARSSESIRET
S B TR FIFEE TR AT (K 3.2 (), R TR
FFy 5P R 5 0 AR DR LT R A i ORTR B U s e U5, B 3.2 (b) i
CCD M 5 R0t B H IXCIEE 20 EAT R B R

SR, K ik e 2r B a0 A Ot T R (18132 (e)): EERA K TR
15 N 2R 0 R R AT Ot SR, RIITE AT SERAE T, WOk R AL
%32 200 pm JE_E R VAR S IAL 51URH B B . B 3.2 (d) AT EEE
B RS BAEUBCR B, AT LA M BRI 7E 5 W0 B Rl X 38 30 T 9

24



$3F FIANEETHENAAEELAE - #2ELTY 5

RHIBERIE, RTES R R e i, RUIEEBLRERZ R, WO Ak e
BN R LR R B B S BE A BARE MR B, g8 e 1.2 ik, Efe
ot ThA CRKRERD 38 fm BIR K ICVE /8 o i ek e el R et , X2 dikd
BRSO 5 BT NSE, Lkl eS8 s S k.

%%//%%

El32 ZHEEREERES: () FRETERRKELWETEZRAES; (b) FHt
BEENCCD BA; (o #maBRUNRAFHtFdEREERN (BRAEER
BERATRESTREERLEZRR; (O TRERLEXAMNAZEEMERAE.

3.3 A REEOLE S RER R S HE R
3.3.1 ANFEERE S EL X

ek LE S [R5 P8 AN TR A A S 10328 T 38 m) 228 SCHRES) AE R 4 S 600 pm
HIZEAE T, BOLTEME IR AT LR AR FEIL 36.8%, BT 36.2% IR H
SHRE, B BIE R A HE OB RE R LR 27.0%. 7ESVIEIAL, NIFbHs
— BN ECNIB ST S S RS TSy, T TS A SR B P R 2 B T 4
REE FIR I, A SCRE A TR T 600 pm 458 ZE 200 pm, UA4EAEEOGLERERD R
(AL R, WAt ISR o IR (32 I SRR B T 41.4%, SRT AR TS0k
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% 3% FINSETIEMABRM L - gL TE 5HIE

FH 1550 nm P BHE 50% 1017 1S 224756 AL
3.3.2 REEBIGETT R =R 5 RERE

BRI R T R GRS KOS 0 R B 2 A
SO — L, i ST RE A 2T DA B MR TR . TP 3.3 () TR

<ﬁ”zm%ﬁﬁﬂw,ﬁkﬁﬁﬁﬁﬂ%ﬁm&

SRR R e R T (14 S S 2 TR BT AR » S Il s S 10 SR s il % . i A
TAEAF IS RO s A S, AR R TP R, BEARESE R N B A U AT A ROk
1

WE R R By e BN

n, =/ng-n, ~1.88 3.1)

£ 58 15 B HL R S BOR PO R EE TR R T, e (HFO2) 3T R BN

T ERHEARAE . HO HA M S MOt i BIAE, Xt 1064 nm BHOE T L-FIEW,
INZ A R Rk 2 2812°C BEREE R ASAVERRRSE , A& G A R ARISI) P B AR AL
B ARSI RBOCRR IR N AFAER TR . XF 1064 nm FIBOGHT S %N 1.97
BONBEE PTG BB o X L P 75 B SN -

_i_1064nm
4n, 4x1.97

~135nm (3.2)

N, ASCER T 135 nm ) HFO2 $4EME, 73 )6e BT SEl R n i 3.3 (b)
Fzs, ARBEAEA 200 um & 7B R0 41%, PR N 79%.
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% 3% FINSETIEMABRM L - gL TE 5HIE

(b)

100

3 T ;
I HIERE
BER E
n_ " 80 (1064 nm, 79%) = —
| (1064 nm, 41%) ;
60 [
S .
e 7 Y
. - : !@
20 -
ok

L L L ! L HE
600 700 800 900 1000 1100
i (nm)

