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Femtosecond-Laser Processing
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Recently, the femtosecond lasers have become an important tool in various research fields. The main features
of the femtosecond laser pulses are ultra-fastness and the ultra-high electric field. It is expected that their capabili-
ties to induce nonlinearities in the laser-matter interactions will lead to the development of innovative technologies
in the fields of laser material processing. In the femtosecond-laser ablation experiments, several unique features such
as clear ablation thresholds, reproducible and predictable ablation profiles, periodical nano-structure formation, had
been observed. These phenomena are useful for the micro-machining in sub-wavelength scale. Also x-ray emission
from the femtosecond-laser irradiated metal can be applicable for contamination analysis. The debris generated in
the femtosecond-laser ablation in the air was found to be in the form of nano-particle. Non-thermal process in the
ultrafast laser-matter interaction has a possibility to realize a phase control of semiconductors.
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Fig. 1 Industrial applications of the short pulse lasers.
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Fig.2 Estimated temporal evolution of surface electron tem-
perature and lattice ion temperature for copper targets
irradiated by a short pulse laser which pulse width is less
than 10 ps.
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Fig. 3 Comparison of laser-bored holes on Titargets irradiated
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laser pulses.

Femtosecond-Laser Processing

197

M. Fujita and M. Hashida

1L Sacley #F%7T @ Hashida 51, 7z A M7 7L —
varvl— NOWE 7V —T v 2EGEEERIEL, 6H7IC
LRERTTL—YarL— OB ERHICHSMITL
72120,21]. Z O R% Fig 41277, Figdlxfi%z ¥ —
Fy e LD 72 A ML= =TT L= a 5k
EWMNBIRL2T T 7 TH D, kI, FFERo s
FINLT—F 2 EAEMLEELZ RO T2, Lal,
Fig A IR T LD XM BFERTH I LI2L D, EBRT—
FHhOLME (T 7L —Y 3 v L— FAABICEILT B )
e 7 V- A0EELEBIZIrIIENLZ EDD
Mol EHIREF 2FHOMMETHY, M7V —x
Y ADBL DB 1K EOT T L= a vy L— D%
IO %di 5.

COE) HMELEBEDO TN -y ATH R T5 2
I DM TS REE 2 0, A IZBEN T AT
W5, Figbll¥ ¥ =TTy V%8B nTe
AT, Hwiey =7y MIgk, SV AMEIZ 70 TH 5.

B

F =1

i

£

£

2

[

= | .

8 ) | ® Experimental data

g 10° ¢ I | — - [3-6am {In( F0.250}3

< E ! | ———  [2-5nm{In( FO.180)2
3 : —_ [1-00InmIn( FO018)

10-5 L AN L Ll R il i

0.01 0.1 1 10

Incident laser fluence(J/cm2)

Fig.4 Experimetal results of ablation rate as a function of laser
fluence for copper targets irradiated by femtosecond
laser pulses.

N
L o

N
o

w
o

Ablation depth (pm)

Ablation depth (pm)

78 79 80 81 82 83 84 85
position (um)

Fig.5 Cross section of a hole drilled by femtosecond laser
pulses.



Journal of Plasma and Fusion Research Vol.81, Suppl. 2005

77— avl— FHPRMICEILT ARG ETL —
F =R AT BT 5 2 & TER SN
Fig. 4 I2BWT, S8, M, — MBI Td

L=a '[In(F/Fy)]" (9)

THZONA, 22T, L3777V —varyb—1, a3k
OWIUREL, FIZL—F—7 Vv —T v A, Fy ZFEBRIYITERK
BDONLET T L—3a VBl n 3BEKTHE. Tk
RHEBEOBMEE MR E O RV —Bdho &8 (B
=, TV, BYTFY, &, &) THEHshT
w5 [22].

SOBMEMILOF & LT Fig. 6 ICBEZORMTMLIOE
BERYT. ZOBORH ARy M4 XIZEE 100 um T
HDHH, MLROBEZIH20um TH 5. BREIEE LI
R CEAEMEISREE R T VS, REAHOM D %5 k)
X, BEEMGHEROZILIER s,

T2, ZOADZVEEEHVE, EEID L H5HE
HTIZu A= VoML S %5, Fig714&
7=y PAORBIMTOGEYRT. Azl —4#—
D7)V AWEIE 100 fs, #%F1E 800 nm, MEEF AR v PRI
100umTdh 5. W7V —2 > 22 H#$ 52 L THEEX
D b/ E 2 A 580 nm DR % [H1FE 600 nm THIEMEB T %
ZEIEL T,

3.2 A rA-FTNFTTL—a(22,23]

BRBoOLRVT7 o A MINTIZBWTIE, L=k
SREES AT ASBIFNTMN TIERIC B S B & DS FEERI I HE

Fig.6 SEM image of human hair drilled by femtosecond laser
pulses.

