Ultrafast Laser Processing

Author : Dr. Koji Sugioka, Dr.Prof. Ya Cheng

—
a}

x12 Ho|X 72 e

A 7|27t} OpHe

ag|0|X| 7|& H¥=, Riken, 2-1 3|220f, k3, AFO|EtOF 351-0198, &=
b g SIO|ZEE 2O|M=2eh MedE

gt 8l Y2 9ot 450] Aa, = Apstor7Hh|o|

AbAE 800-211, &510] 201800, S22l S 2t=

ksugioka@riken.jp, ya.cheng@slom.ac.cn

Pt

% ofM (of, T2 X HE = Yo[M)= Mz 7t50 HE 458 A=k ABE= =1

o
=
HOolME oM 7|27t 28X S0 22| AFgEICh O ¥2 =& oM 7t&of §

1B

98 JIEsh = , 00|32 % Lt 7 E3}, Ltx ablation, ¥&X &5E,
£ Mz W HY, Ho[ ofst 8l LAY S8 =t Chefet 7t 7|=0f CHsl ZHEFS| A7

rot
Il

1% YOl 7tS: OFO|AZ0|A Like7tX|2 # e

3| $7]27k9t OFs WYY

XMEH ©2013 # ACHIE rahA}

ISBN 978-981-4267-33-5 (H& =), 978-981-4303-69-9(eBook)
www.panstandford.com



mailto:ksugioka@riken.jp
mailto:ya.cheng@slom.ac.cn
http://www.panstandford.com/

1.1ME

0% YoM =4 HIA (107 (ps) ZECH B2 & H2E EE5ts oMz Fol7
20 of7|0fl= HEN0) (fs)2F ps [O|XM7F ZBHEICE AZ|L|HHAE @ [1], #THRE AF3 [2]=
198740 Mg22 1% 20|HE 0|85 Iz 7I52 StAC A5 fs UV A O]
' E(heat-affected zone=HAZ)0| Bl&0| Ho| Q= Ez|HEIELMOES 2
2l ablationg AIHRUCE D=2 ablation SX|7} Lt (10°)(ns) ablation 2Lt &&3| HChe= At

o
=
ASHACE ok =% 20|X = BHEAF S0 Q3iM =2 52 FE[34]5 4d57] ME

i
Tb
Ot
e
ne
08
00k

e
N

Hot SHT THRSHA ablation® = UASS
A ALt O] HAHEC| FFH2 CHTHSIRU 7|0 O] 2Ok CHet A= 1990ECH0 258 =%

EACE =0& ZO|M= oXf 7|= A7tet Cidet S8 20 RFROM X2 =77t E|07t
z XN 7

1% HO|X 7ts2l St EH2 7t 82 [5] FHO & 20| oM d=oty =
[6]O|Lt EBt=xot AN ZO| THESHALE EMX7| #/2 Mz0| HAZ Bids L27|X| R=lie
Ao|Lt, FEof & =hibs Xttt AMd2 L 2 Y 7189 ST gEE HHA7IE
ZO|CL[8] T ablation HX[ 2K MZ|0|M =1% 20X T2 Cidet MESOM OtEE
Ch EWN B2 37|58 #4& L Ty =8 g9ttt [9-12] =% 20[Xe| £ LHE 2% §
g2 oo gt oz =% 2f0|X ©o| CHohM FFHot SEME H dd (5, CHEA
ST 4% € 7Y + AUChs AOLt [34] L&A &= wElt SM €2 Fdet
SO B BidE ot 3k U g5 1

F 00|32 7t ZtsA ebh o DR
7

HMdg g0 ofst 2|2 o8 He 3¢ fd=S A= [17]

T AL HOIN AIAH M50 ALY wHe AN YOIK I AR SOl Y

CHEZ uvIAIN Zo|X 0ALHO fs 2fO|N Zt&0f Cigh =7| EHA S+

Ut
ULt = D=0 &YOILt BHEASHA] g2 HUEY s 227X @1 ofHX|
0

@
[e°)

-
|

Hi=St= TiAMINO|Of XHAY ZE7| [18]2] MZ ™A ZZE (chirped-pulse amplification, CPA) A4
= 1990WCH =% 2o|N 7t52l 7|= A ME2 X|ES FRACL 2000 CH[19]0= OFF &
ol M HA FTET| [FCPAIZL HL O S& U7t SHHEIRUCE HIE Ti;AFLIO|O] A|AEIO| 4

o = O o
g% g2 2ot 2N J-oHT OE 22 S ER 0[N OjEO| CiojeE HES O|8ct &

= —
it &2 ObQl ultrafast 201X A|ABS THEEH ASERUACH [2021]. HEH S0 Hgs
Of A|I&8 7|2t ps 20| M= A H =2|At ES}5HRAL.

o] 2 %1

oI

ol 7tEe| Ed& M 2Ty 2| #H O/M Z|A7ts, #H Of0]

oy

A2 3 Ltk PR Ltk ablation, ¥&X &5, &3t 77|, Ho|O(0|3 2 &, HO|HC|ZH,

1]



1.2 X0 3 0|X 729 EM

1.2.1 H|GHGEEwW) 7tS

|0

o

ro

S™0| WK = nsQt O 71 WA 2|3t ablationd} CHH|SHA
LSt ablation2 T™HY ME 7t5S AT = UE b M52z O|f

(o]
=
2o M&ot ofH4X] ZHZ HHELE O tE2 =& Y ojM i =of FA 227t 24¢
(o]
=

BYo| =SSt=H7tK =8 fsO|M 2= ps7t 2R FICtH [2

0% Yo[N A0

< +>+
]
il
o
Am
0x
rlo
=

g Z=of ek 1-100ps THe

=
O[Tt O] AlZh2 FAZF EX FHO| =SStz AIZEETH EW ZL} [24, 25] W2t =205 2f0[X
i3

—_ - L

£ B8N0z MAE JlFelol HXIetS WHE O|TX Pt 10| WA LS 4L Z
Bxoz TR PO BA OfL{X|S] Yento] R WEECL o DY 00|32 7B

n>

HAIZ = U= HIEH 75S 7hsotA oot

-

xn% HOIK BATL HEH 43 [M 12112 SES RIS Of7|0|A ofFe| Qo]
C o

Y
ol HAZS| ddE AMSCL Ol 2 ¥k 850AME DEFZEQ OI0|AZ 7SS 38t

252 fs ns BA A0 CisiA & =t ZO[E HlwCh 20N =2

Y2 HETO FA-EZ= HEY EHEY 2O B2 201X B2 Fo A0M WEZS 0K o
S

=

A= geits Set X 2| Glo] HXto| QlsiA S+51 ofe Mt 28 AXtz HE
(o]}

EOE [5] 2222 YOo[X =A KXo FHX|Foz & =it 7ol FAY = ACL HEZ2
=59 87, UA-Z= HEY A2 ps OILf [26], Ol =& 2O[XN o] A ZRL I
71 Zi0[L}. of2fgt & i &8 Tn0l 7HZA ZH25l

VEOI A =501 =% 2O|X AL 2lsfx
7t
=

(11)



D7t € M=k & I G= AAel EE™0|1, Cee C' =Co/T. OICt [07[0|A Co= HA

el_ —

o]
=
82 = TAe 2zolt]. ye HA-ZE AHEE &0Ith27] 6l S, #2721 &

S
k
ot

8 HOl T,,=1356K7IX| 7ILE|H |, = 329nmE A AHEICE[28]

SO 2HOIMEA F o7F MA-EZ= HEY AMUEL 2 Z2E, 7= e oS g 4=t

—_

07|10 k= E =t=O0|Ch

Mo AAIH 2folMjel HyXQ BA =O|ch A2z =% 0[X 2

-
i
1o
CL_
rir
.-|
8
S
m
U
-
3
o
o
rir
2
ofm
1A
e
>
wn
e}
o

=
HAZE %43l0] 12X 7132 & £ ¢
olch. 1BLt YAe En& 3 0|H 7}

AlE £ QICH [&=x 1.2.6 MM

flO|X ablationOf AOIA ablation E2t=0r (F2t=0t 7|)= 20|X EA ZAS| A% 2
= ps=0f WIECHR29] AuHe =2 O] §7|= ns2l0|X ablationOf| Al 20[X EAO[ 2

—

S
2Lo10] 2O0|X B ARl E8= MEO AYEIX] HOPAM 2FSHA =L gz, B

I
P o

=
Abe =10% 2 O|ME AHESIEH &7(7F ZESH| Mo S=&th A HH B2 oHXls =

2o Qs g2 = AD 2EHY 7tS0| JHSEHA Lt

AD% oML B MEN CHEA B4l ZI2Ist0l oK Foo) £H3 S0 CHHA
= Y B42 QEY 4 Y3 A2 MR 0)7|S REcts BN U OBX 24 73
LEFACE YurNos g4l MY DX B48 ZYVCL FROUXT S| Weus

=
ZitstE 2ol SEO| YARSHA = o] 2 RO S50 StLte| TAIF StLtel R;XIE &
Aol oM AT H=CHZ Of7|5HA =Ch HHEHEL &2 X fH{X|E #d= H2 H

AHEE O7IAZIX] Zot7| W0 ZX| e &

+
rir
2_
s
Ral
5

F

i}
L
n
s
0x
OD
k1
ng
H1

|2t 017|7f 2 & ACE O] W2 CHEA S+t &3 ALy =
A

Of

InES
| =2 z0f mYE dgst7| W20 thEx 58
1= (o]



SHA| =L

=
o

MEe| 1FH Oi0[22 7t&0| 7+

710 ol=N RE| Z

Valence band

b
a
(7))
@
e |
£
=
\.||l, 4.\:/. Py = c:,.
) ® ® ® @
=
& w
3 v
- >
= 35 =
o L9
0 5 0
5
5 T&
B
=3
8=,
3 L]
3 s
Q
@
o
.nnv <D
S
© T
V32
~ [
T
o
n Q2
Al S e
z £ 3
- n/H m
Ia

4
o[z

—_

0
|

ot =22 HXt o7

1.25

ol&e| Z=0ATt

na

od

4r
Klo

=)
Hr

il

Zt
=

22 o X]
pN|
=

10

o[

1

=
=]

SORXIA =¥ = 1

=1
[=}

E 20| X

A

J

Eg} I

-

Multiphoton abslrption_..

