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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,
T he Chinese Academy of Sciences, Shanghai 201800, China)

Abstract Femtoseond laser micromachining enables fabrication of true thre@ 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 ultr&short pulse laser
technology, and then outline the mechanisms of the interactions of ultr&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, mult2beam 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; ligh2matter interaction; micromachining; integrated optics, two

photon polymerization; microfluidics; nanoparticles
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Fig. 1 Revolution towards ultrashort laser pulses!®
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Fig.2 Schematic of chirped pulse amplification technique
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Fig.3
(a) temporal evolution of the surface electrons and lattice
temperature of aluminum when absorbing a laser pulse of 1 psor
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 durationl!0]
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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[20]
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Besides the total free electron concentration (solid curve), the

pulse durations: 6 ns (a), 30 ps(b),

concentration due to multiphoton absorption alone (dotted cur ve)
is plotted as a function of time. The time axis has been

normalized to the laser pulse duration S[23]
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(a) physical processes during the modification of silicon with

femtosecond laser pulses and their threshold fluences; (b) optical
micrograph of the silicon sample surface treated with a single

laser pulse (the outermost ring has a diameter of 45 Lm)[43]
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Fig. 28
(a) waveguide written inside fused silica using 1 LJ femtosecond
pulse energy; (b) image of the end face of a 5mm long
waveguide; (c¢) intensity distribution of the nea2field pattern at

633 nm showing a Gaussian pr ofile[!07
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Fig. 29 Schematic of thre@dimensional
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Fig. 30
( a) thre@dimensional micromirror fabricated inside the
photosensitive glass; (b) a beam spot reflected by the fabricated

micromirror on a white cardbcard
b
(b) Beam spat
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R il
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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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Fig.33
(a) SEM image of a microoptical hemispherical lens; (b) CCD
image of a H&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 H& Ne laser beam
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Fig.35
(a) averaged first2order 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
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Fig.36
(a) thre@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
freestandin g fiber and the micromirror; (c¢) CCD image of the
side coupling of a H&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) Y2branch waveguide and ( b) fac&centered
cubic thre@dimensional photonic crystal fabricated

with femtosecond laser pulse in G&doped silical’®!
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Fig.39 Ten layers of characters from / A0 to / JO
recorded by a femtosecond laser irradiation inside
a glass substrate with a layer spacing of 10 Lm,
bit size and height of 2 Lm and 4 Lm!'%!
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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 vox el matrix; a/ 10 indicates that the laser beam is
on and a/ 00 for thelaser beam absent off; (c) SEM image of the
replicated figur el 153
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Fig. 41 SEM images of stereo structures fabricated by
polymerization method

(a) microbull; (b) micro gearwheel; (c¢) microchain! *?!
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Fig.42
(a) schematic of the horizontal Y2branch microchannel structure,
photos of the fabricated structure (b), and cros2section of the
microchannel (c) that was mechanically cut along the A2B line

in (b)
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Fig.43 (a) Schematic of vertical microfluidic structure
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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 regionsin (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 side; (c) schematic ofthe 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/ em?, (b) 1.66 mJ/cm?, and
(©) 4.49 mJ/ em®. The peaks centered at 532 nm

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