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Femtosecond Laser Micromachining .
Frontier in Laser Precision Micromachining

HE Fei, CHENG Ya

(State Key Laboratory of High Field Laser Physics, Shanghai Institute of Optics and Fine Mechanics ,
The Chinese Academy of Sciences, Shanghai 201800, China)

Abstract Femtoseond laser micromachining enables fabrication of true three-dimensional (3D) microstructures with
high precision and low heat effect and damage threshold, showing unique advantages over the traditional laser
micromachining technology. We first review the histories of laser microprocessing and ultra-short pulse laser
technology, and then outline the mechanisms of the interactions of ultra-short laser pulse with metals and
transparent media. Next, we introduce several major technical approaches in the field of femtosecond laser
micromachining such as femtosecond laser direct writing, multi-beam interference and projection patterning, as well
as their applications in fabrication of 3D integrated optical devices, microfluidic chips, and chemical and biological
sensors, etc. Lastly, we highlight the opportunities and challenges in the field, and suggest some directions for the
future research.

Key words ultrafast optics; femtosecond laser; light-matter interaction; micromachining; integrated optics, two

photon polymerizations; microfluidics; nanoparticles

1 B = BN ELLASE
5 ST T BT B4 R B A T A — B 5
L1 BAMIEAEN ‘ A T s T A {5 56 B T T B 5% B 225
H 1960 45— BELEABOCHR T FIELOR A o o e 7ot 2 7ok i T2 o9 i T8
TR 48 265 M0 5 4R R0 RO B 56, 3 R ROR ORI LR
; . 2564 R ORI S0 ) A0l S BRE & OF B2 B A
10 ZEMRIE, B T WK GE S, & B06E

e s T TR T B KM
BLE T30 W BT T TR O™ . o temen o g s g b1 8 20 B
WO 4B 38 JL T 208150 45 5 A1 B B o

Yo% B #3:2007-03-30; BB BHR B #:2007-04-24
EEB AT €A984—), B Wb A B L AF 5 A, FENE REPEOLA BN T mA R . E-mail: hef@siom. ac. cn
SWEA R WAL, B, BN R A KPENE B BOLS Y B EAE F R E 5 0 A .

E-mail : ycheng-45277@hotmail. com GEE{EE)



596 H 5|

i b 34 %

Bl K i A% BE A BR 5 v 40 Bk ot DA S 388 9 5
K (KrF:248 nm, ArF: 193 nm) 1 fk #f 98 2 7] A 52
PRAOK R BE ROKE 2% i T8, (H & 7 2 A 30 ) il
AR T B SMEOEX R 28R A #E B, R T A A
ERZBIRRE . ZRT, R B AR A P & R i
FROBEFIRG BE$R T Pk —— 75 B m 08 2 S e 3]
THMAREZEYRELS , FHALHAEERX LW =
SRS T . A CREOLROIN THRARE B 5 R
b AR ARG O i T R B IR B9 4% b R e, B2 AT LA
SR AE 0N T 07 ¥k o e AT S AR PR 45 m RS BE
RIS ER I EEEEIMAT M THEE
EM =M.
1.2 BEHEEAER

MBOETEAE FF 86, R T P AR Rk O s ATTR
BT PR . 7E 20 42 70,80 AR, YOG AR
FERXA SRS T EE AR DP, 1981 48 fk b
FEREZEMEL100 fs(1 fs=10"" o)L, &= Bl i 72 8 0k
A5 10 TR I B P 9 A T R R A e ok S B B AR
1. XFPEEARRLE KT EHBI6 {5,

—e»— dye laser
—a— solid state laser

13
10" \‘
1965 1970 1975 1980 1985 1990 1995 2000
Year

B 1R OBk R R R

Fig.1 Revolution towards ultrashort laser pulsest®

Pulse duration /s
o

Y | \

i ulse mplitic compressot]
oscillator] |stretcher amplifierf{comp

B2 WK R AR R B

Fig. 2 Schematic of chirped pulse amplification technique

20 T2 90 4FAX, 2 B B HOL 4 B B BUR R 2%
RIBURBOL SR G ST (B D, BSR4
AR5 B T /R H BV SR BB BRI F 4 3
e R RS AT, BRI 25 A R B R
FERIORL AN B 1 48 AR R SR AR R OR IR 48 Bk 9L . BE WA
WK K b B R AR B R, BBk e RE B R R R

