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Abstract: Ultrafast laser 3D lithography based on non-linear
light—-matter interactions, widely known as multi-photon
lithography (MPL), offers unrivaled precision rapid
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prototyping and flexible additive manufacturing options. 3D
printing equipment based on MPL is already commercially
available, yet there is still no comprehensive understanding of
factors determining spatial resolution, accuracy, fabrication
throughput, repeatability, and standardized metrology
methods for the accurate characterization of the produced 3D
objects and their functionalities. The photoexcitation mech-
anisms, spatial-control or photo-modified volumes, and the
variety of processable materials are topics actively investi-
gated. The complexity of the research field is underlined by a
limited understanding and fragmented knowledge of light-
excitation and material response. Research to date has only
provided case-specific findings on photoexcitation, chemical
modification, and material characterization of the experi-
mental data. In this review, we aim to provide a consistent and
comprehensive summary of the existing literature on photo-
polymerization mechanisms under highly confined spatial
and temporal conditions, where, besides the excitation and
cross-linking, parameters such as diffusion, temperature
accumulation, and the finite amount of monomer molecules
start to become of critical importance. Key parameters such as
photoexcitation, polymerization kinetics, and the properties
of the additively manufactured materials at the nanoscale in
3D are examined, whereas, the perspectives for future
research and as well as emerging applications are outlined.

Keywords: 3D printing; light-matter interaction; material
engineering; multi-photon lithography; nanoscale;
photopolymerization.

Acronyms, symbols, parameters,
typical values (see Tables 1 and 2).

1 Introduction: state-of-the-art and
rising demands

Light is an attractive energy source for science and in-
dustry, as it can be used to produce controlled interactions

8 Open Access. © 2021 Edvinas Skliutas et al., published by De Gruyter. [[(c-) 28 This work is licensed under the Creative Commons Attribution 4.0

International License.


https://doi.org/10.1515/nanoph-2020-0551
mailto:mangirdas.malinauskas@ff.vu.lt
https://orcid.org/0000-0002-6937-4284
https://orcid.org/0000-0002-6937-4284
mailto:edvinas.skliutas@ff.vu.lt
https://orcid.org/0000-0001-5226-2801
https://orcid.org/0000-0001-5226-2801
mailto:migle.lebedevaite@ktu.lt
mailto:jolita.ostrauskaite@ktu.lt
https://orcid.org/0000-0001-8600-7040
https://orcid.org/0000-0001-8600-7040
mailto:elmina@iesl.forth.gr
mailto:mfarsari@iesl.forth.gr
https://orcid.org/0000-0003-2435-4156
https://orcid.org/0000-0003-2435-4156
mailto:tbaldacc@uci.edu
https://orcid.org/0000-0001-9246-1653
https://orcid.org/0000-0001-9246-1653
mailto:vamvakak@iesl.forth.gr
https://orcid.org/0000-0003-2150-9415
https://orcid.org/0000-0003-2150-9415
mailto:sjuodkazis@swin.edu.au
https://orcid.org/0000-0003-3542-3874
https://orcid.org/0000-0003-3542-3874

1212 — E. Skliutas et al.: Polymerization mechanisms by confined light

Table 1: Acronyms and symbols most commonly used in the text.

DE GRUYTER

Acronym  Description Acronym Description

1PA One-photon absorption 2PA Two-photon absorption

MPA Multi-photon absorption MPI Multi-photon ionization

Al Avalanche ionization Tl Tunnel ionization

2PP Two-photon polymerization MPL Multi-photon lithography

LDW Laser direct write PI Photoinitiator

I} Light intensity lptlat Light intensity threshold, required to induce polymerization
and optical damage

v Scanning velocity A Light wavelength

T Pulse duration R Pulse repetition rate

E, Pulse energy Pa, P, Average/peak power

D Accumulated energy dose F F, Energy fluence per area/volume. If index p appears, it marks
fluence per single pulse

Wabs Energy density absorbed by the material per d,, [, Lateral and longitudinal voxel dimensions

single pulse

NA Numerical aperture n Refractive index

R Free-radical RM" Monomeric radical

K'/A™ Cation/anion KM*X"/JAM™X* Macrocation/macroanion

DC Degree of conversion DFW Dynamic fabrication window

STED Stimulated-emission depletion microscopy SLM Spatial light modulator

DMD Digital micromirror device DOE Diffractive optical element

Table 2: Studied parameters and their typical used values [1].

Parameter Value Comments and supporting references

A 515, 800 and 1030 nm 400, 532 and 1064 nm are also possible [2-4]

T 10-325fs ps, ns and CW are also possible [5-7]

R 1 kHz-100 MHz Single pulse [8, 9] and GHz [10] reported, too

v 100 pm/s (10-10,000 pm/s) Not relevant for projection/interference lithography

texp 10 us—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]

Py 0.3-47 kW Peak power per pulse is more important than the average [13]

E, 0.1-7n) Lower than 0.1 nJ [14] and higher than 7 n) [15] values can be observed

D 20 p)-650 ) 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].
F? 3p)/cm2-21 kJ/cm? Accumulated exposure dose per area at the sample

/? 0.2-7 TW/cm? >20 TW/cm? can be calculated, if assuming 100% objective transmittance

1,2 2-150 TW/cm? Towards considering the energy is absorbed within volume not at the surface
Wips ° 80 pJ)/cm?-0.3 m)/cm? Absorbed energy density per single pulse

# Major calculations were performed for R=0.2 MHz, =300 fs and A = 515 nm parameters, taking into account transmittance of 26% for
NA = 1.4 objective, found in the literature [17]. It was assessed, that altering irradiation and writing parameters while remaining
objective transmittance constant, calculated F, /and /, values were allocated in the provided range, as depicted in the Table 2.5 Wypo was
calculated using /, values for single pulse of 300 fs duration and primary electrons density of 10*° cm~ [18].

in a large variety of materials. Coherent laser irradiation is
useful as it can focus down to fine dimensions and, being
monochromatic, induce well-defined interactions required
for spectroscopy, microscopy, and material processing.
Cell phones can deliver light to CMOS pixels of tens of
micrometers and standard microscope objectives can focus
light into its wavelength. Furthermore, current electronic

devices are operating with mass-produced, sub-10 nm
feature chips, made using deep-UV sources. Since
becoming more reliable and robust, ultrashort-pulse lasers
have evolved into a common tool for precision 3D micro-/
nano-fabrication, as high bursts of energy can be delivered
in femtoseconds, allowing the induction and observation
of reactions in this time range. Nowadays, both spatial and
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temporal concentration of light is routinely employed in
modern optical laboratories. It is used for diverse material
and structure modification including material processing
and rapid prototyping. Ultrafast laser 3D lithography
based on non-linear light-matter interaction became
known as two-photon polymerization (2PP, TPP, or multi-
photon lithography (MPL)). Now it is a well-established
technological field (as shown in Figure 1). As a laser direct
writing (LDW) tool it offers unrivalled precision and
flexibility in additive manufacturing. 3D printing equip-
ment based on MPL is already commercially available, yet
there is still no in-depth understanding of factors deter-
mining spatial resolution, accuracy, fabrication
throughput, repeatability, and standardized metrology
methods for the accurate characterization of the produced
3D objects and their functionalities. The photoexcitation
mechanisms, spatial-control or photo-modified volumes,
and the variety of efficiently processable materials are still
researched topics [19]. The complexity of the research field
is underlined by the limited current understanding and
the highly fragmented knowledge of light-excitation,
material response, and the resulting 3D structure func-
tion within the spatio-temporal scale.

In this review, we aim to provide a consistent and
comprehensive summary of the existing literature on
photopolymerization mechanisms under highly confined
spatial and temporal conditions, where, besides the
excitation and cross-linking, parameters such as diffu-
sion, temperature accumulation, and the finite amount of
monomer molecules start to become game of critical
importance. The key parameters, photoexcitation, poly-
merization kinetics and the properties of the additively
manufactured materials at the nanoscale in 3D are

2D and 2.5 D geometry

-
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J. Zhu et al., Microelectron.
Eng. (2020)
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Figure 1: Types of lithography and its
capabilities. Pictures reprinted with
permission from [20] and [21].

examined, whereas, the perspectives for future research
and as well as emerging applications are outlined. We
survey the current state of MPL, its advances and identify
voids. We provide a detailed interpretation of light matter-
interaction mechanisms based on the latest findings, its
peculiarities, and influence for material cross-linking. A
comparison to single-photon absorption (1PA using UV
wavelength) initiated 3D lithography is given where ap-
plies (temperature accumulation, monomer diffusion,
etc.) based on reported relevant data. Intensity thresholds
determining the formation of 3D objects are discussed,
and advances in approaches for the modulation of the
excitation beams are illustrated. Furthermore, some case
studies are presented, to stress certain details of experi-
mental or theoretical works of MPL and main findings or
results of it. This is important for a newcomer and expe-
rienced researcher or engineer working in the field to go
fast forward to TPP — (Towards Perfect Polymerization).

2 Light-matter interaction
mechanisms

Light-matter interaction mechanisms can vary, depend-
ing on applied intensity, exposure duration, light wave-
length and polarization, and material properties. Let’s
consider some general examples. If the intensity is very
low, up to 10> W/cm?, only heating is observed. Increasing
the intensity up to 10°~10° W/cm?, melting of the sample
surface can be achieved. At higher values — 10° W/cm? -
the light thermally affects deeper layers of the material,
forming vapour and gas channels. Usually, such
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conditions are applied in laser drilling or welding of the
metals. If more than 10’ W/cm? intensity is used, the
material can be ablated via vapour or gas phase. How-
ever, both vapour and gas are ionized, causing plasma
formation. As presented in Table 2, we are aiming in the
intensity scale of TW/cm? (10'), focused into polymer-
izable materials. The following section is dedicated to the
discussion of photoexcitation under the aforementioned
conditions, polymerization steps and its development in
a time frame, spatial confinement, heat influence, and
main thresholds.

