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Ultrashort pulse laser drilling of micro-holes (part 1)——

theoretical study
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Abstract: Since the invention of lasers in the 1960s, the pulse duration has being continuously shorten
down to the sub-picosecond and even femtosecond regime. It makes the laser processing technology to
the ultrashort pulse laser era. In order to further optimize the ultrashort pulse laser micro-machining,
theoretical study is indispensable. The interaction mechanism between ultrashort pulse laser and different
types of materials were presented. The typical physical properties, such as plasma effect, self-focusing
and filamentation, and conical radiation, were discussed. The theoretical studies for ultrashort pulse laser
drilling of micro-hole were analyzed. Furthermore, the challenging issues were obtained.
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Fig.1 Processes and associated timescales taking place in the target following the absorption of the laser pulse
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Fig.2 Electron excitation by single and multiphoton absorption
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Fig.3 Schematic of the types of plasma that could occur during

drilling with ultrashort laser pulses

G, AR R T G SR R AR S A
Tk O E B 55 HE AV I8 B R AR B U K
S, A AR ER A AR A A T B A
Tcsiss ) R A EL R OR ) S5 8 TR VR B A
PN TSR S R PRI ¥ N A R N
RE B 2 LUV R 4 R e o 45 8 1 MR A A e — I K
RS T RO AR AR AR B R
B = AR 8 A A B TR, A AE T he i 4
PN T A T AN I R L B 5 = A TR
0 VA R B NN S0 - e d S R o L Y L AN R o
o AR T — RS AL, PRI, A A A i B A
T AN R Ry, 5 B BE A A R )
JEFRETT 1 Sl , BELAT AR | AR R B A
FLEE S ALIRIE )2
22 BREMELYNM

FI SR A 24 Dk b O 8 i — LA [

A AR AR S5 AL 15 I 4 R S AR 3 B0 —
FhARZPE 2 EH . AR /RIE S A R A
BT A R,

221 ARFEFARE

A KOG IR TE S Soh AR R, OGS iR N

2T R n ¥ AR WA (3):

n=ny+6,=ny+n.l (3)
K ny SR EIT IR 6, WFOLIHF A
BTS2 5 ny AR APEST SR R, HARRAEZ
PETCIRRLN, J2 /K755 H R ARl 1 o0 B0t
SREE, MG AR DR R T R R Po, A
K@ H>,

P=0 N*/d7tngn, (4)

o A EBOCIAC s 00 H B, B G B i 25 )
fi s, 6 PRl , 0 ~1.896 22 T EHE H 1Y)
R, WOGYIRIGE B R BE, WOGR B E 5
FHHRENLE,

T HOGTER EE R 25 ) E oA, OB b
PRk, H LV e 10 S ZE 3 5 2635 7
W 2 OGBS TE S (8] F AR5 A e ST o B 4
MFHAEE PR T RO R . ST aR
fIRAyiEIE , IR RA R ROEEHE /A EOE R &
A ox T TRIE, F T SR AR S B0 e o R Oy
WUOR AR M Z 067 B IR e i R 45 5 1K
I HL 25 B n, <B5 B TR IR % B nese 25X
Y26 PE BT 5 2 1] 3@ 33 Drude model 3545 , H n.<1, W,
AR(5), 2 T EHTH R I (6),

ny=V ]-_ne/nuit (5)
N=ny—N./2N (6)

Bl HOC AR EER AR SR I, s R RN i — 25
Haom, HMOUR SR B m ot B o = <
RN I | - ST B N S B1= = S X (V7 v
Be /R F EOGHUR B MR, 2 S 3T R 0 WA
K(D):

n' =ng+nsl—n,/2n (7

PO PR TAE B TARMIG S HE Py I
DAL KA BRI DR/ O A% AR
R, 238 AL B P L H 1R 28 PR AR A5 8 R P
FEAE RV R 0, R S AR IR B P T O
2212 G 4 FrRE A IR 0GR WWAE(8) !,

0106008-4



9Nk TAE

5 1 3

www.irla.cn

% 48 %

nol=An=Anplasma = n./2n (8)

Tonization & plasma defocusing Surrounding "photon bath"

..-’f. 4
LaserinD v v
e N

™ Self- focusing Bright filament

& 4 Fotazz Kot 7t s B

Fig.4 Scheme of laser beam filament and surrounding photon bath

1995 4F- | PO 1Y G 22 850 0 56— IR B e ), Dt 22
A1 DX IR AR R, A A AR K — Ot g
HIFATtRE AL s, R HAE h— D RE B AR S
gt Z [l o i AT AN B B B RE B AL i, A2 AT L)
BBRKBIEER, 622 nl g FH A O TR R &
e RS AR RG22 BR S AT R M i 22
I A
222 F¥HTHRARE