\Transparent

material

=0 oot £ SZOM LT Hzio RAE



J202 £% Bl YR BMES xu o/X BAS o/gsto] 0ROl M & YLk 13
14] Y5 #HL 3D Z Yo|=7lo|=E 12/ o2 ¥ 24 U K20l UME D032 |

A ME2 FHBSHEN M & AT [ME 135 4]

126 FHNGER M 7210 0f7]

xD% HOIXE XA Q2 22 SEMAAN WX 0f7|et Bt 2L Wi sutact,

[30] ©MAIE2 MM 1249 Y L= 2fojN 7| Z&, THYZ0|, 222 0|23 =H M o
M A== Keldysh TF2HO|E{7F 120 EM 2O @ [y<<1] B E2 0|23}0 o8l X1 20|
N EMCHEXE o] 2%hel CHEXE =0 2l z=7|of X7t MXCHOIM T=CHE Oof 7| EICH

o17|& HA= =XH2=z o2 74 golN FXE S+t = Ati 2|0 E47F 22X
HOh =2 OUHX] JEiz of7|5tA ot OZX el S25 2 20N =0 AoM=E o
718 FAZE Z210% 20N o ot HIIE QBN JHEEI0 FHO| Xtet S50 O|AH
S Y GSCE [OFZEEA| Of2=h. d8E ARHAe| EF= AAR Tl AYAO|E(Self trapped
excitons, STE]S ¥dot= HAE HO0AM MEE OUHXIE 2Z2t0|= ot7| I3 2t=teEC). O]

2ehs 2OIN Z=AE B = 1ps WO AZEICE OffH STES2 <% pstiof 4Nl Ze

ogt

Me gsisict 82| 7t 9Al HOIM ZTAb £ 44 pstfof WAL FALE XHE 44 s &
of A2o=z =Islol WOt A M 0t £n oY BAT 920 YHZE Of4
oz xWZ Zo =W Yol ok 880 YojHT(E132) O 882 |l JBS 8HE

t
W kHz O|d22 HEHo =z Oo|NHE HSAZIH =2 75

= 1 O
o Haez dEvt € FHS VIMEH ol Y Tl MEH & o|E70|EE 2|70
7&0oICt. [31,32]

1.27 ZX=31% o|X 7}

OH
oH
)
o
0%
H

12200 =9| ot 02 X£1% 20|N HAE 7t3 B FHO| & gitg AXs] 7t30 U
t.10ns 2O|X HAZE F2[0f 2|0|N DI [HMEE = nm Of|A
AFE|® QskAb Z10|7F 1.5 ymO|7] 20| 1 X|® A7|ECt 7}2 =9

ES
2 DS YOI =AY ANM dehit2 FAYE FZ07] MEA 7S
=



Ch. 3Lt CHEA E50AM S oUX] 22= 20 A 2 AOICh L5t ChaAtel [n]2
n-Z=2 22X 5 A7t 2o/ 2= nsof HZHBIG HX|Z| HEOICE JZHEZ n-

=0 tict 22Xl & 37| we CrEat 20| #A|ECH
O=—p, (1.3)

017|101 wos =F2=Z 2o 20[N ®e|l A A% 370ty a7 132 270 (&4t 3

=
HEts Eahel Sxtol osf ot 220 S48 20X ofHX|el St ZZE LtEfHCE

Width processed by
rthree-photon absorption
2/5 of beam width)

T'hreshold for reaction

Two-photon absomtion

Intensity | a, u. |

¢ Three-photon absorption
Actual beam profile ——

(Energy dstribution for
single-phaton absorption)

Posirion [au.]

27 13 278 (AT IHHE HA)el BX
2olH ofL{x|o] UX ¥ T2
AMe urg oxolct

=

)5

A
e

MN31of o5tE St s == CHEAN S50M ZI0E ShEECH "W MO g4 Al
=
=

2SO0l ofLt= A 2HOolM =7t s B2, Bo[N ZEE ZFH2EM M= dd=

T Lo
S A = ULt o E =W, HOIN oHX|IZt 27 1.30] = MM F0iM 2fo|X ol
X7t Z2EH 718 K= 2/5x w2 HADCE DM HMY A 3= 2/EeHA 0[5t
o SHMEE HTY 5= UCL[17]

1.3 0% Ho|N ME 7tS

1.3.1 =EH Ojo|3 R 7|73



1.213F 1.22 MA0|M Qg vt 20|, Z10<% 2|0|XM= HIEH(JEAY) ablationS SHA &
MM HAZ dd88 ZdaAZITh O3 142 (b)= 200fset 3.3ns2| 58 Z= 20|N BAE A8
5t0f BHE 100 um FHQ| ZHE ZYUo| 7l =2 EEQ| AJid TXHDO|H(scanning electron
microscopy, SEM)O|O|X|O|C}[36] BE(fs) = 2{0|X ablation2 H7I22 ZA2[Qt 7totE =HH
HEfQ| ablation THE THEOl WOl HAZZb Q| LIEILIX|] Q=Ct HEH2Z ns 20[X

ablation2 ablation 7+ FH0| Z E8F2%E ddstCt

a8 1.4 02 oi2t0|H2 go|Y HAE 0[&%h ablation0 2|8 100 pm
FHe ZHE ZUo HEAE £H; [a] A F:200fs, A OfHX]:120
w, OlHX] %:0.5)/cm2, TtZE:780nm; [b] A Z:33ns, A OfHX]:1m),
Xl #:4.2)/cm2, THEh780nm. 2HY RECH= 30 umO|Ct A. Ostendorf XS

=14 2O[NE wEl €2 A7 #2 =20 15E2 Of0|3= 7t&0| 7ttty 18

15[@)2tb]E 242 #H O] = 7t52| SEM O|O|X|2} fs 2|O|X ablation0i| 2|t 72| EE O]

OjX[o|ct. & o|o[X|& E7I=22 OfX[0] *E0| gl= ZE¢ ablation0] O|F0] MSS 20| FL}

(a) :

B 100 um

2l 15 [@EH 00|32 7t32| SEM O|0|X| [b] fs 20| X ablation0f 2|3t
S22 ALt 0|0|X|. M. Gower MH&

olo
ofo

£2 20| Ofo|2Z 7|H JtEo = R
Do mLiAYARE ABQA AR © Z07| Hejo] AN =E2 o MASEH #x

2 psHfOIME AFEMLE PC2 ZHEE A91E AHEO0| HAE pstOfMO 2/ &HE writing2



SHA| oL

g W 7ts

o

.
[}

tEs M

ojn
fof

Jo!

| XIZ22 AIEE|

= AL
Atto] H&H ol

tof =

2 HZEICH 2

2f

ol

Ch. 22t o3 MA

I

-
o
[

Tk HOIR FZH 7t AHEE[0fof

wjr

| 0122 0|
HM7E ALt

el 71X

=
=
O| fsIO|X ablation2Z

A7

g8 7t50[n

2
162 27t

01X Oo|3z 7|A 7t

% 2

Ep)

| I e
[Le

Ch=

a A
O  HA

=]
=

]

o 7ts

Ho

4r

Aol
) 18

o X-20] ZHA|

Ch 2t

L]

ol

a1
o

|O|X Bto|3= 7|A 7t

=t 02 fs g

FCh (&t= 33 5205

o
o

S|Ct

bSkels
4

Ho

Ostendorf A

a8 1.6 HO|R MEgsd SYHZE M==

Eotrt

00|32 7|A7tS3 HE E2 5E0IAM 20t SASHA 2

#H 0fo|3=2 3 Lk =3

1.3.2

- FHO|CE CHet

&

b

Jo

ofo|l3E 9 Ltk



AH)E2 7t& Lt0lHE =FoH0] U= + UCh

71 g YTl =% FXE ablation G Z2X0| 2AUL HO|N AR FEEE Lkcg|
E(nanoripple)O|C}t. Ol nsbt 2L 71 HAZE IHEO| ZAHWHHSHY HdEl= F7|d 1208
T [F, oI F& F7| EH T X, laser-induced period surface structures:LIPSS]Z2 Y& U

2

Ch. J2jet =52 gApMENE = ZHE0] Lot Z0|X YArE0| oA dzictn Atz ElCt

_'_
-

AMHoz 2552 YA HE
o710 A= 2IOIX LZO[L, 6= g

A2 0]d)2 ot Z2 X5 US AL O 2C0f Aok B3 £ 0[N AR JdE F7

2

| o]
=

re

Moz #Xxg O|2L} 7t&2 RXO| 7tZHE Mn[l+sing]O|Ct.