2.1 Photoexcitation

Photopolymerization is a monomers and oligomers bonding
reaction, induced via light-matter interaction — photoexci-
tation. Photoexcitation occurs by absorption of photons.
Depending on the amount of the absorbed photons per
single excitation event, absorption can be either one-photon
(one-photon absorption — 1PA), or multi-photon (multi-
photon absorption — MPA) [22]. For example, two-photon
polymerization (2PP) is induced via simultaneous absorp-
tion of two photons (two-photon absorption — 2PA). Ab-
sorption which results in electron transfer into the
conduction band can further proceed by gaining energy
from the laser pulse and promote the electron to excited
states (Figure 2), which also leads to breaking of chemical
bonds. This defines a transition from the solid-state
response into ionisation which is determined by free elec-
trons or plasma state (sometimes discussed as solid-state
plasma to plasma transition). The ionisation proceeds via
non-linear processes such as multi-photon ionization (MPI),
avalanche ionization (Al), and tunnel ionization (TI). In this
section, all the aforementioned non-linear light—matter in-
teractions are discussed.

DE GRUYTER

Figure 2: Jablonskidiagram. 2PAand MPI are
explained in the scheme. 2PA occurs in Pl or
monomer molecules. They are excited from
the ground state S to the excited singlet S;
state (3-5 eV bandgap) and then through
the intersystem-crossing (ISC) go to triplet
state where they form radicals. In the MPI
case, the electron is separated from the Pl
or monomer molecules, following
avalanche ionization (Al). However, it re-
quires more energy to excite the molecule
(e. g., 8-11 eV, four photons). 1PA - one-
photon absorption. ESA — excited state
absorption. Reprinted with permission
from [31].

TR (N =3)
ESA

=R (N=2)

A prefix “multi” means that more than one photon is
absorbed. Depending on the number of absorbed pho-
tons, an electron in a valence band can be excited from the
ground state S, to the higher energy levels states (MPA
case) or even can be accelerated to the ionization energy
leaving the valence shell (MPI case). Moreover, both MPA
and MPI can occur simultaneously as competing pro-
cesses, also, with possible parallel involvement of 1PA. It
might be not easy to define exactly, what is the role of each
of the aforementioned phenomena, thus it can be
assumed, that only one is dominant while others might be
negligible, as they happen on a very different efficiency
scale. If after excitation, an electron is transferred to the
singlet S, state, it is assumed that absorption occurred. It
can undergo through the virtual state, when two or more
photons are absorbed simultaneously [23], depending on
the energy gap between the ground and the excited states.
However, the higher order of the non-linear process the
higher temporal and spatial photons density is required.
For example, 2PA is proportional to the squared optical
intensity (I?). 2PA is shown in the Figure 2, where a
Jablonski diagram is used to depict all possible energy
pathways that can lead to polymerization. Usually, pho-
toinitiators (PIs) are used to induce photopolymerization
reaction. PIs are chemical compounds sensitive to UV/
visible light which upon absorption of light form reactive
components (free-radicals or photoacids) capable of
starting a polymerization reaction. Their bond dissocia-
tion energy is in order of 3 eV [24], while monomers
require higher energy to induce a cleavage, which can be
more than 4 eV [25-27]). Thus, the required intensity I to
excite PI molecule is lower compared with monomer or
oligomer molecule. Typical values to induce photo-
cleavage are in the order of TW/cm? Conventional PIs,
however, often suffer from small 2PA cross-sections (o) in
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the near-IR wavelength (A) range, where femtosecond-lasers
are typically used for 2PA induced polymerization [28].
Regular values are less than 10 Goppert Mayer (GM) units,
where 1 GM = 10~ [cm"*s/molecules/photon] [29]. It results
in a low possibility to induce radical formation from PIs
molecules. However, considering common 2PP parameters
(scanning velocity v = 100 um/s, repetition rate R = 80 MHz),
it can be calculated that potentially 23 excitation events per
molecule can occur [30].

Another way to excite molecules is by MPI. In this case,
an electron is separated from the PI or monomer molecule
to the unbound state and further process continues via Al.
The MPI phenomenon requires one to two orders of
magnitude higher I than 2PA (10"*-10" W/cm?) [32]. When
a high I (=<10% W/cm?) is used, it might be assumed, that a
TI can better describe ionization process than MPI. For
comparison, the Keldysh parameter (yx) can be calculated,
which characterizes the regime in which the processes
might occur (TI, if yx < 0.5, or MPI, if yx > 0.5) [33]. The
calculated value for high repetition rates and PIs can be
found close to 30, which confirms that the MPI process is
more likely than TI [30].

When TI can be ignored, it is interesting to establish
which of the process (AI or MPI) is dominant. To do so, the
density of electrons created by Al (n.) and by MPI (n,) must
be evaluated:

dn,

W = neWimp + nanpi.

Wimp Stands for the avalanche rate and wy,,; for the MPI
rate [34].

Case study: MPI and Al The calculations were
simulated for the polydimethylsiloxane (PDMS) under two
lasers systems: Ti:Sapphire oscillator (pulse duration
T = 20 fs, central wavelength A = 800 nm, repetition rate
R =75MHz) and Yb:KGW amplifier (7 = 300 fs, A = 1030 nm,
R =200 kHz) [18]. Figure 3 represents electron density de-
pendency on the time scale for the avalanche and multi-
photon ionizations.

From the graphs, it can be seen that free electrons mainly
are generated due to MPI (green line). However, calculated
rate in photosensitized PDMS is much higher for the Al
(Wimp = 3772 x 10" s™' > Wi = 5.74 x 10" s7* for Ti:Sapphire
system and Wipp = 374 x 10" s7' > Wy = 2.65 x 10 s7* for
Yh:KGW system). The presence of the Al generates enough
free electrons to induce optical damage. Moreover, at the
high repetition rate which is common in Ti:Sapphire based
oscillators (around 80 MHz), accumulative effects (thermal
and defects) can occur [5, 35]. Under such circumstances, the
polymerization process becomes impossible to control under
realistic conditions.

E. Skliutas et al.: Polymerization mechanisms by confined light
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Figure 3: Simulated electron density dependency on time scale for
the Al and MPI.

(a) - Ti:Sapphire oscillator system, PDMS + PI. / = 5.2 TW/cm?. (b) —
Yb:KGW amplifier system, PDMS + PI. For the continuous lines —
1=1.2 TW/cm?, for the dotted lines — / = 1.6 TW/cm?. Reprinted with
permission from [18].
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Figure 4: Scanning electron microscopy (SEM) images of the
structures made at the same focusing conditions (13 TW/cm?) in
S$Z2080™ pure (1) and doped with 1 wt. % of PI (2 and 3). (1)
represents Al case, (2) — Al + 2PP and (3) - 2PP + 1PP. Reprinted with
permission from [15].

The experimental results of MPI and Al processes dur-
ing polymerization are depicted in Figure 4. It shows ex-
amples of the three structures made at the same focusing
conditions, corresponding to 13 TW/cm? for pulse energy
14.5 nJ, but in three different composites: SZ2080™ pure (1)
and doped with 1 wt. % of PI (Irgacure 369 (2) and Michler’s
ketone (3)) [15]. The absence or presence of PI (and PI type),
altered the excitation conditions and allowed the demon-
stration of three different initiation cases: Al, Al + 2PP and
2PP + 1PP, respectively. It can be seen, that the finest spatial
resolution was achieved in the non-photosensitized resist.
The explanation could be that seeding electrons are pro-
duced more efficiently if including 2PP or 1PP cases rather
than only AL Thus, at the considerably higher avalanche
rates, as compared to multi-photon, the ionization becomes
higher, enabling polymerization via two mechanisms: bond
cleavage and thermal accumulation, resulting in increased
feature size.

The ionization rate, which is related to the radical
generation, has a strong nonlinear character. The linear
light-matter interaction defined by the permittivity € = ii*
(or the refractive index 1 = ng + ix) is highly altered at the
high intensity/irradiance used in 3D laser polymerization
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approaching I, ~1 TW/ cm? The nonlinear contributions to
the real and imaginary parts of the refractive index become
significant. An instantaneous ionization following a light
intensity envelope is transforming a dielectric material into
a metal-like, hence die-met material with strongly altered
permittivity [36]. The first nonlinear (I-dependent) contri-
bution is due to two-photon absorption, which is changing
the real part as n(I) = ny + n, x I and the absorption coef-
ficient becomes a(I) = ag + 8 x I; where the absorption
coefficient is related to the imaginary part (extinction
coefficient) of the refractive index as a = 4mx/A. The
consequence of permittivity change during laser pulse will
affect the absorption depth, which becomes lower in highly
excited material. The amount of deposited energy accounts
for this change, as discussed further in the section on
spatial confinement (Section 2.4).

To summarize, the order of optical nonlinearity in MPL
depends immensely on the PI and the conditions used for
light excitation [37]. Which way (MPA or MPI) the photo-
excitation will proceed, depends on the photosensitive
resin’s bandgap, which can be tuned using PIs, and
selected technical parameters: 7, A, v, R, and intensity level
resulting in the presence or absence of accumulative ef-
fects. Currently, the most common light sources have low
pulse energies (order of nJ) and high repetition rates
(around 80 MHz), yet other options are also possible, as
shown in Table 2. One must also note that a sub-300 fs laser
pulse width is equally important to the wavelength when
determining the type of light-matter interaction. Together
they make two distinct cases of sub-100 fs and tens of MHz
repetition rates, and above-200 fs and kHz (or a few MHz)
repetition rate excitation sources, which determines
whether MPA is dominant, or there is significant Al
contribution to the energy delivery into the confined
specimen volume.