M5 FN (SO Dk b AN A B AR ELAE B 7 A
1) A REBR PR G B Tk A R, I 320 i A
RO AH XTI T B0 7 o 5 i 4 S SR A AR AR
Je, EREE W TR RN &8 AR R Rl
FMACTEORE W L THAE S T AR S) 1235k
RIS E A 2L, Hk AR B B
RAESE T A RS A A5 L RE % LUZ R T
A T A By, DT S B B AR AT S g 7R
b, WA ()

ne=[1-(w,/ )*]"* 9

A o NEESHIAIR, o, MAIN B TR R
IERT, AR R 5 R, e B i I B O R
SER I DX, PRGN T SR 055 T A SR ERRIL
2.3 #ERESH

BT IR AR 5 B R Dk v OG g B R RE 7R
250 B oA, R BOCR LR I LB
TR N E] DT = A i (R A2 AR 1, e B0
BRI AR AR AL, DL IRAR AL R LRl | BOGTE AL
5 1) b 2 7R AT AR B Rl b 7 A — A BT A SO ik
PR SRR R 4 52 2 AR S BOO R
()40 58 AN B AR IE | UL 500 FR O HETE SR 490 HEE
RS G B B AE 1996 4F- 9k Nibbering 55 & BLAYG
WS AR, IR 4R 5 2 S 3R i HUH JOG R
B R AR | 5 BT S S 00 AR G M AH 5 e

e P 1 5 R T — 52 1 B A SO K
R T R P I P2 A AR O,

Cone of scattered radiation

Screen

-

Emitting area

Lt

5 HEIE 4R I 5 B L SRR IE R RE e iU
Fig.5 Schematic image of the geometry of energy scattering and

beam-profile deformation due to conical emission

3 BERORECERFL I TRR IR R

3.1 WiRER

FLE 1957 4F , Kaganov 5 gt 46 5 1 #4kHin T.rp
HL AR (B] A BB AR 3™, RS, 7F 20 tH2dos &
AR, Anisimov K X — i FE 5| A B A ik b O
SEJEFET, EE R A TR R L RE
Bl 22 LI 8 L S AR Y AR R B T — A R
3R 4 MRk oL L RS TR B A T AR AR Y XL
AR 1993 4F | Qiu Al Tien M BY HE 2% 2 iz )7 12
L HEWT T RO AR SRR AR P (1 BE AL 3
Kl 6 iR, HOGRE B Je bk 4 E T iy Al IR
W, HL T R BN AR O B A BT A R A
A, R R IR R AT Rk LT I A IR R A AL T
BARRPRA . 5, T RGN A% R G TRE R
A o B, RS ) T BT 0T 5 R AR R T B2 B
REAYIE N, S BRI Az e

Electron Cooling of
thermalization 7,C,  electrongas  7,C,

T, Te
: @ m @ P
“lectron-photon

Photons Hot electrons  Thermalized electrons
T.: electron temperature T: lattice temperature

Lattice

P 6 XU R R 72 4]

Fig.6 Schematic of two-temperature model

SR, 228 BLUGHR AETRY ASCE S0 G I L 7t

0106008-5



B & ot

5 1 3

www.irla.cn

% 48 %

JEMR T FOKIRBE AR B0, B 4 ik o o 7 MK B
A JE e, XX — R R, 220 A A A BAEE
MR R A B ORI PR B R M &
Az AR, DR AE AR AR v e R AR R R G 114 6}
JEVESEAT T 8T 2B IR, ST T e i RUE D E
HE— AR R T RO AR Y 18 FVE 1 5380, xR
5 17%) Jo 2 Tk vp i e ok 4 i 1) XU SRR v ) fR R T
YA 2 [ 2 1Y, Bévillon S5 FH 2 725 — 1 I B3
FRFRUEREDLEE /) i, RS TR FIRE ST
AR, DAL SE Rl 98 T HL 30 3 X 7k
FER S ma AL, I R R 5 B R A I R
Jinmdg L — 4 Bévillon 458 EIRBFSR I %
ﬁﬁﬁ%ﬂﬁ%ﬂ%@%‘w‘ﬁﬂﬂlgmiéﬁfﬁ%ﬂ* K