REHNZEER, ELPRLBBATHELZER. W
Wk Bk R R PR (& 2) B9 B A SR B R 78 Bk i iR 2
i) 78 P g X R BE LA B A A 4R R S0 B R
15 » SR K5 ok b RE B TR » e Jim M R DS O AR (R %
Jet) X ok 5 P I 4
1.3 TeRESERE A TR TaE

TRANBOL Bk v B A R A A ik e B BE AR g B
EIh R, 59 AR E 7R A B 2 B0 F A 3R 2R R
B EEKEE 206 T BBl il e i T —2e 4 Bk rb ok
ToEAF B Z AR . AR K b 4 P I ) AR 4, B4
OB/ U7 LA ZZ WO, BT AT AR R 4 iy m T
FERE . ATALAH X B RANEOL S AE I S 5 SN BB X R
ZROPRLASE I B8R B AT RUERAGE B AR AR
A MR ESLH A IE R X B =4Esr (AR T,

A2 SORE Se o A KA BOE S Y R BLAR AR AL
il SR U5 B2 KA BOE 5 AR R AR 9 2 Ak
FARAE UL R & A R BPBOLHIN L7 B 4%
FOBOE RO T 5 AR AL & A BLA

2 REOE S RO E AR

KBBOLE BN LK B AL A &
MEHERIBPLE & AME . SRMBFERER B
BT, B R A= B S B, B R B A
ILLANER BA B AR A 5 2 SR RS B A B A
Ao — B BRI 1B 5 R ORI I 4R
RBREEEEZH TR ERENE TS
&7, AR MR R B ik . B e B SRR
POt S &R B R R AL SR 5 2 1T B A B R e
CiNENES Ve SR E- E /A Gl
2.1 ¥MHAXEEERMEEMEH

B T4 K 2808 B X AT Woe AN & W, WOtAL B
ERMBNERECIRETFERELH L =
1/aCa AWMBRED N AECIK 1 I [E] A B B 2
Wi BB RY BIRE L = VDo (D BT HARE <
ABOERKTOHE TR BK T, Lo > L, B B
JO7 WA N o RS Dk R T AR Lo < Lo, SRR K YTREAY
RERSERRHIHEE 2. X—d BRI H
Y P DX AR /AN o AT LA SE B e # BE A N I

ERHRTIRD, RBOLS & BAEAK A i
R, ik P A, T L R T A R RO RE B AL B
HoAb AR IR BB T BT T RO BE B 15 3 i E) 7E
100 fsB %% , 721X BL A [A] e 7B 2 B8R BE B 15
FAEROEE R KDY, 4100 fsBt 4R B S AR AT AR 4R



53 fl RS TREPBOLHOIN T WOLKE 8 i TSR A B RT Y 597

B, BAABRBE T B THRS/EANLEW Fe /Y
MBS E (B FSaBMEMANEE ., =
0.5 ps, HALSH B -7 FHREEH L E W& 6 E
NEK, i ALFI Cu (bR BRI L Fe | 1~2 &
S, TRANEOE B9 Bk b B B A /N Tl B A A, R 1
JFH B[] PN EL A0 R R 40 B S R R, 7 A SR
REAGL AR e 2 LB Bl 7 AR R, 43 R SR g L TR
BT MEFRE T W#EATE
C.(T.) % — KV2T, —g(T.— T)) +AGry)

(D

7.
¢ = g -, @

A Co MG 23 B 9 7 i SR (AR G B AT
K N#fe T2, A0 o9 5 BOE6 Bk vh 3 5L B £4 8

T, g K- FREE
' (a) lattice
4 8000 oo €lECEIONS
w L - = classical
2 6000 F
*_é e
2 4
£ 000
5 2000 p.-
= L
v 0 - ~’
10
100
"
® 80
& average
_g ) energy
= 60 fluence
[ . 2
f;‘ 1Jiem
éﬁ 40
2
w20