2.2 Polymerization steps

After photoexcitation, PIs reach the triplet state (T;) by
intersystem crossing, and then experience cleavage of the
chemical bonds. This action — light-induced cleavage - is
called photolysis, or photodissociation. The photolysis
reaction can be expressed like this:

Photolysis : P PI' - R* (K' /A"),

The result of the photolysis is atoms, molecules or ions,
that are electrically unstable, thus have the ability to
connect other molecules, e. g., monomers. Besides, they
are a completely different species than the original PI.
Depending on the polymerization class (radical or ionic) it

DE GRUYTER

could be free-radicals (R") or cations/anions (K*/A"). For
example, in radical photoinitiating systems, the cleavage
happens in aromatic carbonyl compounds that are known
to undergo homolytic C—C bond scission upon intense light
exposure. This is common for the Norrish type 1 PIs [38].
One more case when the free-radicals can be induced is
hydrogen atom transfer reaction with an additional co-
initiator molecule. Such systems are Norrish type 2 and
usually consist of two components, typically, an aromatic
ketone and radical precursor with a weak covalent bond
[39]. In photo cross-linking reaction, a combination of any
of the following processing parameters: light intensity,
temperature, or PI concentration, can improve the rate and
extent of curing due to the increase of the number of free
radicals available for reaction propagation [40]. The PI
concentration is one of the most significant parameters
influencing the rate of photopolymerization. However, it
has been reported, that the photopolymerization rate in-
creases with the increase of PI concentration, and after
reaching an optimum concentration, the rate promptly
declines [41]. This is related to the high concentration of
primary R and is known as a phenomenon called primary
radical termination [42]. The decreased curing rate at
higher PI concentrations was observed in 1PA induced free-
radical polymerization [43]. Moreover, when high light
intensities are used (for example, 100-1000 mW/cm?), a
high concentration of primary R is established as well. On
the other hand, the photopolymerization of photoinitiator-
free systems has been reported where bio-derived (meth)
acrylate resins were cured by 2PP [44, 45]. Photo-
polymerization was initiated using ultrashort pulses by
MPA, resulting in the cleavage of vinyl double bonds of
monomers and generating R’, which initiated the reaction
of (meth)acrylic groups. Synthetic PIs can be toxic [46],
thus the elimination of PIs from photoresists enables the
prototyping of fully bio-friendly resins. Though, not all
systems can undergo the initiator-free photo cross-linking
reactions due to the strong bonding of the vinyl group
(4.5 eV [25]) to the entire molecule where the double bonds
do not cleave generating R” or K*/A™. In this case, PIs are
necessary.

After the photolysis occurs, initiation starts and poly-
merization reaction proceeds to form a cross-linked
network. During the initiation, excited R or K*/A™ interact
with the monomer then transfers energy and creates a
monomeric radical (RM") or macrocation/macroanion
(KM*X"/AM X*). Macrocation/macroanion is joined by a
counterion (ion of the opposite charge sign — X*/~) and a pair
of ions is formed, which determines the rate of the reaction.
Since then the RM" or KM*X"/AM X" can further continue
the interaction with the surrounding monomers, resulting in
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longer and longer chains, which has an uneven number of
electrons in the valence shell. This step is called chain
propagation. The termination of reaction differs for radical
and ionic polymerizations. The radical one stops mainly due
to a couple of reasons, in which growing RM" is terminated
by other RM": recombination or disproportionation.
Recombination is a reaction termination when two mono-
meric radicals merge into a single molecule. Also, the
aforementioned primary radical termination might happen.
In the case of termination by disproportionation, one proton
is transferred from the hydrogen donor radical to the
acceptor radical. Thereby, the donor radical is transformed
into an unsaturated polymer chain (ending with a C=C
double bond), while the acceptor polymer chain is saturated
(only C-C single bonds). In ionic polymerization, termina-
tion occurs when the macrocation/macroanion transfers a
proton (H') to the counterion. A neutral molecule is ob-
tained with a double bond at the end. Another case of re-
action termination is called chain transfer. It occurs when a
proton with a counterion is transferred to another monomer,
thus forming a new monomer cation that can further react
with the monomers to form a lower molecular weight
polymer. Steps of the radical and ionic (depicted cationic
case) polymerization reaction are represented in Table 3
[47, 48]. Also, the Table includes common materials, usable
for certain type of polymerization, and commercially avail-
able resins, based on those materials. Moreover, it is known
that the multifunctional monomers and/or oligomers could
be employed and cross-linked via dual-curing reactions.
The dual-curing reactions such as photo-photo, thermal-
photo, photo-thermal, and others take place simultaneously
or sequentially [49]. These systems often include two, or
more initiators that are activated by heat, different wave-
lengths or cleave by different mechanisms such as free
radical or cationic. An example of a simultaneous dual-
curing reaction is the multifunctional acrylate and epoxy
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monomer system curable under the UV light employing the
free radical and cationic PIs leading to the highly photo
cross-linked polymer.

The perception of the mechanisms of undergoing
photoinduced polymerization reactions is mandatory, as it
explains the photo cross-linking kinetics and degree of
conversion of this process, presented in the next section.
Knowing these factors, availability to design desired photo
curable resin for the specific applications is enabled.

2.3 Main factors influencing
photopolymerization kinetics and
degree of conversion

Photopolymerization, or photo cross-linking, Kinetics is
crucial in optical 3D printing influencing the ability to pro-
totype material and its usage in additive manufacturing. It
defines the occurrence of structural phenomena, such as
gelation and vitrification, indicating the moment, when the
structural changes have started — the gel point [45]. As
mentioned earlier, photopolymerization could be induced
via 1PA and MPA via continuous laser irradiation and ul-
trashort laser pulses, respectively. The 1PA demands less
energy, but is a surface polymerization technology, though
the strong confinement of the MPA volume enables true-3D
freeform structures [50]. As the irradiation intensity defines
the photopolymerization induction, it could highly influ-
ence the photo cross-linking kinetics as well. Typically, the
time taken for the light to propagate through the material
is less than 10 s, while the photochemical reactions and
mass transport effects take place over milliseconds or
seconds [51]. Therefore, photopolymerization Kkinetics
should be investigated by precise methods such as real-time
photorheometry [52, 53], real-time FTIR [54, 55], Raman

Table 3: Equations of radical and cationic polymerizations, used common materials and available commercial resins.

Polymerization steps Radical polymerization

Cationic polymerization

Photolysis P b R
Initiation R'+ M — RM’
Propagation RM* — RMM* — ... —» RM},

Termination Primary radical termination: RM; + R" — RM,R
Recombination: RM;, + RM;, — RMn;mR
Disproportionation: RM;, + RM;, — RM; + RMp,
Common materials
hybrid materials

Commercial resins

(Meth)acrylates, vinyls, thiols, hydrogels, organic-inorganic

PEG-DA, PETA, OrmoComp, Ormocer, SZ2080™, PDMS

I P Kt

K'X™ + M — KM*X™

KMTX™ + M — KM:X’

lonic rearrangement: KMX™ — KM, + H" X~
Chain transfer: KM} X~ + M — KM, + HM* X~

Mostly epoxies

SU-8, SCR500
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spectroscopy [56], photo-differential scanning calorimetry
(photo-DSC) [57, 58], voxel onset time (VOT) [59] and other
methods. Photopolymerization kinetics refers to the rate of
functional groups conversion in time, which promotes a
change in polymers’ physical properties. Depending on the
method used for measurements, it can be depicted vari-
ously. In real-time photorheometry kinetics are shown as
storage and loss modulus increase in time, which indicates
the formation of the 3D polymer network. Real-time FTIR
represents changes in absorption spectra before and after
curing, revealing the amount (ratio) of functional groups
consumed for the polymerization. Raman spectroscopy also
reveals the amount of the functional groups before and after
polymerization, however, its spectra show scattering of
particular Raman active mode, not absorption. Photo-DSC
enables monitoring of curing kinetics by measuring
enthalpy changes during curing and determining the degree
of conversion. VOT demonstrates cross-linked volume
growth in time, as well as the cross-linking density due to
changes in the refractive index. At the same time, shrinkage,
curing depth, and/or monomers diffusion from the
adjoining dark regions can also be measured. Both inter-
and intramolecular forces affect the rate of polymerization
[60]. Vitrification occurs during the photopolymerization
process as the degree of conversion (DC) increases followed
by the decelerated diffusion of monomers and reduced re-
action rates of both propagation and termination [61]. DC is
another parameter, which also defines mechanical and
physical (refractive index, thermal expansion, etc.) proper-
ties of the material [62]. DC characterizes the fraction of
bound functional groups as compared to the overall number
of functional groups and is measured in %. The higher DC,
the harder polymer is. Also, it can be known as degree of the
cross-linking or polymerization, double bond conversion.
DC is assessed measuring the peak area of absorption or
scattering of the double bonds before (4,) and after (4,) the
irradiation (Equation (1)), which can be measured employ-
ing FTIR [54] or Raman spectroscopy [63], respectively.

Ao — A
DC =
Ao

x 100. 1)

UV-curable monomers do not achieve 100% DC due to the
steric hindrances and oxygen-induced inhibition leaving
residual monomers in the cured volume. The material DC,
cured volume, and photopolymerization Kkinetics could be
adjusted by changing the irradiation intensity, exposure
duration, amount of PI, and spatial separation of voxels.
Going through the literature, achievable typical values of
DC approximately alters from 60 to 80% [64, 65], regardless
if curing is induced via 1PP or multi-photon lithography
(MPL). Sometimes values over 90% are observed,
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especially, when additional UV post-curing is applied [66].
Not only inhibition mechanisms [61], but the reaction
process and curable resin composition [67] influence DC. In
cases of limited mobility of monomers or oligomers, it
might be difficult to achieve higher conversion than 50%
[63]. Further a couple of case studies, how DC can adjust
some properties of the material, are given. A. Zukauskas
has demonstrated, that the highest value of the refractive
index in the SZ2080™ photopolymer was 1.5112, when
DC = 50%, and the lowest value was equal to 1.4996 with
DC =5.5%. This represents to change of refractive index up
to 1.16 x 1072 [64]. J. Rys has showed, that Young modulus
can be varied in wide range from 10 MPa up to 250 MPa
adjusting DC from 24 to 42%, respectively. Additionally,
second exposure was applied to the already cured photo-
polymer. This action helped to reach 20% higher DC
values, corresponding to 200% increased Young modulus
[62].

Avoiding the decreased curing rate, dual-curing re-
actions can be applied. For instance, C. Decker et al. [68]
demonstrated the synthesis of a bio-derived polymer from
a 50:50 mixture (by weight) of 1,6-hexanediol diacrylate
(HDDA) and epoxidized soybean oil (ESO) under intense
UV irradiation where ESO increased the conversion of
HDDA in comparison to a pure formulation. Sequential
dual-curing improves the processing and handling as
long as the intermediate materials (i.e., after the first
curing reaction) are chemically stable and their properties
are tailorable [69]. The sequential dual-curing systems are
used in several fields where tailored materials and flexible
processes are mandatory, e.g. adhesive coatings, lithog-
raphy, shape-memory materials, and holography [70].
This method was employed in the work of D. Guzman
et al. [71] where the thermosets from bio-based com-
pounds were prepared using an efficient environmentally
friendly dual click curing methodology resulting in
polymers with higher mechanical and thermomechanical
performance.