OM YA, n2 =2E2 =2 Al50ICt[40,41]. D22 7t

4
d 30|18 Fx&= YO|M mEECH Zh40] EW ECh42] Lt AAY F719 208 #+&
(Lt 213)= I543], M2t[11,44], BH=H|[45], HAM|[9, 46] &2 CHATH =35 BHE ofL|2t
7el[9.47] €2 58 =2 Wz ddE & AULL A8 172 oI 800nm2| 100fs 0[N HA
£ Cull| =ALSHO] e Lt2|E 7442l 20X influence B5ES LIEHHCH CumTHO| HdE
a0l FEE 20[X fluence?t F&SHA 2i|0|X HEIO| =2 HIS O[ELCt =& ablation
AX|[~0.04)/cm?] 2X Q| fluenceO|A 1g0|8 FXo| AHO|H2 300nmelH| Ol= 2f|0o|A mpZE
800nmELCH &N FCh ZtAL Y O|N influence?t 2J/cm2tX| &

x

7t A SIHoHX| 2 THY 2L
S FRIE fs2|0l N =AMZ FdE L =5 #EHE2 30| £
E =

¢l Arole| Op&at opo|3

2 9 L} AE2o| MAIHS ZtAA|F|D goba) o|st Q= et

800 : . .
(b)

700

600 :
< so00f ) RS i
o "
T 400[ S . 2
3 _
S 300 1971 ]
'TP: n
S 200

100

0 1

0.01 0.1 1 10

fO[A OIAX| & (H)(/cm?)

a2 1.7 ohE 800nm2| 100fs 2|O|X EAE Culfl ZASIY YHEEl Lic2|E
240l de| MO H(k) FH5MEAAHY HE660nm). M. Hashida XS



£04 YO ZAR HAE € Of2 B
of fs2folX TAE siofl ZARSLO] BHEO| Xl& f1FE Opo|22 Txo| YW 0f30|S0|Ch[4g,
50] 4AE BRE YALY BIALE BAAIM 29 23 M2|Roj2tn E2lt A2 UEHLL stof

=
A0 HeUIR] AHME St 3A SHHELE 0] 7|a2 HYE TR rgs ST

OI§n §8% TXE L2U FB[F, SFLt Chjat 4

7l=0 2utHOICE[53]. gHEH Al Ql(silane)= AHS O 2ot BE FxB BEH2 AE M F(self-
A A

cleaning product)[50,54]= TtE=0 AFEE = Ues ALZMO| Q5] EA=="d(superhydrophobic)
HHEZ YMoICt AR #X2E0| CHE HEOME @ 7HSSHCE[55]

(o))

oAM= =1% 2O[ME o8t #H Or0|3= Bl Ltk FXRHE B0 A5 28ttt

—

1.3.3 L} ablation

HAZE #2A7|= =14 g0|N 7t59| Eigst §d2 2 oy SidZ0AM Lk
ablationO| =™ & == UA BHCH56,57]. & 1.82 EEX Z0 7|85t fs 2[O|X ablation0f 2
SHAM GaN ETHO| HEE Ltz 2 0 0|E LtEtHCH 2 MM fs2f| O| M [A=387nm; B =:15015]
O| 2%} SR Y2 =X &S (numerical aperture:NA) 092! CiE H=EE S 42 I2[AE GaN 7|

ALt ablation® HWE=2 T RIAHZ[E HMASH?| /o SitHCM =X =R}

=
=
Ct. Ablation &&=+

o 37|& 200nmRULCE FAIY FEO| HAZLIO|= 1 d=+9 &P CHEXt
SFER O 1.3]0A Er3o| HiME Yoz 2o|X mYECH ER ECH
H=20|, fs2f 0| Ko HEY Ztdez M|t RE[0f 50T Au 220 MER Lt AHYE,
Lt "z LR E L7 27t QR RACHS,58,59]. Ol2{eh uHEMM 7ts S0l FH
gdooz gzt A TFQl ZAo|ch Fub & FMV[7F HEl S4 F A|AHO| HE(Y 7HY
= AT Qs fs2o|X He 22 X o= AZSIE D ALSE|UCE 2f|0[X influence, 7+ If
Hol 7|, Au & T4, 7|&He| E &2 7I= m2tOHE MustA =E35t0] 17 LHef XS0
dEE = JJCEH FE 28 1.9]



8 1.8 fsH0|X ablation2 2 7t&SE GaN EHAC| 2D Li-Z 0{2]0].
OH&:387nm, EAZ:150fs; EA O X]:10n): NA:0.9

AtZtO|0{[0001] 0l 10nm /M2 & 2fatof 4 2 7kd fs2f| 0| X[130fs, 790nm]0|A L&
42 H2E ZARIAHY Lt==2%E0| WEEACHAE 1.9(@) 2 (0)][60]. O 7Hd FH= 13
um8| F7IE #&rh O f£&RE 2 800nm =0[0|1, #2ut = HZ2 242t 759 18nmRiCt &
2 F7| g IHEHEB.IumIQt AMIFO|O{ 20t X ETF w10 mbE Zolo| sFEet delZ[100] 7| &

= AMEOHE LHeflE A2t2E Y85t LA 1902 (d)61]. 2 7| 1.7umeb Atnf

0/0i[0001] 7IHol= 87 Slof 2722 AEEeL 15nmoletel ZEUHS| S7I9| Lhg|Azivt
HYECHIY 1.9() o (62l 1Y 190 LEL ATfo|3 Bo] Txe WE 432 xs
of Lhx7| 280 RYSHCE £n% 20H 30| YEITH HABEE HIN VYA E 2
TR ¥ NS, 88, BEP, 7RY L ABHOMS 0l3s 1Y L=IXSS Y

Ch.



vature radius

100 nm

A8 1.9 a940 44& Lt 5. [a]Lte =4 = O{20] [b] AFLHO[0{(0001)
7|2 ?o 10nm =7 &9 S0 '—Fi L9 & Y [qU=TE2 0131|0|
[d] *'EI 0] 50nm =74 =0 L322 AMo|3 [e]Lfi§-|¢9‘| [f] AFZHO[0{(0001)

Z {0l 50nm FH 9 Joff Lie p{AHo| =i B4 Y. Nakata HIS.

[l

Lie7tEel £ CHE AlRs &

J

Pq 2742 8o st =82S Ol Yol geo| 2|2 qatE
=g = As Ig ZAF G- JLOICE fs2 0[N #E 291d 2HE| § &t A0|F[SNOM],
e HEY H0|F[STM], XS HO|ZATM] 22 A7Hd X A0[Z4o| LI Bt 20| AHE
SfH LA =S s WES ®S + UCLE3, 64]. ZZ0HH 5510 #8AM LTS
AE3H= Ltk ablationO] S#ISHH AT ACH65,66]. A2 Ity 20| it &8 HAHLE

L=t 2AOAM ZHMHE 22 Zo| 23t ablationO|C} O] BHHE Btz X, & RIME =g
POrst M2 BEO LHess UESH AEE 5 ALE 7 HoAME LidHah L0 2f5)

7
F272| Zof| o|$t Lt ablation2 ECH AMM|s| MESICE

rot

Y|

HA =l

— -

0I'J

1.3.4 AEX}

ok

%'61-

2OolM AHZIEINI(ERY SA)F, YN FSEA 2

ro

M8 3DTE AIHZH



S ooz 22 ®Eo o
gHo=2 O[8&ltte7]. Ol SF0A =HE OlF At 20|X HSEH2LE He-Cd2f0|X]2

s oM ATHE]
HHOILE THEXL 40 oSt HO|M =AZ 1stElCt O ¥5 TAE 1 ol ofgfz ol

ﬁ
=2
=1
‘» I
|0

g8 o ZFAl HToA &

2

LI Of o=FAl T2 XS0

rir

Stol ZOo[M fO| 2xt F2o| BOM AZS oict Of MHYES S0OtLt BHESHY 3k F=7 TS
of ZICt.

