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Why femtosecond laser 
for micromachining?



B. N. Chichkov, et al.,  Appl. Phys. A 63, 109 (1996) 

Femtosecond Nanosecond

I. Ultrashort pulse width: suppress thermal effects



II. Ultrahigh intensity: 3D internal processing

Single photon Multi photon



S. Kawata, et al., Nature 412, 
697(2001)

A. P. Joglekar, et al., 
PNAS 101, 5856(2004)

Y. Liao, et al., Lab 
Chip 13, 1626 (2013)

Nonlinear threshold effect provides a resolution far beyond 
that allowed by the diffraction limit

Resolution: ~ 100 nm

Two-photon 
polymerization

Surface ablation of 
glass

In-volume direct 
writing in glass

III. Ultrahigh nonlinearity: break diffraction limit

Resolution: ~ 40 nm Resolution: ~ 40 nm



Challenges toward industrial scale applications

To bring femtosecond laser 3D micromachining 
to the commercial market, we need:

1.High fabrication efficiency;

2.Large workpiece size;

3.Broad materials coverage !



Today’s topics

III. Photonic chips

I. 3D printing 

II. Microfluidics & 
chemistry chips



I. 3D printing



Fabricate 3D glass structures: selective laser-induced etching

A subtractive process that can produce structures with the original 
material properties.

Originally developed by Misawa’s group in Japan in 2001 and 
improved by many groups around the world later



Challenges: low axial resolutions with low NAs and aberration 

NA 0.5
(air)

NA 0.8
(air)

NA 1.4
(oil)

Large size
Low resolution

Small size
High resolution



Solution: picosecond laser modification
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190 fs

Y. Cheng, et al, Patent: 201910056960.2
P. Wang et al, Micromachines 2019, 10, 565

Scale bar, 25 𝛍𝛍𝐦𝐦



Uniform cross-section of lines at different depths

Spherical spot

independent of

• depth

• direction

• speed

Scale bar, 25 μm.

Micromachines 2019, 10, 565



Evidence showing a resolution of ~15 μm in Z direction

45 μm 30 μm 15 μm

Scale bar, 50 μm.



One more thing: chemical etching

?

We can produce isotropic,
aberration-free modification
in glass.

The chemical wet etching is
dependent on the orientation
of polarization of the writing
beam. How can we remove
such dependence to achieve
homogeneous writing of
complex 3D structures ?



Short pulses: nanogratings
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Longer pulses: stress induced cracks always along scan direction

Scale bar: 5 μm
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Y. Cheng, et al, Patent: US16377138



Polarization sensitivity vs pulse duration

Applied Surface Science 485 (2019) 188–193



Selective etching independent of polarization

Applied Surface Science 485 (2019) 188–193



Maintain the high 
resolution at various 
depths.

Achieve a polarization 
insensitive internal 
modification.



Structures: Einstein of a height of 2 cm

Scale bar, 5 mm.

2 cm



Structures: Confucius of a height of 3.8 cm

Scale bar, 5 mm.

Front Right Back LeftModel

Micromachines 2019, 10, 565



Structures: micromachines with movable parts

Scale bar, 5 mm.Air turbine

Adjustable wrench

4 cm



II. Microfluidics & chemistry chips



Y. Liao, et al., Lab. Chip 12, 746 (2012)

3D fluidic chip for higher mixing efficiency

24



Demonstration of high mixing efficiency

25

marblar.com



Compact 3D mixer: smaller but more powerful

The 3D micro-
mixer is efficient 
but it is also of a 
large footprint 
size for its “loose” 
3D geometry. 

Accommodating a 3D micro-mixer in a 
planar channel to have a more compact 
geometry & higher mixing efficiency. 



Mixing 
unit 1

Compact 3D mixer: the new design

Mixing 
unit 2

Mixing 
unit 1

Mixing 
unit 2



Compact 3D mixer: fabricated device



3ml/min 10ml/min

Compact 3D mixer: the functionality

Total length: ~1 cm



Mixing in the compact 3D micromixer



Large-scale 3D printing 

3D embedded blood 
vessels in glass

Microfluidic Circuit

Promote understanding of the causes
of human diseases such as cancers,
cardiovascular diseases!