Even though the rate of photopolymerization depends
on the number and density of functionalities, their reac-
tivity, and hydrogen bonding, the influence of resin vis-
cosity is dominant. The change of resin viscosity influences
the Brownian motion and the diffusion of cleaved PI which
affects the photopolymerization process. For example,
diffusion of the free-radicals out of polymerization epicentre
can cause cross-talk between features written nearby, which
is known as proximity effect and is explained in articles
[7, 72]. Thus, the influence of the viscosity on the diffusion
needs to be discussed. At the highest viscosities, the rate of
photopolymerization is the lowest due to the diffusion-
limited propagation and termination reactions. As the
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viscosity decreases the diffusion limitation is excluded in
the propagation reaction then, as the viscosity decreases
further, the diffusion limitation is excluded in the termina-
tion reaction [73]. In the work of T. Zandrini et al. the in-
fluence of the viscosity to the formation of lines in 2PP was
investigated (case study: viscosity influence) [14]. The
experiment was performed in the same two monomers but
just different proportions in their concentrations, resulting
in four different viscosities (10.4 Pa-s, 116 mPa s, 23 mPa:s,
and 15 mPa-s) without affecting reactivity. The higher resin
viscosity highly influenced the width of the fabricated lines
due to the reduced action of oxygen and the lower proba-
bility of termination events because of limited motility. The
average value of the smallest measured line width was
around 360 nm for the all four resins, meanwhile,
decreasing the viscosity from 10.4 Pa:s to 15 mPa-s the
maximum line widths were indeed 2.98, 2.31, 1.42, and
0.68 um. It results in a linear rate of line width growth of
almost 90% for the highest viscosity resin and roughly 50%
for the lowest one. Exact values can be expressed form the
analysis: 7.3, 5.9, 3.3, and 1.74 pm/n] for resins from 10.4 Pa-
s to 15 mPa:-s, respectively.

The most common method to control resin viscosity is
to change the temperature. At higher temperatures several
things occur, affecting the polymerization. At first, vis-
cosity decreases, and the Brownian motion increases
enabling the faster free radical migration leading to the
prompt active centre occurrence and the higher cross-
linking rate [66]. Secondly, the electrons in the monomers
accelerate to a more efficient ionization energy, resulting in
more free radicals formation [11]. However, at higher
temperatures, the oxygen inhibition accelerates due to the
increased oxygen diffusion into resin followed by the
reduced rate of photopolymerization. Increased tempera-
ture causes an increase of propagation and termination
rate constants and auto-deceleration delays, leading to
longer reaction times before propagation becomes
diffusion-limited [74]. Also, the acrylic resin photo cross-
linking is an exothermic reaction which generates heat
during the photopolymerization reaction [75]. A. Vitale
et al. determined that rapid polymerization reactions were
the most exothermic and resulted in a larger temperature
rise which facilitated the faster traveling front proceeded
by accelerating chain propagation during frontal photo-
polymerization [76]. As the temperature highly influences
resin viscosity, oxygen motility, radical diffusion, and
termination processes, the polymerization can be affected
in different ways. According to K. Takata et al. observed
behavior, the voxel size increases while increasing the
temperature from —60 to 20 °C and then decreases again in
the range of 20—-80 °C. Due to enhanced termination at
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higher temperatures polymer units results in less cross-
linked or loose voxels, of which the surrounding portion is
easier to be removed in the rinsing process, contributing to
the smaller voxel size [77]. On the contrary, Z. Prielaidas
et al. have observed an increment of height and width of
the pillars, while increasing the temperature in the range of
20-125 °C, due to increased primary amount of the free
radicals [11]. Such a discrepancy might be explained by the
two different photoresists and laser systems employed in
the aforementioned experiments, leading to the unequal
diffusion or accumulative effects and resulting in diverse
behavior of the voxel size.

To sum up, photopolymerization kinetics must be well
understood for every individual case, in order to achieve
the desired goals in additive manufacturing, which simply
could be a speed of the process or an optimized spatial
resolution, etc. DC is of utmost importance, as it affects the
physical properties of the polymer; modifying it, can tailor
the cured material properties to the desired requirements.

2.4 Spatial confinement

As already mentioned previously, tight spatial confine-
ment is one of the main benefits of the MPL. Thus, in this
section, the voxel formation is analyzed.

The employed irradiation intensity profile and its
focusing conditions play a key role in the spatial
confinement of MPA. The intensity I distribution at the
focal plane is usually described as lateral (d,) and longi-
tudinal (Z,). The indices r and z represent the direction of
the beam propagation: radial and axial, respectively. The
focusing of the laser beam can be described according to
the Rayleigh model. The dimensions d, and L, of the laser
beam at the focal plane can be described by the
equations:

122

d, NA )
1.22n,A
L= NA;’ , €)

where ng — a real part of the refractive index of the medium
(in case of ML — photoresin). A — wavelength, NA — objec-
tive numerical aperture. NA also depends on the refractive
index, however, it is of medium between objective and the
sample, which can be air or commonly is an immersion oil.
For more accurate estimation, the Gaussian intensity dis-
tribution at the focal plane must be considered:

I(r,z) =1 UG efﬁzﬂ, (4)

w(z)?
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where wq and I are radius and intensity at the beam waist.
The beam radius can be expressed as:

2
w(z) =wy 1+<Z£R> .

where zp is a Rayleigh length, which is the distance along
the propagation direction of a beam from the waist to the
place where the radius enlarges v?2 times:

nowim

ZR = 1

As already was mentioned, MPA will occur when a
certain light intensity level is reached. Usually, this is an
intensity, when polymerization starts and thus is called
polymerization threshold (I,,), which can be expressed the
following:

2P, T
Rwint’

®)

Ipt =

where P, — average power, T — objective transmittance, R —
pulse repetition rate, T — pulse duration. Knowing I, d,
and L, can be specified as [78]:

(6)

)

These equations determine the dimensions of an ellipsoid
voxel at the focal plane. Also, it can be expressed in other
ways, for example, including such variables as A, R, n,
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exposure duration, and 2PA cross-section and can be found
elsewhere [79]. The voxel size can be controlled via the
objective NA and other parameters, defining the distribu-
tion of the I. Moreover, it is known, that control of I can be
implemented by adjusting the amount of the laser light
covering the input aperture of the objective [80]. The in-
tensity distribution is presented in Figure 5(a). It shows,
how d, and [, dimensions alter varying focusing conditions
(objective NA), while I is kept constant (calculations were
based on Equations (4), (6) and (7)). Polymerization reac-
tion occurs only if I equals or exceeds I,. Further
increasing I, the damage threshold I;; can be reached as the
number of free electrons also increases. Above that certain
energy threshold, material boiling starts and gas bubbles
form. The gap between those two thresholds (I — I, is
called the fabrication window (FW). However, it is better to
normalize it as to (I — I/l and call it a dynamic fabri-
cation window (DFW) or simply in other words — dynamic
range (DR). Figure 5(b) illustrates thresholds and how
voxel dimensions d, and [, vary according to the applied
intensity.

The theoretical evaluation demonstrates that d, size
varies in several hundred nm, while I, can be obtained in a
wider range — from 500 nm to several pm. An interesting
fact is that dimensions smaller than the diffraction limit
(expressed in Equations (2) and (3)) can be achieved. It
can be explained with Equation (4), which says, that there
is uneven intensity distribution all over the volume of the
voxel. As depicted in Figure 5 part (b), the threshold
mechanisms become essential. Within the voxel, just
some part of the intensity exceeds the polymerization
threshold I, and induces the reaction in a volume smaller
than the rest of the voxel. The polymerization occurs only

NA=14

/[a.u]

Figure 5: Spatial confinement of light in 2PP.
(@) - dynamics of intensity distribution of
light focused with an objective lens

NA = 0.8, NA =1.35 and NA = 1.4. Following
parameters were used for the calculations:
T=100%, R =200 kHz, 7=300 fs,

A =515 nm, ng = 1.504. (b) — illustration,
how d and [ alters when various values of
intensity / are applied. Fabrication window
is defined by a lower black line (/,) showing
intensity, at which polymerization reaction
starts, and an upper one — an optical
damage threshold (/4).

r[um]
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in that certain space, which has enough of the excited
chemical species (radicals or cations/anions) to produce
sufficient DC and withstand the development process in
the solvents. This mechanism is defined by Equations (6)
and (7), describing how the lateral and longitudinal di-
mensions of the voxel depend on the applied I. Further,
some case studies about feature size are provided. The
authors of different scientific papers have used the
advantage of the aforementioned spatial confinement and
threshold mechanisms, what enabled them to reach, let’s
say, a superior line width: F. Burmeister et al. showed
nanostructures with dimensions of 91 nm [81], V. Paz et al.
achieved 82.5 nm in Zr-hybrid material [82], W. Haske
et al. reported up to 65 nm thin lines [83], S. Juodkazis
et al. reached 30 nm structures in SU-8 photoresist [84],
and D. Tan et al. even sub-25 nm lines in SCR500 [85].
Naturally, here might arise a question, what parameters
(usually, average power and scanning speed/exposure
duration) and properties of photoresin (for e. g., the
concentration of PI) should be chosen to accomplish such
small feature sizes? N. Uppal and P. S. Shiakolas tried to
answer this question in their work on resolution predic-
tion of MPL [86]. The main findings they made was, that I,
is more sensitive to different levels of P,, v and concen-
tration of PI, meanwhile d, can be easily tuned combining
low P, and high v. Both I, and d, are more sensitive to
power variation than v or PI concentration. Moreover, the
authors state that amount of the PI (altering from 3.78 to
£4.96%) shows statistical significant effect in the change of
d, only when low power (12.5-16 mW) and slow speed
(1 mm/min) is used. From these findings, a conclusion can
be delivered, that small feature sizes can be achieved
using high scanning speeds, low P, values and low PI
concentration. However, feature size should not be
confused with a spatial resolution, which refers to the
minimal distance between two resolved features and is
limited only by diffraction, while the achievable line
width is determined by threshold mechanisms. Addi-
tionally, it might be considered, that self-focusing could
influence feature size increasing it in a longitudinal di-
rection. Yet, the MPA process causes loss of energy and
diffraction. These two conditions create attenuation of the
optical beam, due to witch self-focusing is cancelled and
does not occur [87, 88]. Moreover, this phenomenon
emerges at a certain critical power, which might coincide
with optical damage threshold in the polymer, especially
when high NA objectives are used. In case of the accel-
eration of 2PP, single voxel size should be increase. For
this, the Bessel beam can be applied as it allows to achieve
large-volume printing fabricating high-aspect-ratio
structures to advance toward a method for layerless
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additive manufacturing [89]. The impact of the beam
shaping will be discussed more detailed in Section 3.
The absorbed energy and its spatial localization in
axial direction of beam propagation is described next.
The skin depth in optically excited dielectric material is
determined by the imaginary part of the refractive index as
Lns = ¢/ (wx) = A/ (2nx) for electric field (E) and l,s/2
for the intensity I o E% The absorbed energy density [J/cm’]
at the end of the laser pulse is Waps = 24F,/lsps, Where