=72 MM fsH 0|7t AH e AT o AR ALSEH WHX Z=0f 23 &
S EHAR O|&SHA| §f1 3kt@ &RIE AY FdE 4 UCHEZE I8 1.10]. 272 MM fs
O|ME AtE%H AHe2(A0HOE AHX SL[TPPI2t HFSICE TPPO| 5% 39| St
= ME-OE 37t M4 =o|CHEE O3 13]. Kawata 2 7|UHASN SO L24E TTPO

(=]
o|8} J}EH Rt A E I'%%EI'“ﬂ O] 4209 Z 37t M4 == 120nmS Lt

A resist= 3D 00|32 =& HFE dList7| g HZFAl TS oiile 5= AUCL Perry

T2 fs20|XE 0|8dsts Ead8A E+2 274 &&8d ME(bis-donor T2 HZH)S ALE
ot= =qeh 3D Ofo|3= Fxet fdetyez St A& W=RUCes-70). SO T O0r0|3
2 Fxs OE MEZ MAXAY 2E € 5 UCL TTPRb= 22| O] 752 Hedst & resists
M

[negative =& positive resist] 20l [H2tA] bottom-up 44t} top-down’d 4t2 7HsSHA BHCE

—

EH
!
£ =T, positive tone resist= &0 23 OM'E 52 7t35t=0 HeStCt.

=2

Fabricated 3-D
< structure

<— Photo curable resin

fs2O|ME O|8%t X&X &FT 1 photolithography= X &3t A2|AE [68,71,72], OFO|
=} Lt A|AEI[73,75], lab-on-a-chip[LOC] &X| [76,77], ICIZ X Elf XL &[78.79]2
Aol ZERSHA olg8xn Uk O 1112 OiC|ZE U REFZ30| AMBEl= TPPE 7+&3E 3D
ofo|32 FEES| OA|SO0|Ct O] 7|HES 9 100nmEPE9| i =E Zt=Cf 1 siat=& 20
XN oteet A7Nd £EE MAMS| ZFSHO 25nmtX| 28 = UACH80]



O 111 TPP2 7tSE 3AH OHO|A2 25, [a] 2N YA 7 ARE LX|SH7| 2k
NQHEl OFO|3 2 #E | L|R7F HO|=5F e HHEs USACL ]t 7|5 ElxF AXLIAEY

=9 270d ™A+ 20lg O|0|X| [] BI| oA HEE Alg O0[2 2 His 0]2|0]. B. Chichkow

r
N

HEdeol 3D 2% 00|22 fx=& 8=t 2 Ts A8dtes il 85028 =
E o §
— O

.
8US ALgYL0] HEZ 4 UCHF, & HABORE SHLIEEUAGNOY 8,

o
12

tu
rir

S,
At Feta8t A [HAUCL][81]. O IFE2 UM HEXZ2 FEE =559 o2&

N
=
[¢]
tu

siCt

—

Jdejst 3D 00|32 FXx& O0|3E HAFZ|AR AIAE(MEMS), LOC,

metamaterial S0 A& ZICt

1A ME TPPE 0|23+ 3D O0|3AZE X 7t=21F 1 280 A ECF AMAM|S| MESIC

135 £ SEHO| LiF He}

M 12500 23tz 0% g
19961 Davis?|= Z=1% 2O|MZ2 =2EES F75| HHF UL Ol =15 2o|XN0| 2o FE|LY
20| & QO|EVI0IEE 7I522 HMEL/UCH13]. Xl 2 AFXNES 88 HE[7I[31, 82], &
2H2|HO0|E [{2| [31, 83], chalcogenide 72([84, 8518 ZE&st= CIYst 2| LHFO| BHS0{X|=

=
& dol27t0|E0f et A& Tl FO[Ch SO & 0|2 ZI0|E= HMES=H AHEE

o
Rl
rr
0
o
1o
=
Sl
il
&
for

PAZI=0 AMEE & RUCH

= A= A22 FFECH8e. & A0|E7H0|E= ot £FHo SEHO| S s UACHIS5, 16].

AelM Eut FTAO] THESOE & QI0|E7I0|E, CYTOP= Ib%E 3552F 26600A 2tz 0.77,

HE HZEZ2 & HEY % 22|7| [87], =& Bragg12{0|&(88], =2[H T =[89], &I0|X[90,

=
91] Z2 3D & OI0|3=2 FXE 7tSot=H AFEEILE Ol2A, =104 oMz &g REO



AS

O|E (O, erbium-ytterbium-doped phosphate R2|)& ILtE 1.5umOIA 2%
i

20| =7}
of ZEHel 424X BER XS D ssmWIHKIS] ATf £

it

EHE Z=Ch90]. StLtel ZHIE fs
O EAE A8t WSO & HOIEZ0|ENM =22 E BHE =& d20/8& ARG
=220 AtEots D= 20|X7} HERACH91]. 98U = =1% 2O|XE AtEe LHE
HEO| 2t 30 ZEY YKo MEO CHoAM 2Lt &AM5| 2Fetet

Z0% YO|Xo| oot ChEA S4= doped 0[2[92]9| X7t &Ef B9} =
el 93], HA HH[94], YA 29518 E&ol0 =2 & HE o= MOUes s
=

QET & ACHYE 83

A
=2
X
0x
AT
fjo

i
rx
12
12

20| XMof oot CHEX} = =& e ZOo|M ZAt S5

2T F2 HFMOIM 2HaX HA o|F 2 10pm HE2| 3D Of

=2 aspect ratio® ZE&SH0

ZO = dopedE 2Z|E ¥ =

98]0| 0| EAz|7t Hestzl otX|2t N 80|, M2|Z0| 4, o ROl ZESH7| W20 Of
ol

_|

g+
oMol HY 73
1t

O[22 RA ME, M2 Ar0|2] 2t
t

QOjA ECt SO0|Z2 SEO|Ct 0] 7|¥2 3D OtO|AZ fluidics M= OtL|2} Oro|3

20/2{[99]2} OO|RAZ2H=[100]122 T2l ol 53 TX0| 7|gtet 00|22 ZEAE X ZSH=0

S&EC £ MZE 3D 00|32 FARAE2 Z10& 2Oo|ME THS0Z & o=

ZH Z2 dad ga9t & S0 optofludic, LOC EX|E0| otetd A

2 & A=F CH101-103]. 28 1120l fs20[M2] XY 7tz Mz=& 24 [0

O|EZ2 ZTt=l 3D microfludicse| E=AIXOI MHO|Ct Ol 249 CO, 88 HEIH

e AFEE £ ot B2ME 2I8A microfluidic (HE2 EZREIE EF([BTB]E O

HSHEl K| MEO| XHYK|LD LD
%

AH 2

QlojE7to|= 19| o B AREICE HO[E7H0|E |0 2

Zl microfluidic M{ES SatsiA FHoE|0f |O|EZIO|=

719l ©X SlE= YOIEZI0|= n0f QshA FupE Mo AHEHZS =
o

J:I:

N
o
tn
o
A
L‘J

— |
O|E 1o OX|2t ™Hof IX|stCt 2 1.12[b]e] =4 M2 BTBEUS Zetst
t

|
AHERS LIEHUCE TS CO, SEO| Tad MESS pHIt 2
=



i

E Waveguife
100 2007
LR~
S ——
1000 :'\2000
= Waveguide 11
g Absorption E
_____ : detector, Waveguide
__zoo; - m—a
600 2
(@ - [ Etched area
Unit: pm
0.6 Al |l Ll L} L] 14 1
1 = HBTH solution
? 0.5 BT solution with root
‘3 — Carbonic water (10:50)
0.4 Carbonic water (15:50)
8 = Carbonlc water (25:50)
g 0.3
§ 0.2
< 0.1 |—(b)
0 L 1 L A ' 1 1
400 500 600 700 800
& nm]
A8 112 [a] 250 ZYE CO, 29 X 245 I fs201X2 AT writing0il Ofe
Y Fe |01|A1 Z 9oje7to|E7F A% =l 3D microfluidicse] 2AIX M

[b] urﬁ oAt Co, 7t CHE EtA L (M) [10mLCO,:50mLH,0],
S4 [15mLCO,:50mLH,0], X4 [25mLCO,:50mLH, 00l 2|3t BTB &2[=M)S

20, A 2o I
E3i¢h 2o B B4 ~HE

A& CO, a=7F ZASHA pHZt E0{EH 47t ROFX| I [10mLCO,:50mLH,0] ECt
A7 SQUE|H L SOFRICHT15mLCO,:50mLH,0]. O m3&= 71E &2 o, 5=

[25mLCO»:50mLH,0]2| EtALO|AME= 23S AFRFRICEH O3 121[b]e HAMML AlE OHE 2|9}
E

BTBEMS Zelst =450 S AHEHS EOELt 0l= 15mLCO»:50mLH,08| EtA49| S
AHEZHD HOl Lt Ol= #2|o 50| 9l MEE CO, s+ 15mLCO,:50mLH,0°] EtA
Fo| skt Hug = UASS HOF£= ZO|CE of M2 AF: HYES HTS= 0E=¢2
Phormidium?| =2t0|d &S |FEdt=0H ER?t COo, 3« ME7I ERIIChe A2 EOE
Ck 10" = =10% 2 0|X0f 25t F2|0AM2| optofludics@t biochipl| 7SO CHSiA E2LCt A



M5l 2Fetot.