5T FL T B X At PR S L R B s e B O
EﬁﬁtT%?{ FEXTHLF - TR G R ARHY 2
FRE T S R AR, B s, LR IR ESE O R
XL GEXGR AT HEAT TAEIE, #aiF R 245 R ik 7
el

o4 Iwh L 0’\'|
J !’V’Q" “

(a) 108 atoms supercell of 316L stamless steel and a
representation of the electronic density at T,=4x10*'K

60x10"+

g 50x10"¢ N —o—y-Fe
"8 40x10"}

=

S 30x10"F

20%10"F

0 1x10° 2x10° 3x10° 4x10°
TJK

(b) T, dependent effective electron-phonon coupling

Pl 7 BT XU T 4 L Ik oG e il 525 42 s B 5T
Fig.7 Study on ultrashort pulse laser ablation composite metal

based on two-temperature model

S, SRS BRAR G b A O e 5 AE
RGP Rl LS BT S A TR RE R SSHAE
T 5 ok ) A - AR A2 B O BT ) <5 A R 6
2 I ARGF AR RE

3.2 WRERBZE G Fah 1M
ITREAE T PR AR DK RO B e ) OUR
YIERALHI, A2 E 513 1 R S RO e 5 A B
B ik vhigoEpe it 4N Nedialkov %5 % Fi 4 130 11
SR T 100 fs WOLFERR b ALy fe, R
B0 1 e b 1 A A 1) SR B S e ey ) R
R X5 7, A AR DU AEFLEE |
FEIE L[4 2, an & 8(a) iT/R ", Urbassek 45K
SFh SRR T 58 12.8nm . JE 12.8 nm 4R A
%BHJR'{*%%’UHWEE BB R R NS R S 0 T
i MR A B R AR T M RREE A SR 2, HL
7 A AE A R R RS , E SR T
B = AH OIS, VYA — SOR e A o %) v S R I, 2
AR o [ A 4 Jm AR B R AR R, KBR AR, 4N
1 8(b) I/,

0 10 20 30
Alnm

(a) F=3 J/em®, dimensions of the entire
system are 30%1x35 nm

(b)Al film, 12.8 nm thickness and 12,8 nm lateral width

8 (a)WOE IS TE Rk & B LR 50 ps i i B i AR AL ] ;
(b)1.2 eV/atom JEHE T 945 K

Fig.8 (a) Snapshot of the evolution of the ablation process
in Fe 50 ps after the laser pulse onset; (b) Ablating

with energy 1.2 eV/atom in Al film

BJ2, 7013 2 AT 58 v 208 1 LT RO 2 IR
REBE R A AR R IS T, BIMUE I8 B8 Ak 2

0106008—-6



B & ot

5 1 3

www.irla.cn

% 48 %

(B AR ELAE R, 0T AN RE A 4 THT 1l =% 55 78 e ok i
JCRIBE R, SRy T AT A3 T A K RO B Be i L
T 455 PO RS N 43 13l 17 A5 5 T, AE b Rk
KEFI2E A RAIESE , WA 3 B AR T 92 1A A 45
B BRIV 43 8 1 28 T L T RENEO G R
SEENYHLE R, BT 1.50mx1.5 nmx50 nm,
s 1 AR S R[] B P A BE 12 % BE N A7 AE A AS [+]

(a) ? 0.5 um E 3
-
L
™ 8 4
e O° _Ez
0
Z 0 100 200 300

Particle size/nm

Distance from target/nm
10 6 2

= 31.8m/s

plate with 20nm Alm

o
8
suyArjap aien

) 5 T ATL A 105 R B s S8R A 5 AL AR A BT &
(1) SR A Y55 G 0 8l 1 B AR PR RIS T B
Jik O G 5 )R~ 70 nm (144 5 K JEE~365 nm (1) 4 43
J& 22 B AH F A FH A A v 0 4 B 4 RN 5E T ML i 1
S 2% 5 4N Rouleau 55 285 6 MU AR L 1 43 F 51 ) %
A3 AT T JEE 20 nm 1) FF R 104 768 Tk ip R 1Y) e el
wmE o s, BARBESE T gebe il i b R B T SR A 5

R
250 ps
F =
§
500ps
750 ps(m
1000 p,(— I | E
1250 ps‘ | . v
1 500 ps'I I ' - o

P 9 USRI 25 5 431 Bl I3 27 AEADLRR 6 Ik nfr 801 e o 1 M

Fig.9 Simulation on ultrashort pulse laser ablation platinum film based on the two-temperature model combined with the molecular dynamics
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