F, = Jg’[ (t)dt is the integral fluence per pulse, A=1- R s
the absorbance, R is the reflectance, I(t) is the temporal

envelope of intensity. At high excitation in dielectrics, the
change of the imaginary part of permittivity is [90]:

2
Wpe Ve _ Me Ve
W w ngw

(Aeq)im = (8)
where w,, = €’n,/(€,m,) is the cyclic electron plasma fre-
quency, e, m, are the electron charge and mass, respec-
tively, €, is vacuum permittivity, n, is the electron density,
V. is the electron relaxation frequency (electron-phonon in
solid state material), n., = e;w?’m./€? is the critical plasma
density at frequency w = 2mc/A; for example at the A=
1030 nm the n, = 1.05 x 10% cm™ while at its second har-
monics A/2: n., = 4.2 x 10* cm™. For comparison, at total
ionization of air it is still partly transparent for 1030 and
515 nm while water is not according to their molecular
densities 2.9 x 10” cm™ (air) and 3.34 x 102 cm > (water).
Absorption is increasing with free electron density n, as

a=a. (ne/ncr)z/\ll - Ne /Ny,

where a. is the only electron temperature T, dependent
absorption coefficient (plots are shown in ref. [91]). The
permittivity at the pre-breakdown in dielectric medium is
€4=15 +1 % (A€q)y, = M +2nok, where ng is the real
part of an unperturbed refractive index [90]; index im
marks the imaginary part. Hence, the skin depth with use of
Equation (8) can be expressed as [90]:

A noA  2cng ng

l == =
WS Tk (A€ Ve Mo

and is defining localization of the energy deposition along
with the beam propagation. The absorbed energy density
is then:

Wass = Aot ", o TF,, )

CNp Ney Ny
where the unperturbed absorbance Aq = 4no/[(ng + 1)*+
k*]. Equation (9) shows that as the electron density n, is
approaching critical plasma density n,, the most efficient
energy deposition occurs. When a nonlinear absorption via
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n-photon process generates electrons n, oc I; ~ FJ, it be-
gins to saturate as the critical density is approached. When
the dielectric breakdown is reached (e; =0), the volume
behaves as a metal where the absorbed energy is propor-
tional to the fluence, Wyps ~ F,, at n, = n,, (Equation (9)).
Interestingly, that a two-photon absorption with n, o F;
(i.e., the nonlinearity of absorption N = 2) will result in
W ~ Fg (Equation (9); not ~F§) dependence due to
increasingly lower energy absorption as electronic excita-
tion is approaching the critical density. Since 3D laser
fabrication via polymerization, structural damage, nano-
gratings formation, etc., occurs in strongly localised vol-
ume, the energy absorbed in that volume (its density W)
is the most relevant parameter as compared with fluence or
intensity F, o I,. Shallow energy deposition is also
important for the laser ablation which is the most efficient
in the burst mode of with small pulse energy and high
repetition rate of MHz-to-GHz (in the burst) [92] when 3D
removal of material approaches controlled evaporation.
Interestingly, the material removal is dependent on the
pulse energy E,, with characteristic second order slope N =2
which is characteristic of direct absorption (N = 1) in elec-
tron generation according to Equation (9).

Spatial confinement was discussed in this section. It
describes what the smallest features can be produced
employing MPL and explains its nature. Modification of
material, polymerization or structural damage, is deter-
mined by the absorbed energy density (in volume) which
is dynamically changing during the pulse following in-
tensity envelope. With a generation of free carriers, ab-
sorption is increasing and cause an increasingly
shallower energy deposition (the absorption skin depth)
as the density of plasma is approaching the critical. This
is the mechanism of energy localization for a specific
modification: localized polymerization, melting, evapo-
ration, dielectric breakdown. The shorter the pulse, the
more precise control of the absorbed energy at the focal
volume can be mastered.

2.5 Heat conduction

It is known that thermal effects like local heating and
heat conduction have a strong influence on the resulting
machining quality for many laser machining processes
[93]. In the case of 2PP, thermal effects are not so obvious
as MPA is a photochemical process. It is assumed, that
heat during photopolymerization originates from
different phenomena: accumulated and then dissipated
energy from 2PA or 1PA (if available), and exothermal
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reaction. However, heating might still have a not-desired
influence, for example, causing a less-controlled process
and resulting in resolution loss. Therefore, heat flows
from the voxel to the surrounding needs to be discussed.
It can be described with the following equation:

Py
Tc = HIC’
where 7. is a cooling time for a given cooling distance ., p is
mass density, c, specific heat, and k heat conductivity [94].
It gives a good estimate for the typical distance covered by
the heat flow within a certain time and vice versa. % =
10’5 for monomers. Taking common parameters of 2PP
used in J. B. Miiller Ph. D. dissertation, R = 80 MHz (or
12.5 ns between pulses, what corresponds to 7.) and 200 fs
pulse duration, the assessed cooling distance would be
l. =70 nm. It is less than a focused beam radius (165 nm),
which means, that applying a sequence of pulses, the heat
will accumulate. However, typical exposure durations
usually are more than 200 fs and can span up to ms. In this
case, l. increases up to 20 pm.

Case study: conductivity and temperature distri-
bution. A comparison between the simulated conduction
behavior for Gaussian intensity distribution and actual
experiment. It was evaluated, that no cooling happened
between the 200 fs pulses, separated in 12.5 ns time,
resulting in the thermal accumulation. The Figure 6 dem-
onstrates two situations when a single pulse or multiple
pulses (approximately continuous exposure) heating oc-
curs. If we assume that there is no heat conduction, heat
will accumulate. If conduction present, the peak temper-
ature in the centre of the laser focus starts to saturate after
around 100 ns. After 1 ms, the peak temperature increases
to a value which is roughly 15 times higher than the average
temperature increase due to a single pulse. On the other
hand, heating by one single pulse, the peak temperature
indeed decays within roughly 100 ns, indicating that this is
the relevant time-scale for conductive cooling to occur.
More theoretical calculations were conducted previously.
For example, N. Uppal and P. S. Shiakolas presented a
mathematical model describing the effect of temperature
increase on the diffusion and reaction kinetics of the
polymerization process, comparing dynamics between
80 MHz and 1 kHz repetition rate femtosecond laser sys-
tems. The output of this work was that using laser systems
with high R (80 MHz), dark period of the reaction becomes
much shorter than the duration of the molecular diffusion
(12.5 ns vs. ps-ms), resulting in accumulation of heat and
radicals, as well [95]. Other research groups have per-
formed experiments investigating thermal effects during
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2PP. The presented results are in good agreement with the
aforementioned numerical analysis. One of the methods to
assess thermal accumulation is the evaluation of the di-
mensions or shape of objects being formed. It was
demonstrated by the Raciukaitis group, who have con-
ducted research on pulse width (35 ns vs 300 ps) and
repetition rate (0.5 kHz vs 1 kHz) influence on the laser
interference lithography [96]. According to them, when
long pulses (ns) or higher repetition rate (1 kHz) are
employed, thermal accumulation causes thermal poly-
merization, resulting in the taller and wider structures. One
more scientific publication describing spatial resolution
dependency on repetition rate, but this time in bursts
manner, was published by T. Baldacchini [97]. They have
observed that when using the same laser fluence, polymer
lines fabricated at different burst repetition rates had
different dimensions. In particular, the widths of lines
become smaller with decreasing burst repetition rates. The
authors believe that this phenomenon can be explained
if heat accumulation is considered as a part of the 2PP
process. Another approach to assess heat accumulation
is temperature measurements from the luminescence of
upconverting nanoparticles. According to two reports of
such measurements, for a common and typical photoresist,
the temperature increases 30 °C [98] or only a few degrees
[94] under relevant writing conditions during 2PP and up
to hundreds of degrees in overexposing regime. These
experimental values coincide with other theoretical simu-
lations, performed by T. P. Onanuga [99]. According to his
calculations, a quasi-linear dependence of temperature

continuos heating
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with laser power was observed within polymerization
regime. In the damage regime, the nonlinear temperature
increase was monitored, which can be attributed to plasma
formation due to avalanche ionization.

Summarizing this Section, it is evident, that thermal
effects can not be neglected in MPL technology, as it has
influence as in other machining processes. Laser systems
with high repetition rate leave no time for the material to
cool, affecting the polymerization mechanisms and feature
size.

2.6 Thresholds in MPL and their formation

MPL is a deterministic process influenced by the earlier
discussed phenomena. Thus, we consider this technology
to have threshold processes due to several reasons and at
several stages. The first one is based on physical funda-
mentals of nonlinear light absorption — an Intensity
Threshold, [W/cm?] (described in Sections 2.1 and 2.4). It
is necessary to obtain a sufficient amount of intensity to
induce 2PA, MPI, or both processes. Then it is important to
generate an ample number of excited molecules to exceed
the inhibition mechanisms and proceed with the poly-
merization. The numerical value of the required intensity
can be determined using Equation (5) for the polymeriza-
tion threshold. Increasing I, more radicals can be gener-
ated, but the optical damage threshold I; should not be
exceeded. To avoid damage, the concentration of the rad-
icals can be controlled via an appropriate quantity of

Figure 6: Calculated temperature

distribution at selected moments in time (a,

——200fs

— 125ns b) and calculated peak temperatures as a
—1ms function of time (c, d). The incoming heat
— 10ms flux is indicated by the gray areas. As the

absolute magnitude of the temperature
change is unknown, all curves are
normalized to the temperature change due
to one single pulse.
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energy, which can be called energy dose — D [J]. The dose
can be evaluated as energy density expressed with Equa-
tion (9), however, it is much easier to calculate dose which
comes from the laser irradiation without assessing ab-
sorption of the material and the area or volume of the
interaction. Simply, D can be expressed as:

D = teREY.