1.3.6 HIO| HC|Z 88

=2l HelH 0[N d=2%8 X|F

mjo

A 2 3D EECE Aot Al = U7 WE Al
Zot E|72| 0|0t Z2 M0 2 = FO0|CH104]. fs20| X7} £XFES O|FH
o #x2| HIH[105], siF[106], MEE[107]8 ZED Lt a5 AlAY = UCH fsHO|HME
5 H-AXE A8Ste & 27 2lEQ iMool CHsiM = 133 MMolM 4

Eler, MZ, M=

sk of w3t 8

Ofo

of Lia= 7" O|CH108].

fs 201X S HHO ZEO|H SZHmet HE0| HIECL[109]. Of 201N Rk g2 &
A Z8e110], THME FEQ A MEGN11], ME HO| LHo 2R FAHI12) B ME2 =

1

FH A=113], T B M=ol AZ|[11410] A& Th[110]

HIO|2 of<tofAf fs 20X 2| HEXQl otLte] & Atdl= O[ME AESHH ZAl, #Al

oAl 80| MEE= =2 =0 ¥ 2FAO[CR[115] 38 1132 fs2O[XM7t 8 Lo A=
=0 SHEu NS UE SEF A2 SEM O[O[X|O|Ct ATt S'E TS7| et fs2f 0
AL-EE-2HM]2 §X AIFOA FOiE & UL Ol Fafe| 7|A4Al 2t4 2ot F2sta of




137 4 U AN 38

[

f

BEH HZE ROIM xI% 20|H 719l 88 B Silts M AH photolithography

ablation®] 23t 2 88 M2|7t ZE0LAAS| FH|OITh 266nm TS| 100fs BAE 100nm

L T
A

=
EE2 AHSIACH [117] 20L 0| 7|Ete] ZEOIAT HH| =3 IBMO
OrA~3 KNz 2H|0f AME R RALE[37]

=14 2O[NE CHE d4 580 === ALt A2 ps2llOlX ablationdf °fet 8 =2
IRACH (A= 131 MAM]37]. X psHO|XM= 1 1=, 28

0
oHgd M=o M4 SE0 UM fs2f|0|X Lt 23t

2 20 FRACH118]. 2007 O|F ps2f|0|X E
MME MMst=H AREZJACHEZR I8 1.14]. S M2tY

E
oo
rlo
In
ne
o
=
[
[u
lo
L

F SHOAM HiE 7t=

ol MMECH BiE 7t

|0
tu
r
mjo ofm
1A
o

=
O - o
Ao YHS B} Nt HUsH ZHO| J5YCL Ol Y4 X
o

(ALt EEDH 20091 O|=, pstf| O] = LI AT QIHE0

X
K
1S4
ofm
tru
al
rE
2
O
=

AN
TxztE EYQ 82 7St ARSERUACH12E 28 12,

N
o2
s
©
wn
=)
o
>
Hu
ra
rin
=
¥
Olor
rlo

a8 114 ps2f| O] E2|Toz2 Wit HiE 7t Ao THH

—

ps2lO| X = Cu-Id-Ga [di]selenide[CIGS]Lt CIS 7|8to| EfFE MX| M =0 UOIA A0t i H

US7|0 7ES =FO0[Ct[119). IE TUS7|0 AM= Hp1]lt 2HPFMOIS =2/A7|2 A

=
RECZREO MEMOoZ CIGSHE[P2]E Mot MEMNoZ Nt MHYZFEFS MY
AR transparent conductive oxide:TCOJ[P3]E MAE Za7t RUACL 29| P2, P3 370 7|4



=
—

A A& & T O

.
o

FHO| ns2f 0K = P10 S

H
—

=
—

o4 O|F 0]
FERS] F2= MEOICE FHE2ZE CIGS EY

£ AE89

M =1

S|
~

pail

[=H}
{oF

dr

OF 1|
oo

CIGS Ef

47]9

=
=

A

F= wel 712N

=
=

3

ol
Klo

Kir
Pl

&l
oH

ol

iM $F=FE 7tSE[0f0F St ps2i|O|X 7t&
27 W20 p2et P39 Z|AH MPS MY + A= AOCh 2Lt O] XME2 S| O]ty

.
[¢]

=o|ct,

= Mgt

EDS

o
O
—

olm Z2jo| ns2o|H ZHS Rt HIM7| TR0

M3l

2ot 350l

Lk
o

nstt CZI EA O|ME A8dt= HSHQ 20X 7t

o
O =

X1 HOo|X 7}

Ol22 Mz 7150 M=z

-
Ehely

U710 19870 Ne A

o 7tE, HAZ 9N, Set=0t &

2
[S)

Al
=

Mo7lxE ALt

o

.
= &
[

Ct. =14 20|

=l
—_

s

ol

OIME =% AIMB(ELHLL B0l El3p), THX[Z] 22 ME O,

4

2H 00|32 7[A7ISE +d = U fs 0]

ol
=

Ltk 8! O[22 +

MY E

N ZTAZ

Fo Lie

[
S°

=Cf E3h ME O LAY ablationO| 7}

E, Lkbs|, Lte=2¥ S, LI=}HIAE2 Lk

EAEIYE

<l

EY 37

£

4

4= QUCE 100nm 37t S =

= UCH25nmECLCH

Lt AJAHE LOC A

z 4

£ A83fiorTt ZHSStCE; Of

b
=

A ALE =L 72| 7

5]
ol AN MZ2 FH O|Ct

Mz=st=0 &<

gXE

LOC

00|22 EX|2t optofludic X

i/}
of ooz

3D

=
[

=]
_I_E

Lf

<
ot

a2 =1 Y o[Nof 2

(=1
=

gl C

| StLPOICE S2F =&2

o

=
S

= FH
SteHl ZaHHO0[EH120-122]. 214 20X HA

(o]
AA

= O] 2O0folA 7h8 2t

20o[11 0

ofN oie Z0| o

N
o

=2 M2, 204X 28 2OIH 5= T

o A

o4 Oh=

e
O

g3

ablationdt Lt=AAH Y ablation

pN|
=

1[123-125]9] 1 &

ts

A 2E[123]19 =

H

At



$0
~
Mo

O metastable MES SHE 7tsd0| QUL fs 2HO|XMOf| oot 5HA2 Ho| 19| ¢
fla2 dE5t=0 AR EICH fs HO|X EAZE At O0| 32 ZE2 AIO|0] LHO|A 380Gpa
O|&to| &HZ MHSIH ~18+2nmO| AE AKX A7|9| bec-AlE d-dTHCH127, 128]. =1

e
—
X 7tsel olgfgt nRY £E2 020 =% Ho[Xo EEs Mz2 S8 NEE + Us

—

AY =2 ZEOIATO FHQ YIAM =T & 7152 0|0 LR ok =& 0]
Mz RSkt ok 3 FA o] AL E SE IGO0l UC EfLETXO A ZGah mfE 2

=
710 H=0 28 HEHA 27t AO|C|[AMOLED] CIAEH0[0] TE St sieh ICe] 3AH =

o
£ 3¢ Si /tE2 ALY S& 7tSOtLf fs 20[X o] ooty SE2=AM 4

fs 20|X2 &2 MYH SE2=2= SEoHA AT 7t Fefo] ZotE

f

=
% 2OIX Al&" 850 &5 HMEH =1L 2O[X 752 FFet 28 S

O Aot

References

1. Srinivasan R, Sutcliffe E, and Braren B. (1987). Ablation and etching of
polymethylmethacrylate by very short (160fs) ultraviolet (308nm) laser pulses, Appl. Phys.
Lett, 51, 1285-1287.

2. Kuper S. and Stuke M. (1987). Femtosecond UV excimer laser ablation, Appl. Phys., B44,
199-204.

3. Kiper S. and Stuke M. (1989). Ablation of polytetrafluoroethylene (Teflon) with femtosecond
UV excimer laser pulses, Appl Phys. Lett, 54, 4-6.

4. Kuper S. and Stuke M. (1989). Ablation of UV-transparent materials with femtosecond UV
excimer laser pulses, Microelectron. Eng., 9, 475480.

5. Momma C., Chichkov B. N. Nolte S. Alvensleben E, Tunnermann A., Welling H., and
Wellegehausen B. (1996). Short-pulse laser ablation of solid targets, Opt. Commun., 129,
134-142.

6. Yanik M. E, Cinar H., Cinar H. N., Chisholm A. D, Jin Y. 1., and Ben-Yakar A. (2004).
Neurosurgery: Functional regeneration after laser axotomy, Nature, 432, 822.

7. Barsch N., Korber K., OstendorfA., and TonshoffK. H. (2003). Ablation and cutting of planar
silicon devices using femtosecond laser pulses, App/l. Phys., AT, 237-242.

8. Nakata Y, Okada T, and Maeda M. (2002). Fabrication of dot matrix, comb, and nanowire

structures using laser ablation by interfered femtosecond laser beams, Appl Phys. Lett, 81,



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

4239-4241.

