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2. Multi-functional and micro-optical components for the propagation of light;

3. 3D microporous scaffolds for biomedical applications;
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4. Photonic crystals for the spectral and spatial manipulation of light;

5. Optical 3D printing of renewable resources based bioresins.
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Ultrafast laser processing of
materials: from science to industry,
Light: Sci. Appl. 5, e16133 (2016)
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*Ultrafast laser 3D lithography based on non-linear light-matter interaction known as Two-Photon Polymerization (2PP,
TPP, or Multi-Photon Lithography (MPL), o laser 3D nanolithography).

Now it is a well-established technological field, as a Laser Direct Writing (LDW) tool it offers unrivaled precision and
flexibility in Rapid Prototyping (RP) and Additive Manufacturing (AM).
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QUANTIZING LIGHT INTO INDEPENDENT PARAMETERS
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S. Varapnickas and M. Malinauskas, Processes of Direct
Laser Writing 3D Nano Lithography, Handbook of Laser

Still enough space for research.. Micro- and Nano-Engineering, Springer, 1-31 (2020).



Tunable LIGHT’s parameters on demand
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/Parameter Value Comments and supporting references
A 515, 800 and 1030 nm 400, 532 and 1064 nm are also possible [2, 3, 4]
T 10 - 325 fs ps, ns and CW are also possible [5, 6, 7]
R 1 kHz - 100 MHz single pulse [8, 9] and GHz [10] reported, too
v 100 pm/s (10 - 10 000 um/s) not relevant for projection/interference lithography
texp 10 pus - 10 ms 0.1 - 10 s exposure can be applied in interference lithography [11]
P, 0.02-70 mW more than 100 mW power can be applied in interference lithography [12]
P, 0.3 - 47 kW peak power per pulse is more important than the average [13]
E, 0.1-7nJ lower than 0.1 nJ [14] and higher than 7 nJ [15] values can be observed
D 20 pJ - 650 pJ accumulated dose of multiple individual pulses
NA 1.4 (1.35 - 1.45) only tight focusing or immersion oil objectives (NA > 1.3) are considered [16].
Fl 3 pd/em? - 21 kJ/em? accumulated exposure dose per area at the sample
_ 0.2-7 TW/cm? > 20 TW/cm? can be calculated, if assuming 100 % objective transmittance
Ky 2 - 150 TW/cm? towards considering the energy is absorbed within volume not at the surface
W, | 80 pJ/em® - 0.3 mJ/cm? absorbed energy density per single pulse
2PT
I —_ ———
Rwint

E. Skliutas et al.,
P — average power, T — whole optics including objective Polymerization mechanisms initiated
transmittance, by spatio-temporally confined light,

R — pulse repetition rate, w — radius of the beam waist, T — pulse Nanophotonics 10(4), 1211-1242 (2021)
duration. ’ '




Assessment nomenclature
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— Airy radius, z, — Rayleigh lenght, n— refractive index, n. — effective order of absorption.

S. Juodkazis, Nanotechnology 16(6), 846-849 (2005)



Controlled Energy via fs-pulses Delivery
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excitation relaxation
ultrashort

pulse duration

Carrier excitation

Carrier thermalization

Carrier relaxation:
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M. Malinauskas, Permanent:
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Absorbance
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Updated absorption figure
— two-photon polymerization extended
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Dimitra Ladika, Antanas Butkus, V. Melissinaki, E. Skliutas, E. Kabouraki,
S. Juodkazis, M. Farsari, and M. Malinauskas, Light: Adv. Manuf., to be submitted (SOON).




X-photon evaluation of thresholds via OM and SEM
700 nm, 100 fs, SZ2080™ + 1% IRG369
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E. Skliutas et al., X-photon laser direct write 3D nanolithography, Virtual. Phys. Prototyp. 18(1), e2228324 (2023); https://doi.org/10.1080/17452759.2023.2228324.
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Conclusion : TPP* achieved

qp)
N
S
N
~
Nej
—
~
—
—

Every pulse for each A is Absorbance, arb.u.