Biological microfluidic circuits within human body



A printed hand with embedded blood vessels



III. Photonic chips



First Generation 
Electronic Computer

Very-large scale 
integrated circuits

High-performance Electronic 
Information Products

From Electronic ICs to Photonic ICs

Optical information 
processing platform

Photonic integrated 
circuits (PICs)



Opportunities：
 Broad transmission window
 High nonlinear optical / electro-optic /thermal coefficients....

Crystalline PIC: Opportunities and Challenges

Nonlinear optical 
coefficients

Electro-optic 
coefficients

Lithium niobite (LN) 41.7 pm/V 30.9 pm/V
Quartz 0.3  pm/V 0.93  pm/V

Challenges：
• Hard to be patterned by optical lithography
• High chemical stability



First high-Q 

lithium niobate disk



Fabrication procedure

High-Q microresonators on lithium niobate (LN) 

1 hr. 6 min.

6 min.2 hrs.

LN thin film: 700 nm, Z-cut

Laser Photon Rev. 
6, 488 (2012)

SiO2 layer: 2 µm

LN substrate

J. Lin, et al, arXiv: 1405.6473 (Mar. 2014, beginning of 
on-chip high Q LN microresonators)



Cylindrical post (a) after femtosecond laser ablation and (b) after the FIB milling

J. Lin, et al, arXiv:1405.6473 (2014); Sci. Rep. 5, 8072 (2015)

(c) SEM image (top view) of the microresonator, inset:  side view. 

High-Q microresonators on lithium niobate (LN) 

Q=2.45×106



High Q microdisks with tunable wedge angle

J. Zhang, et al, Nanomaterials 2019, 9, 1218; 
doi:10.3390/nano9091218

Q ~ 4.7 × 107



Nonlinear optics with the high-Q microdisks



On-chip electro-optical tunable microresonator

Microdisk

Cr electrodes

Microdisk

Cr electrodes

38 pm/100V

3.6 nm
1 × FSR

Pump

∆λ = 400 pm

• Optical quality Q~7.1×106

• The Raman-assisted FWM microcomb: 
spectral bandwidth of ~200 nm

• Eletrcal tuning efficiency ~38 pm/100V

• Optical quality: Q~107

• Mechanical quality: Qm~2.86×108

• Electro-mechanical tuning 
efficiency : -134 kHz/100V

Tuning of an optical spring Tuning of an optical frequency comb

Z. Fang, et al., Opt. Lett. 44, 
1214 (2019)

Z. Fang, et al., arXiv preprint 
arXiv:1909.00399 (2019)



Femtosecond laser assisted chemo-

mechanical polish lithography

From laboratory prototype 
to industrial tool: 



Fabrication of low-loss LN waveguides 

Ya Cheng et al. Patent No：201810407783.3; US patent No: 16404735
R. B. Wu, et al, Nanomaterials 8, 910 (2018)

LN thin film: 700 nm

Laser Photon Rev. 6, 
488 (2012)

SiO2 layer: 2 µm



Keypoint：extremely smooth surface with a 
surface roughness as low as 0.452 nm。

Fabrication of low-loss LN waveguides 



Propagation loss measurement

Loss measurement via measurement of Q factor 
of a waveguide ring resonator: loss 0.027 dB/cm. 



M. Wang, R. Wu, J. Lin, et al. Quantum Engineering e9, 1 (2019).

Beamsplitters built by LNOI waveguides



M. Wang, R. Wu, J. Lin, et al. Quantum Engineering e9, 1 (2019).

Beamsplitters built by LNOI waveguides



A multifunctional photonic chip on LNOI

R. Wu, J. Lin, M. Wang, et. al. Opt. Lett. 44, 4698 (2019)



A perfect beamsplitter of tunable ratio

~28 dB

R. Wu, J. Lin, M. Wang, et. al. Opt. Lett. 44, 4698 (2019)



Demonstration of 1 x 6 optical switch

R. Wu, J. Lin, M. Wang, et. al. Opt. Lett. 44, 4698 (2019)



A balanced 3 x 3 interferometer

R. Wu, J. Lin, M. Wang, et. al. Opt. Lett. 44, 4698 (2019)



Conclusions

For the first times, we demonstrate: 
1. Aberration free focusing deeply into glass;

2. Centimeter-scale microfluidic systems 
fabricated with high-throughput internal 
processing;

3. Lithium niobate waveguides of a 
propagation loss ~0.02 dB/cm !

Together, revolutionary products can be 
created in a profitable fashion! 



You can buy the fluidic and photonic devices

Please visit: xxl.ecnu.edu.cn
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