33 (a) BERERARIE; (b) RRESEERNSIEE TR R,

3R 3.1 HIH T AF A FREMRL SO RIS U 26 BB I % . ARSI
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3.10 (c) ¥ Ti JGZ EDS [ 4347 B 7E B i X 3k A 2 30t B 2 ) T A5 S50k, R
WL IS Ti BR ARG R, S-S FBEE, Ti w R AR R AE T =0
FH AT B 3.10 (d-F) XTI R R R R BT R ) SEM 3
& Siv Ti J6Z& EDS i B 3.10 () H7E 2R FREARME] 7 B8 A
1 Ti t&ES, 5 SEM EEG (K 3.10 (d)) Fa] WAERLIR TR 7E 2= (B A B L
FEYE . X R EEAEY, ERotRmRE R, RO R ERE A L Ti P
JEMRVRAE T s SRR, B4 Ti LA RROR ST B RO R 9 I T 1
JERE T TSR . ARYE U B S LB Y1500, T DUHEIRT i 2257 1 AR B

34



$3F FIANEETHENAAEELAE - #2ELTY 5

FHAEROET S 1 5 RS A A AR T ks ANTTTAE B 2 1R SR e 0 ) 1)
bR Ti {5 S AR AT N R O 5 3 S R 1 A B A B RS .

B

(a) (b) : (¢) Ti
b e

M Ti

50 um

3.10 200 nm Ti &BEHME A THNBEER: (ac) A TEREHLEREA SEM
X EDS ElG#i#E; (d-f) A EEFERTIRE SEM & EDS ##E.

35



$4%F BuHRD

Ha4E REESREE
4.1 B4

A G TR G b B B A X — IR R TT AT 7S . an& 4.1 PR, il 401X —
FARBRRA R R TE T REMRL 5 (P BRI 5 BUE WO B 2 MR Z T S . RE
T AN 5 AR LR A W 2 B A R R PR T O B AR I UTAR, R AT G R
FECTAAE ST ERNA B2 TR, MARE ST S5 SR SRR #
75 58 RN 5 56 AR RBOSE I B ) 8« W0 S U2 T R RE AR AE LB, S bk e
3R T2 T 55 B TR bRk, 300 kHz B AR A 2 LU SR % IR RN,
1064 nm (I8 -KAEBIIE £E TR0k DA BRERRHZE PR IRCRE 5 o J0 Hb R] 2 ) B S0 A
S2E EERAE T BRI, WOGEE 200 pm FE 5 ST AT ARy el PR E, P
E A TAT AR 2] T B HfIESE o

TECIEAE b, ARSCAGE S AR AR 22 1) R B R = AN 7 1] 43 il 3R %
T8 o 375 5 28 77 T, KA JEE B2 A 600 um 87 22 200 pm {87375 ZE M 27.0% 1 % 41.4%,
F4 135 nm HfO2 $EE It — 4R TH & 79%, BRI HRIEZE 3% LT, CErEieik
fR. 1527518, InFocus BUA U7 HAR/R 14 —HEF 51 AW 65 pm Hl [ FE ALk F
F R IR A0 T A SR PR AT A MG 22 AL B ™ B R, SE e 7 JOIE R Je B . e
DURITIH, ARSI R0 5 % T WEBVE A a2, DL o ol i s Wi
SIS R IR E A S

FRTr R R RS LA E] T, 51N 20 nm Ti PEZ)E, FIEE
Jv ST B FR G [F O IR TP 6 U5 MU SEM BtV ERGE, ESE T Ti A S i
REE A& I 9L BOR . XS 200 nm Ti JEAYHE— DR SR, EIEOETIR 55
BIRIE )G, WESE TERROR 2 BTS2l Ti Z IR/ beit, SEM 5 EDS i
SIMTAE LR RE R TR SRS DU 2 B A 1 Ti DUBYS 5, IEWA Ti S R 065 5
Py Je 3 v PR B v 5 R4 5 e FEORE R IBDBR 56 AT 95 R THTIER A4 A TSI 57 T e %
A AT 1 B IR