0 - P R G i \; e ‘.‘Ii"u,.. .
w0 1w 1w 1w " 1w 1w 1wt
Time /s
& 3

(a) Bz #PANGIAD B v it 5 48 1 P B vl 3 R0 0 A 3 B Al 2 5
b EHkSHEERGREAE T BFMEP AL
o g L10]

Fig. 3
(a) temporal evolution of the surface electrons and lattice
temperature of aluminum when absorbing a laser pulse of 1 ps or
1 ns duration; (b) development of the energy fractions stored in
the electronic and lattice systems as well as in the vapor during

absorption of a laser pulse of 1 ps duration[°]
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Fig. 4
(a) multiphoton ionization occurred in water due to simultaneous
absorption of 4 photons; (b) free electrons can be accelerated by
inverse bremsstrahlung. If their kinetic energy is high enough,

these electrons are able to ionize other atoms by collision[°]
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(a) physical processes during the modification of silicon with
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micrograph of the silicon sample surface treated with a single
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Fig. 13 Density profiles (a) behind the shock wave for
later time moments of 0.1, 0.3, 0.5, 0.7, and

0.9 ns (curves 1~5 respectively), and pressure

profiles (b) for time moments of 0.1, 0.5, and

0.9 ns (curves 1~3, respectively), in a silica glass

for the case of the absorbed energy of 50 nJi*!
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Fig. 14 Absorption spectra of soda lime glass before

and after colorationt®*
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Fig. 15 Back scattering electron image of nano-grating

structure induced in silicate glass
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Fig. 16 Different surface features found in CaF,
irradiated by femtosecond laser: (a) bumps; (b)
fine and coarse ripples; (c) bubbles and (d)

bifurcationt™
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Fig. 17 Microscope images of some types of voids
fabricated by different number of femtosecond
laser pulses. The number of the 3 J focusing

pulses is: (a) 1; (b) 2; (¢) 4 and (d) 8™
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Fig. 18 Experimental setup of femtosecond

laser microfabrication
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P ROEIRE, T X A SR LT R EIL A
MAEZEGHEEE 2D,

B 22 REMEOLT W RIIKEEL T S B 4R g5t

Fig. 22 Two-dimensional periodic structure induced by

half
mirror
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v two-beam interference with double exposuret®*

L~L,: lens
diffraction
beam lens aperture lens
splitter vy
A A
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femto second
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Fig. 20 Schematic of two-beam interference of
[96]

glass plate sample
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femtosecond pulses microfabrication

0=20° 6=90° 0=160° B 23 WREOE SR T B o Tos R E P
Fig. 23 Schematic of multi-beam interference of

femtosecond pulses microfabricationt*’
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Fig. 21 Various periodic structures on silica glass surface

induced by two-beam interference with different

anglest®® s
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ST AR T A () fE 5 % — B4 R 75 beam interference of fs pulses with interference

angle (a) 10. 8%, (b) 21.9°, (¢) and (d) 33.6°.
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Fig. 25 Schematic of femtosecond laser

pulses lithography!**!
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Fig. 26 Optical images of an original mask (a) and the

structures generated on a gold thin film (b)F*!
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(a) crystallization[1911; (b) multi-photon polymerizationt102]
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Fig. 28
(a) waveguide written inside fused silica using 1 pJ femtosecond
pulse energy; (b) image of the end face of a 5 mm long
waveguide; (c) intensity distribution of the near-field pattern at

633 nm showing a Gaussian profilel197]
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Fig. 29 Schematic of three-dimensional
microring resonator

(a) top view; (b) side viewl!16]
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Fig. 30
(a) three-dimensional micromirror fabricated inside the
photosensitive glass; (b) a beam spot reflected by the fabricated

micromirror on a white cardboard

A 31
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(b F F 4RAR He W I i 2 5 63
Fig. 31
(a) microoptical circuit fabricated inside the photosensitive glass;
(b) a beam spot reflected by the fabricated microoptical circuit on

a white cardboard
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Fig. 32 SEM images of microoptical cylindrical lenses
(a) without a final smoothening step;