Fig.7 SEM images of gold targets irradiated by femtoseocnd
laser pulses. The hole diameters are smallerthanthe la-
ser wavelength (800 nm).

AENTWAS, FigdDF—% 3BY L —F — D22/ m
E— 7B LTMLROR S ENRITOT 7L —
Yarvlb—>F (Yay METEHLE) #7uy MLz
757 ThHBHN, FIL—F—WEARY NNOEEOAL
B LTnNRoOBRr /NG T 7L -V a L —
I (Fig.83M) & Fig 4 D7 — % L B —%T 5. ¥—7
BREEICR LT o 77— % (Fig.4) #OFIT, MRES
W LTS N7 2 7 — & & FEH T Fig. 9 1SR T,
DT ENS, L —uRESA 2 EREICHE LTS
L—% —BIREZ BTS2 L12X Y, Figdnk)Hn
7z A MTHEED 7 — 5 2 BH SN Eosby
5. COEI BTN —EHEONLE, NIRRT
WhEL kb, Fig 10 12 Fig 4 DF = RXR=2Ah5FHll & h
HZIMITIIRE EBETH SN MR & O Z RS,
IMLEROFRNCIE Fig. 4 2 6H 507274 v 74 V7
BEHWTWS, 20X BBl EBRNICHEES RS
WX D, LIRS A 2 T 5 2 & TR O
TIROFEBRIWREL %2 5.

3.3 F/AHEERK

Birnbaum 1319654F, V¥ —L —H— |2 &k 5 }8kp ¥

|

Laser beam profile

F(x)=F.exp -(x/a)}:

-
[l

)

Laser Fluence (Jicm?)

X

AMnntht

Fig. 8 Focussed laser intensity profile (a) and corresponding
crater profile (b).

10— Fih

%

-
o
T

Ablation Rate (nmishot)
o
o
a

O S. Nolte et al.
® . Hashida et al.

0.01 0.1 1 10

Laser Fluence (J/icm?)

(— Continuous Data

Fig.9 ComparisonofablationrateshowninFig. 4andcontinu-
ous data obtained by crater profiles as a function of lo-
cal laser fluences as shown in Fig.8.



Commentary
o 05— 171 71
E — 2

E 04F (a) £=400 mJ/cm o Experimental Data-
2 4 3
¢ 03f & « — Calculation 3
§ 0.2 ; /é' \" 4
T F V4 k3
5 0.1 E / LN . 3
8 0 E e o
b
— '1 E T T T T
LU
= £
§ 1F 1200 shots — Experimental Data-
E 2 k - — Calculation 7
=
E 3f 1
]
{ 4 E " 1 " " 1

-100 -50 0 50 100

Fig. 10 Comparison of crater profile predicted by experimen-
tally obtained fitting functions and the experimental
data.

.........

550~650 nm

SEM images of copper target surface irradiated the
femtosecond laser pulses which show periodical struc-
ture.

Fig. 11

A—=T&SHL, MIJEOREIZHET 4 X O FHHEE
HTELZERERICEER LA[24]. ZhaiicsTsE
REERPEIZOWT, L—F—E, 7OVAMEEIT A —
7L LTEL OMFEMEN RSN TEL. HUEE A
JHLERMIZTES 77 A=W 25] L < IFHELgk [26] &L
TR TEZEAERRLTEY, FmEHAIC
BIKGETHZEBHE IR TS, ThETHRET]I SN
TV S ORE d &, L—F—0 A4 0 ITREL
d=AM(1£sinf) OEHRTELT S, 0=0"DAGH (5 —
oy MECK U CIREAS) THIFE 4 &, L -k
FBALHBEETERLDTICALZ LI,

T xh ML -BEO%ETH, ¥—7 v FRICH
ISR R SN TBY, 2oIIEL —F -k X
DB LPREEINTWS, Fig 112724 ML —
PF—DOMEHC X - TER SN HEBEREN#E 0 5E
RY. L—H—DTE Ry —r2HTIZ, ¥y—4 v b E
TARy b &RIFFT %720 THPEFIROME % KEE T
TED T 2 &ATE L. WHDLOMITIC X ULt s
HHTHERTE A 25, WEFIREHICH > THEE
OBAMEAE N ED3b 25, HEEDOHIEIZL —F—D
EHE ARG L TBY, 74 MEIMTHKICL
F—DERPRKEEELTNLZ k#%oﬁ%hé

Q®H%%L@7x«7bw%m«ét , fastod

L —W—lie BM@ﬁﬂfﬁwwah®ﬁﬁ®%W

199

Femtosecond-Laser Processing

(a)

Sew ing needle

M. Fujita and M. Hashida

330 pm

Target : C opper

280k v . B30k x 330F

Fig. 12 SEM images of the tip of a needle sharpened by the
femtosecond laser pulses.