RAEZIRT I AF, ARHF R AARRE SR R0 77550 B A RO s 4

36



$ 4% BELRD

M TCE T i B 1) 588 45 5 B8 71 54 3R AE,  AHA SO RO RE B AEREADRE BT I
PR 5 IRENLHIREAT 1T RS0, WP 1 PREO R i 15 B 5 F) S B HE 28
SYEHEVAR, ARSI TR AE RS % .

| MRHEE

| £REHERE
458 MR L | EREEsE
| HREE
SIRFR | EHERE
' 1%
gEEm || Fmea

BIRECLE-ERE

,7 BRCHRER — FETIRER

AXBH  gepmz || nmaus

| ETRET R
IR R AR
L | ZXFmK

| SRS DS FHNATBE

HEHMRMER [ SiHEE ’7 Se IR

LM HER — RERBN

\— FBETHRHENE

4.1 BREAEE TR RIEPR & XA SR E A AR FEL
4.2 RFKEE

FE LR 10, DA S e B s 7ok B iR R Rl 0 U I, T 7047 AN
SR B RERTAIRE (29 5 pm B0 LERE I A 25 (8 20 A A B 3R
Jrv BT B X e it [ 5 37 5 R T e R R A R ) Bt e e A D P4 A i
J A30347, [RIS ORAE AR dh_EMTE A S B Ot on h, I EREINE SRR 220 AL BT
JRERIRANA o ARG 5 I ) B IR 206 22 0 S/ e i e, D SIS T AT U EL BB Ak 2 B 1

AT -

37



FaF BHH5RZ

FEF I RE R AR & RCR IR TR T, IUA 7 588 Ti WA ¥ ST SRR ek
Fra&im, HXF 1064 nm FOLRIRICR SZ IR HAR SR AR, AR B
ke Ja £E 0T 5| NSERIHoT TRE R B, T8I D62 B K I B 24 4 e v 18] )2 & 1)
ROSICE iR NUES 7 ANQIEIEELY Sie IR SEA T DR A Y S ke E I TR r
TEHIRIE S 1064 nm FIH KA HAULAC . SR MUTIIR AR R A SHOE IL 7
BESREE T & RAUK A AL, KIRIRTT Rne &% L, w8 254 240 H
GO S, 2 O S AR RE AR SRR, AR EARBOL DA S B R 1Y
G SR A I L2 A% .

38



PETE

[1]

[4]

[5]

[6]

[7]

[8]

SEEk

TR, £E, KEZE. EIEOCHRRER A RS BHEI. o E R,
2022, 37(3): 360-367.

Khan A A, Nguyen T, Trinh Q T, et al. Wafer Bonding Technologies for
Microelectromechanical Systems and 3D ICs: Advances, Challenges, and Trends[J].
Advanced Engineering Materials, 2025, 27(20): 2500342.

Esashi M. Wafer Level Packaging of MEMS[J]. Journal of Micromechanics and
Microengineering, 2008, 18(7): 073001.

Ke S, Li D, Chen S. A Review: Wafer Bonding of Si-based Semiconductors[J]. Journal
of Physics D: Applied Physics, 2020, 53(32): 323001.

Jia X, Luo J, Li K, et al. Ultrafast Laser Welding of Transparent Materials: From
Principles to Applications[J]. International Journal of Extreme Manufacturing, 2025,
7(3): 032001.

sk ER, 6T, k. B PREOLE KR ESCRDE SRt E[I]. F BB, 2020,
13(6): 1209-1223.

Yuan H, Li C, Yang B, et al. A review on ultrashort pulse laser welding technology|[J].
Advanced Optical Materials, 2025: e01852.

PNRI, PVEEZ, DREZR. R MK O IR AR B B A R FEHERE )], ot H b H
TEEERE, 2020, 57(11): 290-299.

Richter S, Zimmermann F, Tiinnermann A, et al. Laser welding of glasses at high
repetition rates — Fundamentals and prospects[J]. Optics & Laser Technology, 2016,

83: 59-66.

[10] Ji C, Yang C, Wang C, et al. A review of the progress and challenges in ultrafast laser

micro-welding of brittle optical materials[J]. Optics & Laser Technology, 2025, 192:

113570.