(b) with a final smoothening step
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(b) He-Ne JtHiE i Bk 2% £2 )5 19 CCD Bl &
Fig. 33
(a) SEM image of a microoptical hemispherical lens; (b) CCD

image of a He-Ne laser beam focused by the microoptical

hemispherical lens
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Fig. 34

(a) optical micrograph of a grating structure embedded in the

photosensitive glass (the sample was baked for 18 h);

(b) diffraction pattern of the grating with a He-Ne laser beam
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Fig. 35
(a) averaged first-order diffraction efficiency as a function of
postbaking duration; (b) the refractive index change and the
volume fraction of metallic silver as a function of postbaking
duration

micromirror freestanding fiber etched hollow cavity
7 1 1
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(b) cross section
of fiber

supporter .
at exit

micromirror - freestanding fiber
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Fig. 36

(a) three-dimensional schematic of a freestanding optical fiber

integrated with a micromirror fabricated on a glass chip (arrows
show the laser incident direction and optical path of the coupling
scheme); (b) optical micrograph of the top view of the
freestanding fiber and the micromirror; (c¢) CCD image of the
side coupling of a He-Ne laser beam into the freestanding fiber

through the micromirror
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Fig. 37

(a) photograph of the microoptical circuit; (b) optical

micrograph of the splitting point which combines three fibers and
one microbeam splitter; (c) front view image of the exiting
surface of the structure, showing both the scattering light at the
microbeam splitter and the two split light spots at the exits of the

two fiber arms
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Fig. 38 (a) Y-branch waveguide and (b) face-centered-

cubic three-dimensional photonic crystal fabricated

with femtosecond laser pulse in Ge-doped silical***
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Fig. 39 Ten layers of characters from “A” to “J”

recorded by a femtosecond laser irradiation inside

a glass substrate with a layer spacing of 10 um,

bit size and height of 2 ym and 4 pmt**
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Fig. 40

(a) the bitmap file of a horse is transformed into a voxel matrix;

(b) vector model scan procedure: a laser beam is scanned along
the row of the voxel matrix; a “1” indicates that the laser beam is
on and a “0” for the laser beam absent off; (¢) SEM image of the

replicated figurel?53]
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Fig. 41 SEM images of stereo structures fabricated by
polymerization method

(a) microbull; (b) micro gearwheel; (¢) microchainl!52]
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Fig. 42

(a) schematic of the horizontal Y-branch microchannel structure,

photos of the fabricated structure (b), and cross-section of the
microchannel (¢) that was mechanically cut along the A-B line

in (b)
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Fig. 43 (a) Schematic of vertical microfluidic structure
and (b) optical micrograph of side view of the

fabricated vertical microfluidic structure
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Fig. 44 Experimental scheme for fabricating a freely
movable microplate inside photosensitive glass
(a) dark regions inside the glass are exposed with a scanning
focused femtosecond laser beam, and then baked to form the
modified regions; (b) after wet etching in a HF solution, the
dark regions in (a) are completely removed and a glass microplate
is left in a hollow chamber embedded in the glass (this glass

microplate can move inside the hollow chamber freely)
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Fig. 45 Prototype of a microfluidic device with a freely
movable microplate
(a) by infusing the compressed air from the left opening of the
top part, the microplate moves to right side; (b) as the
compressed air is infused from the right opening of the top part,
the microplate moves to left sides (¢) schematic of the function of

the microfluidic device
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Fig. 46
(a) top view of the microfluidic laser, (b) side view of the
microfluidic chamber and through channel, (c) illustration of the

light path of the microfluidic laser
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Fig. 47 Spectra of microfluidic laser at pumping energy
flux of (a) 0.46 mJ/cm?, (b) 1.66 mJ/cm’, and
(c¢) 4.49 mJ/cm?. The peaks centered at 532 nm

are from the scattered pumping light
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Fig. 48 (a) Three-dimensional schematic of dual-color
microfluidic laser; (b) measured spectrum of the
dual-color laser using Rh6G (568 nm) and
Rhodamine 640 (618 nm) laser dyes as lasing

media
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