Reif J., Costache F, Henyk M., and Pandelov S. V. (2002). Ripples revisited: non-classical
morphology at the bottom of femtosecond laser ablation craters in transparent dielectrics,
Appl. Surf Sci, 197198, 891-895.

wu Q, Ma Y, Fang R, Liao Y, Yu Q, Chen X., and wang K. (2003). Femtosecond laser-induced
periodic surface structure on diamond film, Appl. Phys. Lett, 82, 1703-1705.

Rudolph P. and KautekW. (2004). Composition influence of non-oxidic ceramics on self-
assembled nanostructures due to fs-laser irradiation, 7hin Solid Films, 453-454, 537-541.
Miyaji G. and Miyazaki K. (2006). Ultrafast dynamics of periodic nanostructure formation on
diamondlike carbon films irradiated with femtosecond laser pulses, Appl Phys Lett, 89,
191902 .

Davis K. M., Miura K., Sugimoto N., and Hirao K. (1996). Writing waveguides in glass with a
femtosecond laser, Opt Lett, 21, 17291731.

Glezer E. N., Milosavljevic M., Huang L., Finlay R. J., Her T. H., Callan J. P, and Mazur E. (1996).
Three-dimensional optical storage inside transparent materials, Opt. Lett, 21, 2023-2025.
Watanabe W.,, Sowa S., Tamaki T, Itoh K., and Nishii J. (2006). Threedimensional waveguides
fabricated in poly(methyl methacrylate) by a femtosecond laserJpn.). Appl. Phys., 45, L765-
L767.

Hanada Y., Sugioka K., and Midorikawa K. (2010). UV waveguides light fabricated in
fluoropolymer CYTOP by femtosecond laser direct writing, Opt. Express, 18, 446-450.
Kawata S., Sun H. B. Tanaka T, and Takada K. (2001). Finer features for functional
microdevices, Nature 412, 697- 698.

Rudd J. V, Korn G, Kane S. Squire J, Mourou G., and Bado P. (1993). Chirped-pulse
amplification of 55-fs pulses at a I-kHz repetition rate in a Ti-A1203 regenerative amplifier,
Opt. Lett, 18, 2044-2046.

Arai A., Bovatsek J,, Yoshino F, Liu Z., Cho G. C,, Shah L., Fermann M. E., and Uehara Y. (2006).
Fiber chirped pulse amplification system for micromachining, Proc. SPIE, 6343, 63430S .
Kleinbauer)., Eckert D., Weiler S., and Sutter D. H. (2008).80 W ultrafast CPA-free disk laser,
Proc. SPIF, 6871, 68711B.

Marchese S. V, Baer C. R. E,, EngqvistA. G., Hashimoto S. Maas D. J. H. C, Golling M,
Suedmeyer T, and Keller U. (2008). Femtosecond thin disk laser oscillator with pulse energy
beyond the 10-microjoule level, Opt. Express, 16, 6397-6407.

Fan W. S., Storz R, Tom H. W. K., BokorJ. (1992). Electron thermalization in gold, Phys. Rev,
B46, 13592-13595.

Sun C. K, Vallée F, Acioli L. H., Ippen E. P, and Fujimoto J. G. (1994). Femtosecond-tunable
measurement of electron thermalization in gold, Phys. Rev, B50, 15337-15348.
WellershoffS. S., Hohlfeld J., Gudde J., and Matthias E. (1999). The role of electron-phonon
coupling in femtosecond laser damage of metals, App/ Phys., A69, S99-S107.

Hohlfeld J., WellershoffS. S., Glidde J,, Conrad U., Jahnke V., and Matthias E. (2000). Electron



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

and lattice dynamics following optical excitation of metals, Chem. Phys., 251, 237-258.
Anisimov S. I. and Rethfeld B. (1997). Theory of ultrashort laser pulse interaction with a
metal, Proc. SPIE, 3093, 192-203.

Corkum P. B., Brunel E, Sherman N. K, and Srinivasan-Rao T. (1988). Thermal response of
metals to ultrashort pulse laser excitation, Phys. Rev. Lett, 61, 2886-2889.

Fujita M. and Hashida M. (2004). Applications of femtosecond lasers, Oyo Buturi, 73, 178-
185 (in Japanese).

Hanada Y., Sugioka S. V,, Miyamoto 1., and Midorikawa K. (2005). Double-pulse irradiation
by laser-induced plasma-assisted ablation (LIPAA) and mechanisms study, Appl Surf Sci,
248, 276-280.

Mao S. S., Quere E, Guizard S., Mao X., Russo R. E., Petite G., and Martin P. (2004). Dynamics
of femtosecond laser interactions with dielectrics, App/ Phys., AT9, 1695-1709.

Eaton S. M., Zhang H., Herman P. R, Yoshino E, Shah L, Bovatse K. J and Arai A. Y (2005).
Heat accumulation effects in femtosecond laser_ written waveguides with variable repetition
rate, Opt. Express, 13, 4708-4716.

Eaton S. M, Zhang H., Ng M. L, Li J, Chen W. J,, Ho S., and Herman P. R (2008). Transition
from thermal diffusion to heat accumulation in high repetition rate femtosecond laser
writing of buried optical Waveguides, Opt. Express, 16, 9443-9458.

Tamaki T.,, Watanabe W, Nishii J., and Itoh K. (2005). Welding of transparent materials using
femtosecond laser pulses, Jon. /. Appl. Phys., 44, L687-1L689.

Miyamoto 1., Horn A, and Gottmann J. (2007). Local melting of glass material and its
application to direct fusion welding by ps-laser pulses, /. Laser Micro/Nanoeng., 2, 7-14.
Horn A., Mingareev 1., and Werth A. (2008). Investigations on melting and welding of glass
by ultra-short laser radiation, J Laser Micro/ Nanoeng., 3, 114-118.

Chichkov B. N.,, Momma C.,, Nolte S., von Alvensleben E, and Tunnermann A. (1996).
Femtosecond, picosecond and nanosecond laser ablation of solids, App/ Phys., A63, 109-
115.

Sugioka K., Gu B., and Holmes A. (2007). The state of the art and future prospects for laser
direct-write for industrial and commercial applications, MRS Bull, 32, 47-54.

Tonshoff H. K., Ostendorf A., Nolte S. Korte E, and Bauer T. (2000). Micromachining using
femtosecond laser, Proc. SPIE, 4088, 136-139.

Emmony D. C., Howson R. P, and Willis L. J. (1973). Laser mirror damage in germanium at
10.6 um, Appl. Phys. Lett, 23, 598-600.

Jain A. K., Kulkarni V. N., sood D. K., and Uppal J. S. (1981). Periodic surface ripples in laser-
treated aluminum and their use to determine absorbed power, /. Appl. Phys., 52, 4882-4884.
Keilmann F. and Bai Y. H (1982). Periodic surface structures frozen into C02 laser-melted
quartz, Appl. Phys., A29, 9-19.

Sakabe S., Hashida M., Tokita S., Namba S., and Okamuro K (2009)' Mechanism for self-

formation of periodic grating structures on a metal surface by a femtosecond laser pulse,



43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Phys. Rev., B79, 033409.

Hashida M., Fujita M., Tsukamoto M., Semerok A. F, Gobert O, petite G., Izawa VY. and
Wagner J. F. (2002). Femtosecond laser ablation of metals: Precise measurement and
analytical model for crater profiles, Proc. SPIE, 4830, 452-457.

Yasumaru N., Miyazaki K., and Kiuchi J. (2003). Femtosecond-laserinduced nanostructure
formed on hard thin films ofTiN and DLC, App/. Phys., A76, 983-985.

Borowiec A. and Hauge H. K. (2003). Subwavelength ripple formation on the surfaces of
compound semiconductors irradiated with femtosecond laser pulses, Appl. Phys. Lett, 82,
4462-4464.

Costache F, Henyk M., and Reif J. (2003). Surface patterning on insulators upon femtosecond
laser ablation, App/ Surf Sci, 208, 486491.

Shimotsuma Y., Kazansky P. G, Qiu J. R, and Hirao K. (2003). Selforganized nanogratings in
glass irradiated by ultrashort light pulses, Phys. Rev. Lett, 91, 247405.

Hashida M., Nagashima K. Fujita M. Tsukamoto M. Katto M. and lzawa Y. (2003).
Femtosecond laser ablation of metals: Characterization of new processing phenomenon and
formation of nano-structures, Proc. 9th Sym. Microjoining Assembly Technol. Electron., 9,
517-522.

Her T. H, Finlay R. J., wu C,, Deliwala S., and Mazur E. (1998). Microstructuring of silicon with
femtosecond laser pulses, Appl. Phys. Lett, 713, 1673-1675.