39



PETE

[11] Tamaki T, Watanabe W, Junji Nishii, et al. Welding of Transparent Materials Using
Femtosecond Laser Pulses[J]. Japanese Journal of Applied Physics, 2005, 44(5L):
L687.

[12] Watanabe W, Onda S, Tamaki T, et al. Space-selective laser joining of dissimilar
transparent materials using femtosecond laser pulses[J]. Applied Physics Letters, 2006,
89(2): 021106.

[13] Ozeki Y, Inoue T, Tamaki T, et al. Direct Welding between Copper and Glass
Substrates with Femtosecond Laser Pulses[J]. Applied Physics Express, 2008, 1:
082601.

[14] Penilla E H, Devia-Cruz L F, Wieg A T, et al. Ultrafast Laser Welding of Ceramics|[J].
Science, 2019, 365(6455): 803-808.

[15] Boyd R W. Nonlinear optics|[M]. 4th ed. San Diego: Elsevier Science & Technology,
2020.

[16] Polyakov D S, Yakovlev E B. Influence of burstein—-moss effect on photoexcitation
and heating of silicon by short and ultrashort laser pulses at wavelength 1.06 pm[J].
Applied Physics A: Materials Science & Processing, 2018, 124(12): 803.

[17] Rethfeld B, Ivanov D S, Garcia M E, et al. Modelling ultrafast laser ablation[J]. Journal
of Physics D: Applied Physics, 2017, 50(19): 193001.

[18] Chambonneau M, Grojo D, Tokel O, et al. In-Volume Laser Direct Writing of
Silicon—Challenges and Opportunities[J]. Laser & Photonics Reviews, 2021, 15(11):
2100140.

[19] Couairon A, Mysyrowicz A. Femtosecond filamentation in transparent media[J].
Physics Reports, 2007, 441(2-4): 47-189.

[20] LiZ Z, Fan H, Wang L, et al. Super-stealth dicing of transparent solids with nanometric
precision[J]. Nature Photonics, 2024, 18(8): 799-808.

[21] Verburg P C, Romer G R B E, Huis In ’T Veld A J. Two-photon—induced internal

modification of silicon by erbium-doped fiber laser[J]. Optics Express, 2014, 22(18):
40



PETE

21958.

[22] Chambonneau M, Blothe M, Fedorov V Yu, et al. Extreme optical nonlinearities
unveiled by ultrafast laser filamentation in semiconductors[J]. Nature Communications,
2026, 17(1): 1701.

[23] Sopefia P, Wang A, Ganguly N, et al. Enhanced reliability and precision for internal
laser processing of semiconductors using temporal domain strategies[C]//Nanoscale
and Quantum Materials: From Synthesis and Laser Processing to Applications 2025:
Vol. 13352. San Francisco: SPIE, 2025: 1335205.

[24] Chambonneau M, Li Q, Blothe M, et al. Silicon—metal and silicon—silicon ultrafast
laser welding with domesticated filaments[C]//Laser-based Micro- and
Nanoprocessing XVII: Vol. 12409. San Francisco: SPIE, 2023: 1240903.

[25] Sari F, Hoffmann W M, Haberstroh E, et al. Applications of laser transmission
processes for the joining of plastics, silicon and glass micro parts[J]. Microsystem
Technologies, 2008, 14(12): 1879-1886.

[26] Ernst M, Steckenreiter V, Kajari-Schroder S, et al. Laser Welding for Processing of
Thin Crystalline Si Wafers[J]. IEEE Journal of Photovoltaics, 2015, 5(5): 1335-1339.

[27] Sopetia P, Wang A, Mouskeftaras A, et al. Transmission laser welding of similar and
dissimilar semiconductor materials[J]. Laser & Photonics Reviews, 2022, 16(11):
2200208.

[28] Forget N. Processing of semi-conductors with advanced light control[EB/OL]. [2026-
05-26]. https://www.pepr-luma.fr/en/projet/proseco-2/.