1000 _Flm
— - F -
= 800 | zm E
L 3 s ?
2
2 600 £}§ i
:
] L ]
5 400 3 1
3 [ i a8 ]
» 200 ]
0 L n PR R S A | L L PR R S |
0.01 0.1 1

Fig. 13 Structure period as a function of laser fluence.

ZilA7z. Fig 12121%, #ES M4 3 um & S 200 um
DR MR OE R E T HMSEHEEE Y /RT. Fig
12 (D)X HGER T Z IR L 725 O TRV MR O ¥ v 7
1%, % 260nm, 3% 500 nm THo 7.

F72, 72 ML —F—I2X B4 H (Cu Fe Al
Mo, Ni) 2T RIS - FlfgEIE, Fig 131087 &
IV —HF =T ) —T v 2 &GS 25 2 & CRIHME
EXbEL 22 EHE I T2 [29].

R, ORI ISR RBRE ORI R D 5 2 LAY
s En030]. F72, 72 MLV RIZED T AN
IR SNz 8y b (BPREILE) ofcbkRLD
NS SBZE S Tw 5 [31].

4. TRAMADIGH

LIBS (Laser Induced Breakdown Spectroscopy) #i2 X
BILHEGHEEME, R, BERWEIFHTE 5729, K
%ﬁ%ﬁ%®ﬁ$ﬁﬁ‘MOXWﬂ@??V-TwF“WA
RERILWIRE) OmEERN, SBBERYOD R0
THEHEhTWA[32]. HIRTEL—¥—-L LT, ﬁﬁﬁ
EWE, BHOBLES, B0V AED S 0D



Journal of Plasma and Fusion Research Vol.81, Suppl. 2005

NTW 533, 34]. W IEEE I3 T 0.001% L TRA

BOBAINRERFHE S TwD, ThE TORMENE
LT, Hwa L—=%—0/O0 ZIEFEW2012, LIBS #:12
IVHEEEINE T I A< b L—F— L OMEIEH O L,
GHIEEDI B\ E TR T T2 8 lh -7z, HE, TR
TORLFEIZBW T FHCGITRE BT 21557
DIZ, 7z A ML —F—ICEERZ 5T LM EINT
W5[35]. 7z A ML —F—DHH, T ATHERS
NAHIERH (10728) X ) 28V ARSI 20, 7
FARIZE DPBKEDRT A TE, JLRICTHRE L
EWOMTREZEHTE S, 72, 724 ML —F—T
FF 2BV = —1CHXRT, BO TN —F—T A2
F—THEOMEREZFEHTE 5. Fig 14 (@)I2id LIBS
BCE2WEEOTEMNHERO—BI %R, Fig 14 (b)
(20, PEAELER O 72 6 AR TR T AR & A 5 72 X #at
B K-a ) BT L BERERT. LIBSHhEiEL—4—
ERSWEERMICERRBE LT, AREhDE 75 A<vD3E
F & G o TANRS MVERE UYIE OB 5T & AT
I bDTH 5. LIBS hOsF#, AP CTEMTE 5 M
HbH. DD, WHEETHZWHEOKRE SITTHIBIZ % e,
F7, L—H—V—2%Lr XTHEXETNIZ6um O
WETENL 2D, I70RGaN»TeeE b, —J
HFE IS L2 E, Bomm OfiFO~ 7 o CFY)
WMD) Z e TESL, ZD2200FHEIZLD,
MOX ME O MBEEHD L ) MEHETITZ 5. Bk
BEZEWM DICHE I, SBEEEY DRI OWTHEI %
V=T DZA.

5. 7T/ HFERNDICH
KEPTWEOT 7L —Yar&{75k, BEL-WE
ARG LRI T & 7 o THRELT 5. 7OV ZE 100 fs, PR
800 nm DL —HF—Z ATz KAFTT 7L—va v
B, TREER T2 AR IS A2 2 L BSRA SN
HEMOPLKREE % Fig. 15 1R F . B ICHE 100 nm PLT
DEBTEDN 572/ NTHEDPBLE I TS, &
G REARR RSy P LEBICAER IR
F ) WRLT- OREED S BRI S 2 iU, BEBRE VIS A
BRTE2b0LHFsNB.