206.5

E . . . s T T T O
S compressed individually
(@) : :
= before objective @
C'D ‘ - 4.1 4.6 17
S ; D
b N
L [ =l o =
L . £ gm | :
C L] -~
» s V[ T
° =
S )
@ m c
s 3 photons  + "%
: = =
¥ al 1 >
(%2} A -
o A
=100 fs 700 800 900 1000 1100 1200 1300

Wavelength, nm

after objective for each A

TPP* - Towards Perfect Polymerization




Thresholding and scaling in 3D ) .
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Laser Writing 3D Nano Lithography, Handbook of Laser 3 ) Tightly
Micro- and Nano-Engineering, Springer, 1-31 (2020). Radical Oiffusion  Thermal iffusion 3 Polymerized
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Controlled photo-physical-chemical |
- R 3 P. Prabhakaran, Y. Son, C.-W. Ha, J.-J. Park, S. Jeon,
meChamsmS for unllmlted freedom m 3D K.-S. Lee, Optical Materials Forming Tightly Polymerized

naDOtGChD.O].Ogy Voxels during Laser Direct Writing, Adv. Eng. Mater. 20(10),
1800320 (2018).
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ON any substrate, with NO substrate, or IN substrate

Developer
ON P 3D structure o
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Separate o ‘ -‘ f» |
3D structure . Zent _j‘»,
l Polymer coating A :
3D mICI'OChIp Deve|0p|ng oi . : TPP~100 HW 1 SN
IN —1 | Magiulaitis, Appl. Surf. Sci. 487§EPACUL)

substrate hIL & ﬁrl — } :

NO
substrate

3D laser mesoscale lithography offers flexible materialization of objects on particular substrates or
without them as well as in them.

This might look trivial, yet sometimes become critical for practical applications.

[ON, NOJ] - S. Rekstyte et al., Direct Laser Writing of 3D Polymer Micro/Nanostructures on Metallic Surfaces, Appl Surf Sci 270, 382 (2013).

[IN] — D. Wu et al., Hybrid femtosecond laser microfabrication for true 3D ship-in-a-bottle biochip, Laser Photon. Rev. 8, 458 (2014). Tickinas, Opt. Express 25, ZiyCly



Laser Two-Photon / Multi-Photon / Non-Linear / Lithography
as a precise Additive p-Manufacturing tool

Laser-induced biofabrication ’{l H
Free-standing microring resonator and the coupling waveguide
Osellame et al., Lab Chip 19, 1985-1990 (2019)

Cell-Containing Hydrogel Constructs .
Ovsianikov et al., Langmuir 30, 3787 (2014) oot Photosensitive

il Intertwined microlattices for enhanced
metamaterials Farsari et al., Math. Mech. Sol. 24,

2636 (2019)
Compound lenses directly printed onto a CMOS

Giessen et al., Sci. Adv. 3, e1602655 (2017) ==

iszzoso+|§§hodamine

I SEewiife 1 Woodpile photonic crystal with a period of a
E == L&, 2=, {250 nm Wegener et al., Opt. Lett. 39, 6847 (2014)

[
-

| A universal mesoscale optical 3D printer
- Jonusauskas et al., Opt. Express 27,15205 (201 9) °

0.0
400 450 500 550 600
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Just a few benchmarking examples out of the established field!
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A Typlcal/Custom S. Varapnickas and M. Malinauskas, Processes of Direct

Laser 3D-micr0/ nano- Laser Writing 3D Nano Lithography, Handbook of Laser
Fabrication Setup Micro- and Nano-Engineering, Springer, 1-31 (2020).




Direct fs-Laser Writing Setup: FEIT tik3

Integration of laser, stages and software : @% |(-:| 8“\1/—E RSION

Workshop of Photonics

In a BOX

& In a PRINCIPLE

(1) Yb:KGW laser (200 fs — 20 ps, 1 kHz — 1 MHz, 300 - 2700 nm), includes pulse
picker for pulse-on-demand operation Pharos (Light Conversion Ltd.).
(1) Positioning systems:
(a) Aerotech linear stages combined with galvanometer scanner (up to 300 mm/s scanning
velocity, 10 nm resolution, 11x11x6 cm?3 working field)
(b) piezo nanopositioner + step motor stages (~100 um/s with 1 nm scanning precision).

(11) Focussing: 100x NA = 1.4 — 4x NA = 0.1 objective lenses.

(IV) Full process automatization via commercially available ,,3D Poli“ (Femtika) or
“AltSca” (Altechna R&D) software. Input files: .stl, .omp or directly programmed code.