Where t.p, is exposure duration, R repetition rate, E,, laser
pulse energy, and N the degree of nonlinearity of the ab-
sorption. As 2PP is a second-order process (N = 2), D is
proportional to E,’ (corresponding to I’). As the laser
irradiation intensity exceeds the threshold value I, to
initiate the polymerization, D further can be controlled via
adjustment of other formation parameters such as fey,
(which is proportional to scanning velocity v) or R. In such
amanner the size of the features can be precisely controlled
[81]. If I, is not reached, even after high exposure energy
densities (2.8 J/cm?) no polymerization occurs [100]. It is
worth mentioning, when talking about intensity threshold,
I, is usually expressed as average power per surface unit
(I =% = [X]) or for energy fluence as D per surface unit

S cm?
(F =2=[L]) [101, 102]. However, the polymerization oc-
curs in the volume, thus it would be more accurate to es-
timate I, or D per volume (I, =% = [W;]orF, =5 = [_L]).
Continuing further on the thresholds in MPL, monomers
and oligomers chains interconnect and form a polymer
network. If a polymer network achieves a critical DC,
making it solid from liquid, it becomes not soluble in an
organic solvent and can withstand the development pro-
cess. This is important as some small size features can be
manufactured and observed while they are in monomer
surrounding, however, after developing they might vanish.
Moreover, this condition is important as it describes the
mechanical and physical properties of the polymerized
material. As DC is ensured via chemical reactions through
the cross-linking of double bonds (see Section 2.3), we
name this threshold Cross-linking Threshold (ratio of %
in converted/not converted species). It determines how
many excited individual molecules have to be converted
into a polymer chain to survive the solvent during the
development. Again, it becomes valid only once the In-
tensity threshold is exceeded. The last condition is related
to the resulting individual features and structures. First of
all, the volume of the objects at the nanoscale will greatly
influence its mechanical properties. Secondly, it is
dramatically changing whether the objects remain on the
substrate after the development procedure or not, will
highly depend on its type (2D, 2.5D or true 3D) architecture

DE GRUYTER

and aspect ratio of the single unit (for e. g., width and
height of the line) or the filling ratio of the whole object,
surface area between object-substrate, tension forces,
uniform or non-uniform shrinkage [103, 104]. To overcome
the aforementioned issues, additional pre- or post-
processes must be taken into account. For example, sup-
portive structures might be used to reduce deformation of
the object, shape pre-compensation needs to be evaluated
to receive desired dimensions object [105], UV or thermal
treatment applied to fully cure the material [106, 107], su-
percritical CO, drying employed to reduce surface tension
and fix the object [103]. Due to these additional technical
solutions, we call this threshold an Engineering
Threshold. It can be evaluated using the superimposition
of the produced objects with its original model. If there are
inaccuracies between the model and manufactured sam-
ple, the aforementioned technical actions can be used to
achieve more defined features or structures.

Three types of thresholds were determined in this
section. The first one is based on photoexcitation mecha-
nism via MPA and depends on applied irradiation in-
tensity. The second one threshold is derived from chemical
aspects of the reaction and is fulfilled when sufficient DC is
achieved. The last threshold is the one, which depends on
the user and sample architecture the most and is called
Engineering.

3 Wavefront engineering

Conventionally, the multi-photon 3D-structuring process
proceeds by sequentially scanning point-by-point, so
building up the three-dimensional shape a single point
at a time. This process is inherently slow and does not
allow for the transition of LDW-MPL to production,
rather than a just prototyping tool, which is mainly used
for scientific research. Besides, the resolution is
completely material-dependent, and cannot be altered
by just employing better focusing optics or sophisticated
exposure strategies. As, however, the capabilities of the
MPL technology are unique, a lot of research effort has
been spent engineering the laser beam wavefront to in-
crease both the resolution and the productivity of the
technique. In the following paragraphs, we will describe
how the resolution can increase by employing the prin-
ciples of stimulated-emission depletion (STED) micro-
scopy, and the productivity can increase by changing the
shape of the laser beam, or by employing multiple laser
beams.
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3.1 Multi-photon lithography inspired by
STED

While MPL is the only technique that can produce readily
assembled 3D structures with sub-micron features, its
resolution lags behind competing technologies such as
electron and focused ion beam lithographies as well as
nano-tip scanning techniques [108], where sub-10 nm
resolution is considered routine. To address this, STED
multiphoton lithography inspired by STED fluorescence
microscopy was developed [109]. In MPL inspired by STED,
two laser beams are used: one is used to generate the
radicals that initiate photopolymerization, and the second
beam to deactivate them. The radical switching increases
not only the feature dimensions but also affects the
resolved distance between distinct features (Figure 7).
Different methodologies have been demonstrated
including MPL where the deactivation beam is the same
color [111], or different color [109, 110, 112] with the acti-
vation beam. A 1PP scheme has also been demonstrated
[113], as well as a quencher diffusion, all chemical
methods [114]. In addition to increasing the resolution, the
possibility to shape the deactivating beam allows the very
precise control of the voxel shape and, therefore, the
polymerization shape. The smallest feature recorded us-
ing MPL inspired by STED is 9 nm [115]. While MPL
inspired by STED showed a lot of promise at the begin-
ning, and some very high-resolution nanostructures were
produced [116], its application turned out to be very
complicated and cumbersome, basically allowing the
employment of only specific materials dedicated to the
processing itself, with only a few groups adopting it.
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3.2 Needle beams

Traditionally for some applications, a longer working dis-
tance or high aspect ratio nanostructures are required. For
this purpose, it is useful to employ a needle beam rather
than a Gaussian beam [117]. Two types of needle beams
have been employed in MPL: Bessel beams and ring-Airy
beams: while at the beginning they might appear similar,
in contrast to Bessel beams, ring-Airy beams exhibit almost
invariant voxel dimensions and shapes as a function of the
focus position; they can, therefore, be employed to in-
crease the working distance significantly [118]. Bessel
beams can be generated easily using axicon lenses, how-
ever, their shape and size cannot be altered [119, 120]. A
more convenient and flexible method is to use a spatial
light modulator (SLM), to engineer the laser beam wave-
front to the desired shape, allowing the dynamic, on-
demand modification of the voxel shape, size and working
distance [118, 121, 122].

3.3 Many beam and holographic 3D printing

Changing the shape of the beam can reduce the time
required to build specific architectures, it is not, however, a
universal tool. To revolutionize 3D printing productivity,
one needs to be able to either built a whole object using a
single or small number of laser pulses or to write several
objects at the same time using many beams (see
Figure 8(a)). The potential of using more than one beams
for parallel micro-fabrication was recognized soon after the
first demonstration of MPL [123]. It has been demonstrated
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Figure 7: A graphical representation of how
two-colour lithography works, and com-
parison with STED Microscopy.

The first column shows a localization of a
single object with accuracy determined by
the square root of the number of detected
photons, the second column — Sparrow
limit, the third — Rayleigh limit of
resolution. Green area represents a
solidified part of the polymer, that can
withstand development. Reprinted with

distance permission from [110] ©The Optical Society.
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using microlens arrays [123, 124], diffractive optical ele-
ments (DOEs) [125, 126], SLMs [127, 128], and digital
micromirror devices (DMDs) [129]. In most cases, parallel
microfabrication has been employed to make distinct ob-
jects with a resolution of a few microns. Using parallelly-
fabricated micro-objects To create a larger object was until
recently not demonstrated; recent work, however, by KIT
[125] and INL [126] using DOEs have demonstrated some
beautiful stitching in 3D mechanical metamaterials and
scaffolds for cell growth (Figure 8(b)). In these cases, the
DOE is used to create multiple beams, while the motion
system scans the desired pattern, moving either the beam
or the sample. The main disadvantage of this method is
that it can generate only periodic structures.

To overcome this, and enable free-form rapid 3D
printing via MPL, holographic projection is needed. Holo-
graphic 3D printing is considered the Holy Grail of MPL,
and a lot of research efforts have been spent on this
[131, 132] (Figure 8(c)). The idea is simple: print a whole
object in one, or a burst of laser shots. Implementation,
however, is not so simple: research has shown that its
application is hampered by speckle, i.e., laser hot spots
that produce unwanted artefacts [133]. Also, the available
projection hardware, SLMs, and DMDs have low fluence
damage thresholds and do not allow the holographic
printing of large areas in single laser shots, and bursts of
shots or breaking up the image is required [134].

A recent report in Science demonstrated 3D printing
using a tomographic reconstruction scheme where a
complex volume was manufactured by using many
numerically estimated tomographic projections of the ob-
ject design [135]. It is possible that adapting this method to
enable multi-photon absorption would address these
problems and enable high resolution, holographic MPL.
More technical details about the aforementioned writing
strategies are covered in a recent review by W. Lin [136],
where certain printing techniques are described with their
feasible setups and what objects or structures can be
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manufactured with each of them. In brief, these strategies
are derived from a light-matter interaction of a single voxel
[125], whether it is beam paralelization [130], interference
[12], dynamic projection [134], or in a combination with
synchronized sample translation [102].