Baldacchini T, Carey J. E, Zhou M., and Mazur E. (2006). Superhydrophobic surfaces
prepared by microstructuring of silicon using a femtosecond laser, Langmuir; 22, 4917-4919.
Carey J. E, Crouch C. H,, Shen M., and Mazur E. (2005). Visible and nearinfrared responsivity
of femtosecond-laser microstructured silicon photodiodes, Opt. Lett, 30, 1773-1775.
Younkin R., Carey J. E, Mazur E., Levinson J. A, and Friend C. M. (2003). Infrared absorption
by conical silicon microstructures made in a variety of background gases using
femtosecond-laser pulses, /. Appl Phys., 93, 2626-2629.

Wang F, Chen C,, He H.,, and Liu S. (2011). Analysis of sunlight loss for femtosecond laser
microstructured silicon and its solar cell efficiency, App/ Phys., A103, 977-982.

Zorba V., Stratakis E., Barberoglou M., Spanakis E., Tzanetakis P, Anastasiadis S. H. and
Fotakis C. (2008). Biomimetic artificial surfaces quantitatively reproduce the water repellency
of a lotus leaf, Adv. Mater, 20, 4049-4054.

Naya B. K., Gupta M. C,, and Kolasinski K. W. (2007). Spontaneous formation of nanospiked
microstructures in germanium by femtosecond laser irradiation, Nanotechnology, 18,
195302.

Nakashima S., Sugioka K., and Midorikawa K. (2010). Enhancement of resolution and quality
of nano-hole structure on GaN substrates using the second-harmonic beam of near-infrared
femtosecond laser, App/ Phys, A101, 475-481.

Nakashima S., Sugioka K., Ito T, Takai H. and Midorikawa K. (2011). Fabrication of high-

aspect-ratio nanohole arrays on GaN surface by using wet-chemical-assisted femtosecond



58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

70.
71.

72.

73.

laser ablation, /. Laser Micro/Nanoeng., 6, 15-19.

Nakata Y., Okada T, and Maeda M. (2003). Nano-sized hollow bump array generated by
single femtosecond laser pulse, Jpn. /. Appl. Phys., 42, L1452-11454.

Nakata Y., Okada T., and Maeda M. (2004). Lithographical laser ablation using femto-second
laser, Appl. Phys., AT9, 1481-1483.

Nakata Y., Miyanaga N., and Okada T. (2007). Effect of pulse width and fluence of
femtosecond laser on the size of nanobump array, Appl. Surf Sci, 253, 6555-6557.

Nakata VY., Tsuchida K., Miyanaga N., and Furusho H. (2009). Liquidly process in femtosecond
laser processing, App/. Surf Sci, 255, 97619763.

Nakata Y., Momoo K. Hiromoto T, and Miyanaga N. (2011). Generation of superfine
structure smaller than 10 nm by interfering femtosecond laser processing, Proc. SPIE, 7920,
79200B.

Chimmalgi A., Choi T. Y., Grigoropoulos C. P, and Komvopoulos K. (2003). Femtosecond
laser apertureless near-field nanomachining of metals assisted by scanning probe
microscopy, Appl. Phys. Lett, 82, 1146-1148.

Lin Y, Hong M. H, Wang W. J, Law Y Z, and Chong T. C. (2005). Sub-30 nm lithography
with near-field scanning optical microscope combined with femtosecond laser, Appl. Phys.,
A80, 461-465.

Atanasov P A, Takada H. Nedyalkov N. N., and Obara M. (2007). Nanohole processing on
silicon substrate by femtosecond laser pulse with localized surface plasmon polariton, App!/.
Surt Sci, 253, 83048308.

Eversole D., Luk'yanchuk B., and Ben-Yakar A. (2007). Plasmonic laser nanoablation of silicon
by the scattering of femtosecond pulses near gold nanospheres, Appl. Phys., A89, 283-291.
See, for example, http://www.cmet.co.jp/en/index.html.

Cumpston B., Ananthavel S., Barlow S., Dyer D., Ehrlich J., Erskine L., Heikal A., Kuebler S.,
Lee I.-Y, McCord-Maughon D, Qin J., Rockel H., Rumi Me, Wu X.-L., Marder S., and Perry J.
(1999). Two-photon polymerization initiators for three-dimensional optical data storage and
microfabrication, Nature 398, 51-54.

Kuebler S. M., Braun K., Zhou W., Cammack J,, Yu T, Ober C., Marder S., and Perry J. (2003).
Design and application of high-sensitivity two-photon initiators for three-dimensional
microfabrication, /. Photochem. Photobiol, 158, 163-170.
http://gtresearchnews.gatech.edu/newsrelease/3dmicrostructures. htm.

Sun H. B, Matsuo S., and Misawa H. (1999). Three-dimensional photonic crystal structures
achieved with two-photon-absorption photopolymerization of resin, Appl. Phys. Lett, 74,
786-788.

Serbin J., Ovsianikov A., and Chichkov B. (2004). Fabrication of woodpile structures by two-
photon polymerization and investigation of their optical properties, Opt. Express, 12, 5221-
5228.

Maruo S. and Inoue H. (2006). Optically driven micropump produced by three-dimensional



74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

two-photon microfabrication, Appl. Phys. Lett, 89, 144101.

Maruo S. and Inoue H. (2007). Optically driven viscous micropump using a rotating
microdisk, Appl. Phys. Lett, 91, 084101.

Tian Y, Zhang Y. L, Kul. E, He Y, Xu B. B, Chen Q D, Xia H., and Sun H. B. (2010). High
performance magnetically controllable microturbines, Lab Chip., 10, 2902-2905.

wang J, He Y, Xia H,, Niu L. G, Zhang R, Chen Q D, Zhang Y L, Li Y E, Zeng S. J, Qin J. H,,
Lin B. C., and Sun H. B. (2010). Embellishment of microfluidic devices via femtosecond laser
micronanofabrication for chip functionalization, Lab Chip., 10, 1993-1996.

Wu D, Chen Q D, Niu L. G, wang J. N, wang J., wang R, Xia H., and Sun H. B. (2009).
Femtosecond laser rapid prototyping of nanoshells and suspending components towards
microfluidic devices, Lab Chip., 9, 2391-2394.

OvsianikovA., Malinauskas M., Schlie S., ChichkovB., Gittard S. Narayan R. Loblerc M.,
Sternbergc K., Schmitzc K. P, and Haverich A. (2011). Three-dimensional laser micro- and
nano-structuring of acrylated poly(ethylene glycol) materials and evaluation of their
cytoxicity for tissue engineering applications, Acta Biomater, 7, 967-974.

Farsari M. and Chichkov B. (2009). Two-photon fabrication, Nature Photon., 3, 450-452.
Tan D. E, Li Y, Qi F. G, Yang H., and Gong Q H. (2007). Reduction in feature size of two-
photon polymerization using SCR500, Appl. Phys. Lett, 90, 071106.

Tanaka T, Ishikawa A., and Kawata S. (2006). Two-photon-induced reduction of metal ions
for fabricating three-dimensional electrically conductive metallic microstructure, Appl. Phys.
Lett, 88, 081107.

Chan J. W,, HuserT. R, Risbud .S. H., and Krol D. M. (2003). Modification of the fused silica
glass network associated with waveguide fabrication using femtosecond laser pulses, App!/.
Phys., AT6, 367-372.

Dharmadhikari J. A,, Dharmadhikari A. K., Bhatnagar A., MallikA., Singh P. C, Dhaman R. K.
and Mathur D. (2011). Writing low-loss waveguides in borosilicate (BK7) glass with a low-
repetition-rate femtosecond laser, Opt. Comm., 284, 630-634.

Efimov O. M., Glebov L. B., Richardson K. A, Van Stryland E., Cardinal T, Park S. H., Couzi
M., and Bruneel J. L. (2001). Waveguide writing in chalcogenide glasses by a train of
femtosecond laser pulses, Opt. Mater., 17, 379-386.

LeCogD, MasselinP, Przygodski C., and BychkovE. (2009). Morphology of waveguide written
by femtosecond laser in AS2S3 glass, /. Non-Crystal. Solids, 355, 37-42.

Zhang H., Eaton S. M., and Herman P. R. (2006). Low-loss type Il waveguide writing in fused
silica with single picosecond laser pulses, Opt. Express, 14, 4826-4834.

Watanabe W., Asano T, Yamada K., Itoh K, and Nishii J. (2003). Wavelength division with
three-dimensional couplers fabricated by filamentation of femtosecond laser pulses, Opt
Lett, 28, 2491-2493.

Florea C. and Winick K. A. (2003). Fabrication and characterization of photonic devices

directly written in glass using femtosecond laser pulses, /. Lightwave Technol, 21, 246-253.



89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Bricchi E., Mills J. D., Kazamsky P. G., Klappauf B. G., and Baumberg J. J. (2002). Birefringent
Fresnel zone plates in silica fabricated by femtosecond laser machining, Opt Lett, 27, 2200-
2202.

Vella G. D., Taccheo S., Osellame R, Festa A., Cerullo G., and Laporta P. (2007).1.5 gm single
longitudinal mode waveguide laser fabricated by femtosecond laser writing, Opt. Express,
15, 3190-3194.