[29] Chambonneau M, Li Q, Blothe M, et al. Ultrafast Laser Welding of Silicon[J].
Advanced Photonics Research, 2023, 4(5): 2200300.

[30] Chanal M, Fedorov V Yu, Chambonneau M, et al. Crossing the threshold of ultrafast
laser writing in bulk silicon[J]. Nature Communications, 2017, 8(1): 773.

[31] Shayeganrad G, Kim J, Lee T, et al. Stealth dicing of silicon wafer using 1-um

femtosecond laser pulses[C]//CLEO: Applications and Technology. Charlotte: Optica
41



PETE

Publishing Group, 2024: AM3C.3.

[32] Tokel O, Turnali A, Makey G, et al. In-chip microstructures and photonic devices
fabricated by nonlinear laser lithography deep inside silicon[J]. Nature Photonics, 2017,
11(10): 639-645.

[33] Ganguly N, Sopefia P, Grojo D. Ultra-high-aspect-ratio structures through silicon using
infrared laser pulses focused with axicon-lens doublets[J]. Light: Advanced
Manufacturing, 2024, 5(3): 1.

[34] Wang A, Das A, Grojo D. Ultrafast Laser Writing Deep inside Silicon with THz-
Repetition-Rate Trains of Pulses[J]. Research, 2020, 2020: 8§149764.

[35] Wang A, Sopefia P, Grojo D. Burst mode enabled ultrafast laser inscription inside
gallium arsenide[J]. International Journal of Extreme Manufacturing, 2022, 4(4):
045001.

[36] Wang A, Das A, Fedorov V Y, et al. In-chip critical plasma seeds for laser writing of
reconfigurable silicon photonics systems[J]. Nature Communications, 2025, 16(1):
6733.

[37] Blothe M, Alberucci A, Alasgarzade N, et al. Transverse Inscription of Silicon
Waveguides by Picosecond Laser Pulses[J]. Laser & Photonics Reviews, 2024, 18(11):
2400535.

[38] Yao Y, Vergara A, Tang Z, et al. Feasibility Study of Layer Separation Using 2D
Patterned Internal Laser Damage in Silicon[J]. IEEJ Transactions on Electrical and
Electronic Engineering, 2026, 21(1): 143-148.

[39] Yao Y, Vergara A, Tanaka S. Feasibility Study of Layer Separation using 2D Patterned
Internal Laser Damage in Silicon[C]//37th International Microprocesses and
Nanotechnology Conference (MNC 2024), oral presentation. Kyoto, 2024: 15-D-2-3.

[40] Yao Y, Dong Y, An H, et al. Non-optical-contact and clamp-free laser transmission
welding of CFRP to fused silica via ethanol-assisted interfacial modification[J].

Precision Engineering, 2026, (Under Review).
42



PETE

[41] Sugioka K, Cheng Y. Ultrafast lasers—reliable tools for advanced materials
processing[J]. Light: Science & Applications, 2014, 3(4): e149-e149.

[42] Gattass R R, Mazur E. Femtosecond laser micromachining in transparent materials[J].
Nature Photonics, 2008, 2(4): 219-225.

[43] Sundaram S K, Mazur E. Inducing and probing non-thermal transitions in
semiconductors using femtosecond laser pulses[J]. Nature Materials, 2002, 1(4): 217-
224.

[44] Das A, Wang A, Uteza O, et al. Pulse-duration dependence of laser-induced
modifications inside silicon[J]. Optics Express, 2020, 28(18): 26623.

[45] Polyanskiy M N. Refractiveindex.info database of optical constants[J]. Scientific Data,
2024, 11(1): 94.

[46] Li Q, Chambonneau M, Blothe M, et al. Flexible, fast, and benchmarked vectorial
model for focused laser beams[J]. Applied Optics, 2021, 60(13): 3954.

[47] Wang G, Ding Z, Xu F. Orthogonal GHz harmonic dual-comb generation in monolithic
fiber cavity for acquisition speed multiplication[J]. PhotoniX, 2025, 6(1): 2.

[48] Han X, Wang Y, Hu J, et al. Deep 3D laser micromachining enabled by kilohertz-rate
adaptive energy-flux compensation[J]. Optica, 2025, 12(11): 1811.