6. ¥EETF7-_—U>IADIGH

Tz A ML= —% F 7o BB OME R I X 0 JE
7L —W—FEMEL Lo REMICHELSR L 72
(36]. MEOENL —F - X Y AL T 512
X, 1) L= —25B IS 2N RNVF—DAF
YOBGEENIAMR I NG (EaBU LKA r—),
7213 2) L—¥—=12X D OBFFHHMIRED &k S
NEFWEORFENC LV REN R TOEREZ 7267
(F7EIRORHAT —), V) 2 BY) DA =X Lh
BEZOLND., INHLOBRE I HICHFLIEHTAZ L
T, KX 2WEOETH - MBI BN TR T 5 &
PRI TWAS.
IFI3VL—Y—FHwi7==1) 7k, F—=23r}

200

(a) (b)

Fig. 14 Comparison of spectroscopic images of copper alloy
obtained by (a) laser induced breakdown by using the
femtosecond laser pulse and (b) K-« emission.

1cm from the laser axis

-
-

MNear the Laser Axis

Fig. 15 SEM image of debris produced by the femtosecond
laser ablation.

DOIWEHALICER TH D E LB, FV— U AEHBMLT
BT 22 LI12X ) P30 F O ZWHI$ 2 Bk & B
FBENEH SN TS, BREREZ & TN 55
WZHET B RGO 72 DA D) — 7 B % 3 5 Heffr
IZOWTH R #ED SN TWAI[37]. —J, K—s3UF
@D/ E D W LWiEE LR E LT7 = 4 VB
L—HF—DRHPELZSNRTWA[38]. 7= ML —
W% TR IR CHEAE TIRE 2 FlE T &
U, 20 nm BE ORISR 4 4~ OILE %
THIENTELLDOLHFINTVS. Fi¥idfie LTo
TR 2 T 5720, SHIZOWTHRTIREFRIHKAR S
NTW5, KRG T > 72E0) TH Y, WR2MHRY
b7, L—W—iE\REE/NNTA—-F L L TELIZFHL
WEBAED LN T WD, ROWHEHBIIARHY A 4+~ O3
EWMRBHIENTENL, AFIE, BLSI TN ADH
PERAL & BERLD 2D DO RN & 25 TH A D
—7, MBS EBOAEBETSL T A ML —
F—1%, MEHROMZ L HETL L2 THEICT S0 D
L, PRERIEFEILZ D TICEBN IR S F v
ZIIUL, 7 MR AL v T v IHEAA L SRR
Eh 5 [36].

7. £&£8

VAR, 7z A ML —Y—3Bc RSB TR
V—)VE LTEEEZML TS, 720 ML —HF =
VADFETH Bl EE - BEER L FIA LT
TOMEFERLTWVWSE., 720 L —¥F—7T 7L —



Commentary

VavERIIBWT, EEOBELBMEOME, FEMEX
SFMTRzT T L—ay, F/EEEDACEE %
L, INFTOL—HF—7TL—va vy TlERONE -
7o BIE A & UGN T B~ oIS H MRS T
b, F72, 7z A ML —YF-—WEL-E&E»5D X #i%
HlIER LIRS EISHTETH S Z RIS h
Twab, RAPTO7zb8 ML —H—-77L -3 3T
BELZF7TVEF /BT THAILFBHESNTE

0, ¥/ T OFEE LTHEEY., BEHEOIER
170 23 BEARO ML & BAEICHIEE T & W A
H Y EFISHANDORERAPEERIN TS,

AT, BTz ML= THELS
BT 7= a VERE ROV —F—IEHD b
¥y 7 ZA#M\ALD, 720 ML —HF—iZZhTTIC
w7t Ay— - FHlly — v e LCERERE, £/ 7
ryuay—, EHE, BER YNGR TR IR
L—HF— b HORERZRET D EWFREEN TS,