Kawamura K., Hirano M., Kurobori T, Takamizu D. Kamiya T, and Hosono H. (2004).
Femtosecond-laser-encoded distributed-feedback color center laser in lithium fluoride
single crystals, Appl. Phys. Lett, 84, 311-313.

Miura K., Qiu J,, Fujiwara S., Sakaguchi S., and Hirao K. (2002). Threedimensional optical
memory with rewriteable and ultrahigh density using the valence-state change of samarium
ions, Appl. Phys. Lett, 80, 2263-2265.

Luo F. E, Qian B, Lin G., Xu J,, Liao Y, song J., Sun H. Y, zhu B., Qiu J. R, Zhao Q Z, and Xu
Z. Z. (2010). Redistribution of elements in glass induced by a high-repetition-rate
femtosecond laser, Opt Express, 18, 6262-6269.

Hongo T, Sugioka K., Niino H., Cheng Y., Masuda M., Miyamoto 1., Takai H., and Midorikawa
K. (2005). Investigation of photoreaction mechanism of photosensitive glass by femtosecond
laser, /. Appl. Phys., 97, 063517.

Miura K., Shimotsuma Y., Sakakura M., Kanehira S., Hamabe M., and Hirao K. (2006). Three-
dimensional deposition of silicon from silicate glass with dispersed metallic aluminum by a
femtosecond laser, Proc. SPIE, 6413, 64130K.

Marcinkevicius A., Juodkazis S., Watanabe M., Miwa M., Matsuo S., Misawa H., and Nishii J.
(2001). Femtosecond laser-assisted threedimensional microfabrication in silica, Opt. Lett, 26,
277-279.

Sugioka K., Cheng Y., and Midorikawa K. (2005). Three-dimensional micromachining of glass
using femtosecond laser for lab-on-a-chip device manufacture, App/. Phys., A81, 1-10.
Sugioka K. Hanada Y., and Midorikawa K. (2010). Three-dimensional femtosecond laser
micromachining of photosensitive glass for biomicrochips, Laser Photon. Rev, 3, 386-400.
Cheng Y., Sugioka K., Midorikawa K., Masuda M., Toyoda K., Kawachi M., and Shihoyama K.
(2003). Three-dimensional Micro-optical components embedded in photosensitive glass by
a femtosecond laser, Opt Lett, 28, 1144-1146.

100. Wang Z., Sugioka K, and Midorikawa K. (2007). Three dimensional integration of

microoptical components buried inside photosensitive glass by femtosecond laser direct
writing, App/. Phys., A89, 951-955.

101. Wang Z, Sugioka K. and Midorikawa K. (2008). Fabrication of integrated microchip for

optical sensing by femtosecond laser direct writing of Foturan glass, App/. Phys., A93, 225-
229.

102. Crespi A., Gu Y., Ngamsom B., Hoekstra H. J. W. M. Dongre C., Pollnau M., Ramponi R., van

den Vlekkert H. H., Watts P, Cerullo G., and Osellame R. (2010). Three-dimensional Mach-



Zehnder interferometer in a microfluidic chip for spatially-resolved label-free detection, Lab
Chip, 10, 1167-1173.

103. Hanada Yo, Sugioka K., Ishikawa I. S., Kawano H., Miyawaki A., anc Midorikawa K. (2011).3D
Microfluidic chips with integrated functional microelements fabricated by femtosecond laser
for studying the gliding mechanism of cyanobacteria, Lab Chip., 11, 2109-2115.

104. Watanabe S. (2010). Laser Precision Microfabrication, eds. Sugioka K. Meunier M, and
Pique A, Chapter 6 Laser Nanosurgery, Manupulation, and Transportation of Cells and
Tissues (Springer, Heidelberg) 145161.

105. Koénig K., Riemann 1., and FritzscheW. (2001). Nanodissection ofhuman chromosomes with
near-infrared femtosecond laser pulses, Opt Lett, 26, 819-822.

106. Guo S. X., Bourgeois E, Chokshi T, Durr N. J., Hilliard M. A,, Chronis N., and Ben-Yakar A.
(2008). Femtosecond laser nanoaxotomy lab-on-achip for in vivo nerve regeneration studies,
Nat. Meth., 5, 531-533.

107. Tirlapur U. K. and Koénig K. (2002). Cell biology—Targeted transfection by femtosecond
laser, Nature, 418, 290-291.

108. Csaki A, Garwe F, Steinbruck A., Maubach G., Festag G., Weise A, Riemann 1., Kénig K.,
and Fritzsche W. (2007). A parallel approach for subwavelength molecular surgery using
gene-specific positioned metal nanoparticles as laser light antennas, Nano Lett, 7, 247-253.

109. Juhasz T, Kastis G. A., Suarez C., Bor Z,, and Bron W E. (1996). Timeresolved observations
ofshock waves and cavitation bubbles generated by femtosecond laser pulses in corneal
tissue and water, Laser Surg. Med,, 19, 23-31.

110. Nakamura K., Sora VY., Yoshikawa H. Y., Hosokawa Y., Murai R., Adachi H., Mori Y., Sasaki T,
and Masuhara H. (2007). Femtosecond laser-induced crystallization of protein in gel medium,
Appl. Surf Sci, 253, 64256429.

111. Kaji T, Ito S., Miyasaka H., Hosokawa Y., Masuhara H., Shukunami C., and Hiraki Y. (2007).
Nondestructive micropatterning of living animal cells using focused femtosecond laser-
induced impulsive force, Appl. Phys. Lett, 91, 023904.

112. Yamaguchi A, Hosokawa Y., Louit G., Asahi T, Shukunami C., Hiraki Y., and Masuhara H.
(2008). Nanoparticle injection to single animal cells using femtosecond laser-induced
impulsive force, App/l. Phys., A93, 39-43.

113. Kuo Y. E, Wu C. C,, Hosokawa Y., Maezawa Y., Okano K., Masuhara H., and Kao F. J. (2010).
Local stimulation of cultured myocyte cells by femtosecond laser-induced stress wave, App/.
Phys., A101, 597-600.

114. Hosokawa Y., Takabayashi H. Miura S., Shukunami C., Hiraki Y., and Masuhara H. (2004).
Nondestructive isolation of single cultured animal cells by femtosecond laser-induced
shockwave, App/ Phys., AT9, 4-6.

115. Dausinger F. (2002). Femtosecond pulses for medicine and production technology -
overview of a German national project, Proc. SPIE, 4426, 9—16.

116. http://www.amo-inc.com/products/refractive/ilasik/intralase-fslaser.



117. Haight R, Wagner A, Longo P, and Lim D. (2005). Femtosecond laser ablation and
deposition of metal films on transparent substrates with applications in photomask repair,
Proc. SPIE, 5714, 24-36.

118. Bauer Th. and Konig J. (2010). Applications and perspectives of ultrashort pulsed lasers,
Technical Digest ofLPM 2010, JSPS, 127.

119. Booth H. (2010). Laser processing in industrial solar module manufacturing, Proc. LPM
2010, JSPS, #10-02.

120. Hasegawa S. and Hayasaki Y. (2009). Adaptive optimization ofhologram in holographic
femtosecond laser processing system, Opt. Lett, 34, 22-24.

121. Obata K, Koch J, Hinze U, and Chichkov B. N. (2010). Multi-focus twophoton
polymerization technique based on individually controlled phase modulation, Opt. Express,
18, 17193-17200.

122. Sakakura M., Sawano T, Shimotsuma Y., Miura K., and Hirao K. (2010). Fabrication of three-
dimensional 1 x 4 splitter waveguides inside a glass substrate with spatially phase
modulated laser beam, Opt. Express, 18, 12136-12143.

123. Englert L, Rethfeld B., Haag L., Wollenhaupt M., Sarpe-Tudoran C., and Baumert T. (2007).
Control of ionization processes in high band gap materials via tailored femtosecond pulses,
Opt. Express, 15, 1785517862.

124. Stoian R, Boyle M., Thoss A, Rosenfeld A., Korn G., Hertel I. V., and Campbell E. E. B. (2002).
Laser ablation of dielectrics with temporally shaped femtosecond pulses, Appl. Phys. Lett,
80, 353-355.

125. Wollenhaupt M., Englert L., Horn A, and Baumert T. (2009). Control of ionization processes
in high band gap material, /. Laser Micro/ Nanoeng., 4, 144-151.

126. Sano T, Mori H., Sakata 0., Ohmura E, Miyamoto 1., Hirose A., and Kobayashi K. F, (2005).
Femtosecond laser driven shock synthesis of the high-pressure phase of iron, Appl. Surf
Sci, 247, 571-576.

127. Juodkazis S., Vaalions A, Gamaly E. G., Mizeikis V., Yang W.,, and Rode A. (2011). Micro-
explosions triggered by femtosecond laser pulses: new tool of nano-structuring, Technical
Digest ofLPM 2011, JSPS, 127.

128. Vailionis A., Gamaly E. G., Mizeikis V,, Yang W., Rode A. V., and Juodkazis S. (2011). Evidence

of superdense aluminium synthesized by ultrafast microexplosion, Nat Comm., 2, 445.