4 Material engineering (organics,
hybrids, renewables,
functionalized)

The materials (organic or composite) that are used nowa-
days in 3D structuring by MPL are similar to those
employed in conventional lithographic applications. The
system comprises two main components, the polymer-
izable material, which will produce the 3D structure, and a
photoinitiator, which is a molecule that absorbs light and
provides the active species which initiate the polymeriza-
tion. To date, a large variety of polymeric and hybrid ma-
terials, as well as photoinitiators have been used in MPL.
These are mostly negative photoresists [137-139], in which
the light exposed area becomes polymerized or cross-
linked to produce the solidified 3D structure, allowing the
unexposed resist to be washed away in the development
stage. Positive photoresists [140], in which the light beam
exposure leads to chain scission, creating shorter units that
can be dissolved and washed away in the development
process, have been also employed. Regardless of the ma-
terial being a negative or positive photoresist, it should
fulfil the following requirements: (i) it should be trans-
parent at the wavelength of the laser beam used for the 3D
structuring, to allow the focusing of the laser within the
volume of the material, (ii) it should possess a fast curing
speed to enable the structuring at a reasonable scanning
speed and (iii) after curing the material should present
chemical and mechanical stability to produce robust and

/f
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Figure 8: (a) — A depiction of multi-focus illumination after the magnification objective. Reprinted with modification from [130]. (b) - 3D
microstructures fabricated in parallel using 9 x 9 beamlets created by a fixed DOE. Reprinted with permission from [126]. (c) — A 3D object

printed holographically. Reprinted with permission from [131].
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well-defined 3D structures. In the following sections, we
will discuss four main classes of materials used as negative
photoresists in MPL, namely organic, renewable, hybrid,
and functional materials.

4.1 Organics

Following the development of the multi-photon absorption
theory in 1931, its application in the 3D structuring of ma-
terials using lasers was applied in the photopolymerization
of (meth)acrylate monomers [141]. This monomer class is
particularly attractive for use in multi-photon polymeri-
zation because it combines the following properties:

1. There is a great variety of commercially available
organic acrylates bearing different functionalities;

2. They are transparent at visible and near-infrared
wavelengths, which means that these materials do not
absorb light linearly at these wavelengths, and can,
therefore, be processed by infrared and green ultra-fast
lasers;

3. They can be polymerized fast, exhibiting low shrinkage
upon polymerization, to produce mechanically and
chemically stable structures;

4, They can be developed in common, non-aggressive
solvents, such as isopropanol, ethanol, acetone, etc.

A wide range of negative tone, acrylate-based photosen-
sitive materials for 2PP have been developed and
commercialized by Nanoscribe GmbH. These enable the
fabrication of highly accurate structures with optical
quality surface roughness, the construction of millimeter-
sized objects at high speed, as well as the manufacturing of
complex 3D designs with submicron features of high aspect
ratios and low shrinkage. Additional advantages include
the biocompatibility and low autofluorescence of some of
these resins which render them attractive in the biomedical
field. Due to their specialized properties, these materials
have been proposed for use in applications ranging from
micro-optics [142, 143], diffractive optical elements
[144, 145], microfluidics [146], microelectromechanical
systems (MEMS) [147] and in life sciences [148].

Among the first organic materials used in MPL is SU-8.
It is a negative tone photoresist comprising monomer units
bearing eight epoxy groups as the bulk building material
and a triaryl sulfonium salt as the photoacid generator
(PAG) [149]. The PAG undergoes a photochemical reaction
which results in the acid-catalyzed cross-linking of the
epoxy monomer units. Upon a subsequent post-baking
step, solidified structures are created. The SU-8 resist has
been used in multi-photon lithography for the fabrication
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of microrobots [150], MEMs [151], microfluidic devices
[152, 153], etc., but is also widely used in the microelec-
tronics industry in combination with soft lithographic
methods [154].

Another important class of organic materials used in
MPL is the one based on hydrophilic monomers or poly-
mers leading to the formation of hydrogels. A hydrogel is
defined as a 3D network of hydrophilic polymers that can
swell in water retaining a large amount of the solvent
(>10%) [155]. Hydrogels possess a network structure with
flexibility very similar to that of natural tissues, property
that renders them particularly attractive for biomedical
applications [156]. Among the most extensively studied
hydrophilic polymers is poly(ethylene glycol) (PEG).
PEG-based photoresins have been widely used for the
preparation of 3D hydrogel structures for cell growth using
MPL [157-159]. These hydrogel structures demonstrate
excellent biocompatibility and even allow the encapsula-
tion of living cells during the fabrication process [160, 161].

In addition to the aforementioned, widely used,
organic photoactive materials, several other organic
materials have been utilized in MPL, including poly(vinyl
alcohol), poly(lactic acid), trimethylolpropane ethoxylate
triacrylate and commercial resists (i.e., Accura®SI10,
eShell, and SCR-701).

4.2 Renewables

All the above-mentioned examples comprise synthetic
organic materials. Another major class of photo-
structurable organic materials is the one based on natu-
ral biopolymers. Over the past decade, renewable materials
have attracted a great deal of attention from researchers as
substitutes for petroleum-derived materials. Since scien-
tists and industry developed and optimized the methods
of extraction, purification, and modification of renewable
raw materials, these materials became increasingly
accessible and easier applicable in optical 3D printing
[162]. Tabletop 3D SLA/DLP printers were the first printers
to be used to make 3D objects from biobased materials. The
following renewable materials were successfully applied in
SLA and DLP: epoxidized linseed oil [163], modified gelatin
[164, 165], acrylated epoxidized soybean oil [166], vanillin
[167, 168], camphene [169, 170], isosorbide derivatives
[171], and others. The study of the biobased materials for 3D
SLA/DLP printers focused mainly on the kinetics of photo
cross-linking and mechanical properties of the printed
material, while a more detailed study of a wider range of
biobased materials was performed with the subsequent
introduction of MPL. Due to the wider possibilities to
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control the parameters, MPL technology enabled photo
cross-linking of more complex biobased systems which
were not possible to apply in 3D SLA/DLP printers [172]. The
reason why natural polymers have been employed in MPL is
the need to produce 3D structures that resemble the natural
cell environment, with the most promising candidates being
proteins and polysaccharides which are basic constituents
of the cell’s extracellular matrix (ECM). Protein-based 3D
constructs display exceptional biocompatibility and are
suitable for cell culture studies and tissue engineering [173].
The natural biopolymers that have been most widely used,
so far, in MPL are bovine serum albumin [174], gelatin [175],
collagen [176], fibrinogen [177] and chitosan [178]. These
macromolecules can be structured by MPL using appro-
priate cross-linker molecules, which chemically bind onto
two or more functional groups present on the biopolymer
chains. The active groups of the biopolymers arise from their
structural units, i.e., amino acids, and include primary
amine (—NH,), carboxylic acid (—COOH), thiol (-SH), and
carbonyl (-CHO) functionalities. Complex microstructures
have been already produced from modified thymol [179],
cellulose-based compounds [180], functionalized gelatin
and chitosan blends [178], silk-based compounds [181, 182],
hyaluronic acid [183], and dextran derivatives [184]. Even
photoinitiator-free systems of biobased materials [44, 45]
were applied in MPL technology, which has made it possible
to eliminate toxic photoinitiators commonly used in photo
cross-linking reactions. Thus, MPL technology has made it
possible to expand the use of renewable raw materials in cell
scaffolding manufacturing that mimic realistic cell envi-
ronments for use in regenerative medicine towards tissue
engineering.

4.3 Hybrid materials

Over the last two decades, MPL material research has
focused on the development of photosensitive hybrid
composites. These hybrid organic-inorganic materials
constitute an important class of materials in which both
inorganic and organic structural elements co-exist in
atomic or nanoscale dimensions. Their very interesting
aspect is that they also combine the dissimilar properties of
their constituents. The inorganic part enhances the me-
chanical and thermal stability of the hybrid, modulates its
refractive index, and contributes specific electronic, redox,
electrochemical or chemical properties. On the other hand,
the organic part provides the possibility to tune the me-
chanical properties, control the porosity and connectivity
of the network, and confers specific chemical, physical or
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biological properties. Typical and most widely used hybrid
materials for MPL are ORMOCER®, OrmoComp®, and
SZ2080™,

ORMOCERs (Organic Modified Ceramics) have an
inorganic silicon dioxide (SiO,) backbone functionalized
with acrylate or epoxide groups, which can be employed to
cross-link the bulk resin material, with the use of a pho-
toinitiator, into the solid 3D structures [185, 186]. The
ORMOCER® material is provided by Microresist Technol-
ogies, Germany, and combines the desired features of sol-
gel processing with an organic polymer, providing oppor-
tunities for the MPL preparation of various 3D models for
applications that range from photonics to tissue engi-
neering [187-191].

OrmoComp® is very similar to ORMOCER® and is also
commercially available from Microresist Technologies. It
incorporates an inorganic SiO, network and tunable
organic functional units providing tailored material prop-
erties for selected applications. Following UV curing,
OrmoComp® offers glass-like material properties. Among
its benefits, there are high transparency, excellent me-
chanical properties, and chemical stability [192]. Apart
from the above-mentioned properties, OrmoComp® is also
biocompatible and has attracted great interest for micro-
fabrication applications in a broad range of bio-related
fields, including tissue engineering [193, 194], drug de-
livery [195], microfluidic systems [196] and bio-inspired
surfaces [197].

Although ORMOCER® and OrmoComp® have been
extensively studied by numerous groups, the microstruc-
tures fabricated from these materials suffer from extensive
shrinkage during the development process, in which sol-
vents are used to remove the unpolymerized material. To
overcome such distortions, new hybrid materials based on
metal alkoxide precursors based on silicon and other
metals were developed in IESL-FORTH. The most common
material is SZ2080™, which is commercially available
from IESL-FORTH upon request. This hybrid material first
undergoes a sol-gel process to form the inorganic network,
followed by the photo-polymerization of the organic
functional groups to produce a material that resembles
glass and possess superior resistance to shrinkage along
with chemical and mechanical stability. The material has
been used for the fabrication of nano- and micrometer-
sized structures for applications in micro-optics [198, 199],
photonics [138, 200, 201], MEMS [202], tissue engineering
[203-205], metamaterials [206, 207], pyrolysis [208] and
more. Besides the Zr-based hybrid, materials using Tita-
nium [209], Vanadium [210], and Germanium [211] metals
have been also developed.
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4.4 Functionalized

As stated above, MPL can potentially find applications in
optics, sensing, imaging, MEMs, and tissue engineering.
Nowadays, the growing number of applications require a
wider range of materials to achieve the targeted functions.
Besides the well-defined 3D structures, most applications
require functional properties that are manifest in
controlled chemical, mechanical, optical, electronic, or
biological interactions with the environment. Following
the growing demand for advanced applications, great ef-
forts have been dedicated to the functionalization of ma-
terials that are applicable in MPL. The approaches to
integrate specific properties or functions into the 3D mi-
crostructures comprise the (i) use of functional precursors
and (ii) post-MPL functionalization. In the first approach,
the material is formulated in such a way, that is, at the
same time, suitable for direct fabrication of 3D structure
using MPL and contains one or more additives that enrich
the final structure with targeted functionality. In post-
fabrication functionalization, a conventional photosensi-
tive material is used to create the 3D structures, and
post-fabrication chemistry or physical deposition pro-
cesses are used to create functionalities onto the 3D
structure. Both organic and hybrid materials have been
used to alter the properties of the 3D fabricated structures.