s EXH
SIHEDS, HRHHEZ @ EASRRE 122, 754 (2002).
EIREEA] L —YINLFERE 8 221 (2001).
NEE, B C BRFERE 122,740 (2002).
WEHEM | ERRRE 122, 749 (2002).
EHER, HEAZ, SE#— 6Y 31,621 (2002).
TEH B8, HHAEZ YRR 73,178 (2004).
M.D. Shirk and P.A. Molian, J. Laser Appl. 10, 18 (1998).
S.D. Brorson, A. Kazeroonian, J.S. Moodera, D.W. Face,
T.K. Cheng, E.P. Ippen, M.S. Dresselhaus and G. Dressel-
haus, Phys. Rev. Lett. 64, 2172 (1990).
S.I. Anisimov and B. Rethfeld, Proc. SPIE Nonresonant
Laser-Matter Interaction (NLMI-9), 3093, 192 (1997).
P.B. Corkum, F. Brunel and N.K. Sherman, Phys. Rev.
Lett. 61, 2866 (1988).
C. Momma, B.N. Chichkov, S. Nolte, F. von Alvensleben,
A. Tunnermann, H. Welling and B. Wellegehausen, Opt.
Comm. 129, 134 (1996).
B.N. Chichkov, C. Momma, S. Nolte, F. Alvensleben and
A. Tunnermann, Appl. Phys. A 63, 109 (1996).
S. Nolte, C. Momma, H. Jacobs, A. Tunnermann, B.N.
Chichkov, B. Wellegehausen and H. Welling, J. Opt. Soc.
Am. B 14, 2176 (1997).
K. Furusawa, K. Takahashi, H. Kumagai, K. Modorikawa
and M. Obara, Appl. Phys. A69 [Suppl.] S359 (1999).
B.C. Stuart, M.D. Feit, S. Herman, A.M. Rubenchik, B.W.
Shore and M.D. Perry, J. Opt. Sco. Am. B 13, 459 (1996).
P.P. Pronko, SK. Dutta, J. Squier, J.V. Rudd, D. Du and
G. Mourou, Opt. Comm. 114, 106 (1995).
S.S. Wellershoff, J. Hohlfeld, J. Gudde and E. Matthias,

[1]
[2]
[3]
[4]
[5]
[6]
(7]
[8]
(9]
(10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

201

Femtosecond-Laser Processing

[18]

[19]

[20]

[21]

[22]

[23]

[24]
[25]

[26]

[27]

[28]

[29]

[30]

[31]
[32]

[33]

[34]

[35]

[36]

[37]
[38]

M. Fujita and M. Hashida

Appl. Phys. A69 [Suppl.] S99 (1999).
P.P.Pronko,SK.Dutta,D. Duand R.K.Singh, J. App.Phys.
78, 6233 (1995).

S.Preuss, A. Demchuk and M. Stuke, App. Phys. A 61,33
(1995).

M. Hashida, A.Semerok, O. Gobert, G. Petite and J.F. Wag-
ner, Proc. SPIE 4423, 178 (1999).

M. Hashida, A.Semerok, O. Gobert, G. Petite, Y.Izawaand
J.F. Wagner, Proc. The 6th International Conference on La-
ser Ablation (2001) p.137.

WGHEM, e, BHEAEZ, FEAHER, FHEEH
ILT20024F 4, ISSN 1340-6167, 77 (2002).

WM, fEHER @ ILT20044E%k, ISSN 1340-6167, 1
(2004).

M. Birnbaum, J. Appl. Phys. 36, 3688 (1965).

A.M. Bonch-Bruevich, M.N. Libenson, V.S. Markin and
V. Trubaev, Opt. Eng. 31, 718 (1992).

D.C. Emmony, R.P. Howson and L. J. Willis, Appl. Phys.
Lett. 23, 598 (1973).

E.E.B.Campbell, D. Ashkenasiand A. Rosenfeld, Material
Science Forum 301, 123 (1999).

WA BAT 0 L= —WF%E 24, 460 (1996).

WHHES, RIS, REMZ, ERMESH, HEIE
N, FEESEF . Proc. 9th Symposium on Microjoining and
Assembly Technology in Electronics (2003) p. 517.
REE], RS, ZHEL, R, BEE R
TA4%EE 70, 133 (2004).

J.Qiu, FR—2Z : L—¥F =5 30,233 (2002).

P. Fichet, P. Mauchien and C. Moulin, Appl. Spectrosc. 53,
1111 (1999) .

C. Geertsen, J.L. Lacour, P. Mauchien and L. Pierrard,
Spectrochim, Act. B 51, 1403 (1996).

B. Salle, M.N. Libenson, P. Mauchien, G. Petite, A.F. Se-
merok and J.F. Wagner, Proc. SPIE Process, Equipment,
and Materials Control in Integrated Circuit Manufacturing
3882, 56 (1999).

B. Salle, O. Gobert, P. Meynadier, M.Operix, G. Petite and
A. Semerok, Appl. Phys. A 69, S381 (1999).

SXK. Sundaram and E. Mazur : Nature Materials, 1, 217
(2002).

H. Tsukamoto, Solid-State Electron. 43, 487 (1999).

Y. Setsuhara, B. Mizuno, M. Takase, M, Hashida, M. Fu-
jita and S. Adachi, Extended abstracts of The 2nd Int. conf.
on junction technology (2001) p.103.