[49] Chambonneau M, Li Q, Fedorov V Yu, et al. Taming Ultrafast Laser Filaments for
Optimized Semiconductor—Metal Welding[J]. Laser & Photonics Reviews, 2021,
15(2): 2000433.

[50] Zhang X, Zhao Y, Wu M, et al. Ultrafast laser packaging of glass and silicon:
Microsturcture and mechanical property[J]. Optics & Laser Technology, 2025, 184:

112538.

43



B A2 52 A1) BUAT 69 AT AT AR R

Mk 1 FEXREEENRRE

LUREIRTSS

[1] Yao Y, Vergara A, Tang Z, et al. Feasibility Study of Layer Separation Using 2D
Patterned Internal Laser Damage in Silicon[J]. IEEJ Transactions on Electrical and
Electronic Engineering, 2026, 21 (1) :143-148. (SCI, s 1.1)

[2] Huang Y, Wu H, Yao Y, et al. An Ultrasonic Vibration Scratch Tester for Studying the

Scratch Characteristics of Materials under Ultrasonic Vibration Contact Status[J]. Actuators,
2024, 13 (7) :262. (SCI, FZMiAT 2.3)

[3] Yao Y, Dong Y, An H, et al. Non-optical-contact and clamp-free laser transmission
welding of CFRP to fused silica via ethanol-assisted interfacial modification[J]. Precision

Engineering, 2026. ({244, SCI, 520K 3.7)

LW
[1] Yao Y, Vergara A, Tanaka S. Feasibility Study of Layer Separation using 2D Patterned
Internal Laser Damage in Silicon[C]//37th International Microprocesses and

Nanotechnology Conference (MNC) . Kyoto, 2024: 15-D-2-3.  (IH3k#k )

LR
[1] #HE, ghim, HHEM, S —FH TR REN &S RS2 E: CN
220649966 U [P]. 2024-03-22 ( 24ZHD

44



it

B

B, VERASCHAR S EONBL Y 20 2 2 I E AR R, S Az
ZIMA AW T 4 T IS S8 PURAER S5 B A T 3R B A 3 o 5 ikt
PRI SL A AE SER AR | B 5l B Ean 7 B0 & 5. &

AR PR S TR IR @ IR S K, SR A HE T

FEARBH BL, B T AR A K I T 5 3 e E M. IR IMZe T 13K
TR B R, FRVFER AR B 3 ML PR R ORI E UG8, JFAE SCia 1 RS54
WRARA 25 7 XUE 51 Ao IX B P AN BB N BT Uk ) SIS A, R o
825 5 i o e 71 AR Z P 25 o

L ) H A ARAL K1) Andrea Vergara 25 Shuji Tanaka 2 i/ 2.0 )8
e ASRHYI IR 122 B vy 7 42 Pk BAR AT AE 21 1 W T AR B BRI RHIE 20, S =4
MEMS U IR JZ 1) 2 AR R SR 1 B O£ 14 5 #3& T Z K IE X8R . Andrea %
IR AG BTFEAR S 1R 30530, R B IR A P B A S A ) EERS 1 3l 1 2
—o BUAN, ERETEIIR S I R BAR R A SR AL T L, AR, RE R TR
= [ R S SR QAT R AR R AR J— R R =PI 30, 2 A AL B R
Wraiike, KKIRTE 7 3BT S5 IR A

[E] BF, 9B SRR 75 AR O S AR R A 5T AR O], A e ik 75 2 W, A A,
ST R L o B H MR Z B FE AT, AR IR R o T X B S i 78 SE 1 R 2
N

IR ELRBIX A A LR AT T8O N T8 e A T A P AR R A 1 iR
ARIUTIHE, FrBORAm IR 1 BRI A ARLET , ERZIR M 1 A B 4ET5 3.

BRI SCBE S N o SOKIT A Ff U8 5L A B 5 e LR (17 URATIRGS T 3K
FINEM S ERL, R FRATAT I E AR A R

fJa, R B R R A R E .

45