Continuous 3D laser direct writing
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Continuous 3D Writing via linear stage
and galvo-scanner synchronization
(3D scaffold)
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total peak printing rate in voxels/s

voxel size in ym
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3Dprintingspeed.com

V. Hahn, P. Kiefer, T. Frenzel, J. Qu, E. Blasco, C. Barner-Kowollik, M. Wegener,
Rapid Assembly of Small Materials Building Blocks (Voxels) into Large Functional 3D Metamaterials.
Adv. Funct. Mater. 30(26),1907795 (2020); doi.org/10.1002/adfm.201907795.

3D Printing (3DP):
rapid prototyping vs
additive manufacturing

Rapid Prototyping is a fast fabrication
of a physical part, model or assembly

using 3D Computer Aided Design (CAD).

Additive manufacturing (AM) is the
industrial production name for 3D
printing, a Computer Aided
Manufacturing (CAM) process that
creates objects in an additive manner.

3D printing : CAD-CAM technique.
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Putting 1t all together: meso-buttertly
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Additive manufacturing:
1.9 x 103 mm3/min

NA=1.4 S

Made in: 2.5 hours 3.2 x 105 voxels/s ine width ~650 nm

JonusSauskas, Opt. Express 27, 15205 (2019)



True 3D printing: nuti-scale and mul-
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Is mesoscale 3D printer black & white, grayscale or colorful (material sense)?

Materials’ spectrum:

Ranges from natural biodegradable/biocompatible to synthetic tunable properties composites towards inorganics.

Proteins — Biopolymers — Hydrogels — Acrt® asses-Ceramics-Crystals
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Motivation: plant-based resins as
renewable materials for sustainable O3DP

- Direct laser writing (DLW) 3D nonlinear lithography (NLL) allows precise
manufacturing of microscale objects out of polymers reaching nm-scale

resolution.
ik, Vegetable
SRR, o
. -[.L e e I';.]
S ORI RO
- Material selection is one of the key factors as it determines mechanical, Zhu, Nature, 540(7633), 354 (2016).

chemical, thermal, optical and other properties of the fabricated objects.

- Plant-based oils offer biodegradability and renewability, thus such substances
recently became a popular target of researchers to replace common petroleum-
derived plastics.

Research aim — investigate acrylated epoxidized
soybean o1l (AESO) photostructuring suitability
for the DLW 3D NLL.

E. Skliutas et al., "Photosensitive naturally derived resins toward optical
3-D printing," Opt. Eng. §7(4), 041412 (2018).



Fabrication of 3D SO|Id u-obiects
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. Renewable resins
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Skliutas, A Bio-Based Resin for a Multi-Scale
Sereikaite et al, Polymers 14(24), 5361 (2022)

Light intensity optical 30 printing, sci. Rep. 10, 9758 (2020)
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[1] E. Skliutas et
al.,
Photopolymerization
mechanisms at
spatio-temporally
ultra-confined light,
Nanophotonics,
10(4), 1211-1242
(2021);
10.1515/nanoph-
2020-0551.

[2 ] G. Merkininkaite
et al., Laser additive
manufacturing of
Si/ZrO, tunable
crystalline phase 3D
nanostructures,
Opto-Electron. Adv.
5, 210077 (2022);
10.29026/0ea.2022.2
10077.
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Typical LDW 3D MPL
(two photon, non-linear)
polymerization technique.

Freeform micro-/nano-
Structures of diverse materials.

High-temperature post-treatment
of hybrid materials:

removes inorganics and converts
into glass-ceramic substance

Isotropic downscaling!
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MATERIAL

FORTH

522080‘" INSTITUTE OF ELECTRONIC STRUCTURE AND LASER
Hybrid organic-inorganic

O4H128iZ7“02

Microanimals fabricated by two-photon lithography.
M. Malinauskas et al., J. Opt. 12(3), 8 (2010).

Dr. Maria Farsari
NonLinear Lithography Group

11/16/2023

Gradient chain-mail 1 mm long (with support walls).
L. JonuSauskas et al., Opt. Express. 27(11), 15205 (2019).

30um 3D metasurfaces. S. Varapnickas

etal., Appl. Phys. Lett. 118, 151104 (2021).

-~

Micro optical components on top of a fiber.

A. Zukauskas et al., JLMN, 9(1), 68 (2014).




Geometry and size independent isotropic downscaling

11/16/2023

Reached volume
change 40-50%
(dependent on the
annealing protocol

Free-form structures

Bulky structures

3D periodic structures

Sub-100 nm features

SUp9f‘=5 mm sizes D. Gailevic¢ius, Nanoscale Horiz. 4, 647 (2019)
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Cristabolite — exotic
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Micro-Optics as immediate application

D. Gonzalez-Hernandez, S. Varapnickas, A. Bertoncini, C. Liberale,

M. Malinauskas, Micro-Optics 3D Printed via Multi-Photon Laser

Lithography. Adv. Optical Mater. 11, 2201701
(2023). https://doi.org/10.1002/adom.202201701
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a) b)
63x Obj
1.4 NA ﬂ
T=300fs Immersiorll\ /I —
A=515nm oil , Self-standing
v=200kHz Fused silica structure

Prepolymer i

Microscope objective: 63x <) d) Initial micro-structure  40% shrinkage
12 h at 1100°C

1.4 NA (oilimmersion) .
v =500 um/s ‘ ?a ™
I=from0.23 to 0.37 ﬂ

Before calcination After calcination
2
nWem at 1100°C
40x Obj Imaging
7=1100°C ) 4
t=12h.
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Laser 3D Printing of Inorganic Free-Form Micro-Optics FHGHEIS

Diana Gonzalez-Hernandez; Simonas Varapnickas; Greta Merkininkaite; Arlinas Ciburys; Darius
GaileviCius; Simas Sakirzanovas; Saulius Juodkazis; Mangirdas Malinauskas

Photonics2021, Volume 8, Issue 12, 577



Imaging performance
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Mechanical resilience

Temperature
resistant to
> 1000 - 1400 °C
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Chemical
resilience
Ultra-high
precision:
2PP super-powered for 3D nanoprinting Features
of diverse inorganics: of 60 nm

G. Merkininkaite et al., Laser additive
manufacturing of Si/ZrO, tunable crystalline

phase 3D nanostructures, Opto-Electron. Adv. 5, Scalable to > 5 mm 33
210077 (2022); 10.29026/0ea.2022.210077
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Deposition of antireflective coating on micro-lenses S AoemoLoc

I. Laser direct writing Ii. Polymerized lil. Micro-lenses with ALD
(LDW) micro-lenses AR coating

SZ2080™

Vilnius
Univers
Transmittance with parasitic Lossless transmittance
reflections
A=517nm K. Galvanauskas,
=100 fs Dr. D. Gailevicius,
v=76 MHz Prof. M. Malinauskas
| = 0.4 TW/cm? Y Y Y

Fabrication of highly transparent micro-optics combining LDW and ALD.

Darija Astrauskyté, ... Dr. Lina Grineviciiité,
"Anti-Reflective Coatings Produced via Atomic Layer Deposition for Hybrid Polymer 3D Micro-Optics.” Nanomaterials 13(16), 2281 (2023).
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Transmittance of the stacked microstructures Z4®  AnoTechnoLoce

120 L ' I Before deposition
I After AR coating deposition
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Two surface Four surface Six surface
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A comparison between uncoated and AR-coated
stacked microstructures.
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D
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Transmittance, %

20

Number of interfaces

Transmittance of the stacked microstructures
at the wavelength of 633 nm.

K. Galvanauskas et al. “High-transparency 3D micro-optics of hybrid-polymer SZ2080™ made via Ultrafast Laser Nanolithography and atomic layer deposition,”
Opt. Open 104228 (2023).



|_aser-induced damage threshold tests

Localized damage (4 um);
Non-localized damage (up to 20 pm);

\I'], | [I Il Ir| \.I ||l

\ v 1 \'Hl‘“ il I|ll T
T AR

915 nm

Optical damage experiment principle S-on-1 Laser damage setup
DR L hotoni Th 2 =1030,515 nm

] PR sl f =200kHz

nnnnnn : Access-JoumalbyMDPl . t — 300 fS

Calcination-Enhanced Laser-Induced Damage Threshold of 3D Micro- . .

Optics Made with Laser Multi-Photon Lithography Ob]ectwe 20x NA = 0.8

Darius Gailevicius; Rokas Zvirblis; Karolis Galvanauskas; Gintare Bataviciute; Mangirdas 50 ms— 5 S exposure

Malinaie s ’ ’ ’ Localized — 4 ym diameter 1/e?

: : 2
Photonics 2023, Volume 10, Issue 5, 597 NOTllOCClllzed _ 20 [lm dlameter 1/6



My time 1s over,
but not Yours ;-)
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- Questions?
- Comments!

- Discussions..
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