Several routes have been employed to create active 3D
structures. Fluorescent 3D organic microstructures have
been fabricated using acrylate monomers doped with
fluorescent dyes or via post-fabrication chemical func-
tionalization [212, 213]. Doping with fluorescent dye yields
active structures that can be used for sensing, photonics, or
biomedical applications [214, 215]. Chromophores have
also been used for inducing non-linear effects [216]. A
recent trend to avoid the disadvantages of dyes employs
the use of quantum dots as the fluorescent probes [217, 218],
or non-linear species for the realization of switching de-
vices [219]. Electrically conductive microstructures have
been also realized by doping organic materials with carbon
nanotubes [220] or by blending poly(ethylene glycol) dia-
crylate (PEG-DA) with 3,4-ethylenedioxythiophene (EDOT)
[221]. Bulk metal oxides have been used with organic or
hybrid materials to form composites by blending. Metal
oxides confer mechanical hardness, large and often
tunable refractive index, wide optical bandgap, high or low
electrical resistivity depending upon the structure and its
composition, and ferromagnetism. Moreover, metal oxide
nanoparticles have been used for their promising elec-
tronic properties, which can be exploited in cancer treat-
ment, chemical, bio-sensing, and photovoltaics [222-225].
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Metals can also be used to create structures that possess
high electrical and thermal conductivity, high mechanical
strength, good optical reflectivity, and other novel prop-
erties [226-231].

The functionalization of materials used for 3D struc-
turing by MPL has been studied for biomedical applica-
tions. Functionalization with proteins [232] and thymol
[179] are only two examples that have been reported very
recently.

4.5 Shrinkage

Materials shrinkage during MPL is a major issue, as nor-
mally strict dimensional accuracy is required. Volume
shrinkage can cause a large build-up of internal stress
[233], which results in defects formation [234], and
dimensional changes, responsible for the formation of
micro-cracks and deteriorated mechanical properties [235].
The shrinkage occurs during the polymerization reaction
as the liquid resin turns into a dense cross-linked network
leading to the change of intra- and intermolecular distance
(details in Figure 9). The formation of C-C covalent bonds
(~1.54 A in length) from C=C double bonds (~1.33 A in
length) brings expansion in intramolecular level, but at the
same time, the transformation from intermolecular dis-
tances (~3-5 A in length) connected via weak Van der
Waals force into the typical C-C strong covalent distance
leads to the shrinkage, whose value is found to be 2 to 3
times bigger than the expansion, and the shrinkage is
observed [236]. As a case example could be an atomistic
model of ORMOCER® material, presented in the publica-
tion by S. Fessel [237]. Simulations of the densities of the
unpolymerized and polymerized material were performed.
It was assessed that density increment (which corresponds
to the polymerization shrinkage) upon polymerization was
around 1.9-4.1%, and was in good compliance with the
experimental value -3.8%.

The shrinkage during photopolymerization could be
controlled or reduced by the changed UV-curing condi-
tions, the addition of an inert component, adjustment of
the monomer structure, applied ring-opening polymeri-
zation, usage of the thiol-containing system and hybrid
system (e.g., free-radical/cationic hybrid system, thiol-
ene/acrylate hybrid system, and organic/inorganic hybrid
system), and adopting solid-state photopolymerization
[238]. For case study: shrinkage there is an example
of 1PA induced polymerization, described in T. T. Taubock
et al. [239] paper. They have investigated the influence of
modulated photoactivation on axial polymerization
shrinkage and shrinkage force employing different
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irradiation protocols with identical energy density
(27 J/cm?®): high-intensity continuous light, low-intensity
continuous light, soft-start, and pulse-delay curing. The
results showed that pulse delay curing (3 s at 300 mW/
cm’® — Delay (3 min) — 29 s at 900 mW/cm?) was effective
in reducing shrinkage force formation in comparison to
continuous high-intensity irradiation (30 s at 900 mW/
cm?) without affecting hardening and axial polymeriza-
tion shrinkage. Moreover, it is known, that the narrowed
intermolecular distance of monomers by the crystalliza-
tion process before the photopolymerization can reduce
the shrinkage efficiently. Monomers closely packed into
crystal cells pre-shrink during the crystallization process
and the post-polymerization shrinkage is reduced
[240]. However, due to the mobility restrictions photo-
polymerization in the solid-state leads to the decreased
functional group conversion and gradual polymerization
rate. This is the reason, why the most high-end photore-
sists for 3D optical laser lithography are liquid [241].
Moreover, the shrinkage can be reduced via material
composition. Hybrid materials, presented in Section 4.3,
or thiol/acrylate mixtures are great candidates for
reduced shrinkage [67].

To conclude this chapter, it is worth it to stress out,
that since the MPL was presented as a new additive
manufacturing technique till nowadays plenty photoc-
urable resins were investigated, developed and even
commercialized. Diversity of the materials have brought.

5 Substrates, post-exposure
development and processing

In the previous sections, MPL was discussed from different
perspectives: light-matter interaction, including funda-
mentals of physics and chemistry, beam and material en-
gineering. As it was presented, all these “variables” defines
the limits and applicability of the MPL. Although being
essential matters, it is not the only things characterizing
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this technology. The surface on which 3D structures are
being patterned has great importance, thus the substrate
must be selected properly. Additionally, the post-exposure
processing with UV light or heat treatment can open new
horizons breaking the limits of convenient MPL.

5.1 Substrates

Various substrates can be used for direct MPL 3D patterning:
glass [34] and all other dielectrics (amorphous and crystal-
line) [20], semiconductors [17], metals [242], coatings [243]
and other polymers [188]. The surface of the substrate can be
optically transparent, opaque, or reflective, any shape or
surface roughness and waviness, including such wide-
spread platforms as microfluidic channels [244], tubes, and
other 3D scaffoldings, fiber tips [199], CMOS chips [245], etc.
Also structuring without any substrate or artificial sacrificial
structures can be realized - this enables the manufacturing
of integrated and free objects [204]. The ability to flexibly
perform fabrication on, in or no (without) substrate makes
the MPL technique exceptional in rapid prototyping for
scientific research and advantageous as an integration tool
for industrial production.

5.2 Post-processing

As several parameters influence the rate of photo-
polymerization and polymer properties during the poly-
merization process, post-print processes are also crucial to
obtain the quality product. Post-processing after the pho-
topolymerization commonly consists of unreacted mono-
mer removal using solvent (e.g., ethanol, isopropanol,
acetone, 4-methyl-2-pentanone, tetrahydrofuran, etc. or
their mixtures), often followed by UV-curing and/or ther-
mal post-curing to raise conversion and increase of the
cross-linking density [106]. UV/thermal treatment allows
us to accelerate 2PP for prototype production through
profile/contour scanning, in which only the outer surface is
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produced via 2PP leaving behind an interior of uncured
resin [246]. An inevitable presence of unreacted monomer
is observed due to the conversion gradient, which appears
because of the non-uniformly exposed single space units
caused by a technological implementation, for example,
layered production in 1PP and point-by-point voxel writing
in 2PP. The unreacted monomer could be removed with a
quick solvent “rinse”, to eliminate surface monomer, or a
longer “soak” to eliminate monomer from the interior of the
3D printed part [199, 247]. For instance, in the bulky object
produced via 1PA mechanism, solvent “rinse” does not
create visual changes in the surface, though leaves the
monomers retained in the volume causing plasticization,
which decreases the modulus of the printed part [248].
Opposite, solvent “soak” removes unreacted monomer
efficiently though conversion-dependent shrinkage,
creating a saw-tooth corrugation at the surface, which
causes stresses within the printed part. In particular,
delicate micro- or nano-scaled structures suffer from
insufficient mechanical stability against capillary forces
which mainly arise in the fabrication process during the
evaporation of the developer and rinsing liquids. To over-
come this issue, custom designed development is being
explored. J. Purtov et al. suggest an improved develop-
ment, which includes gentle replacement of the developer-
monomer-mixture with isopropanol, while structures are
kept immersed during the whole procedure. Then the
structures are further cross-linked by additional UV expo-
sure, rinsed once again, and dried in the air [249]. Another
well-known way to eliminate the capillary forces is super-
critical CO, drying. Since this process removes surface
tension while rinsing the microstructures, sophisticated 3D
microstructures such as a microcantilever, a high-aspect-
ratio submicron pillar of 500 nm in diameter, and 50 yum in
height and a lattice model can be obtained without harmful
deformation [103].

The shrinkage during polymerization and uneven,
distinct layers after prototyping and post-processing could
be avoided employing coarse-grained models that can
accurately predict the patterning process. A. Vitale et al.
used two 3D printing parameters, the light absorption co-
efficient and a reaction conversion rate constant, in addi-
tion to a (fixed) conversion threshold for solidification ¢, to
optimize the printing process and accurately control the
monomer-to-polymer conversion profile of each layer and
that of the entire printed object [76]. Created models opti-
mizing the printing process facilitate to avoid the shrinkage
and eliminate the empirical optimization of printing
parameters.

E. Skliutas et al.: Polymerization mechanisms by confined light —— 1231

5.3 Heat treatment

Case study: downscaling and material conversion. The
MPL is unique for its 3D structuring and advantageous in
high resolution, yet sometimes even finer features/di-
mensions are required. Also, functional devices would
benefit from being inorganic. For instance, for photonic
and metamaterial applications the MPL made 3D structures
can be successfully downscaled, feature size reduced or
both using pyrolysis, plasma etching, and a sequential
combination of both, respectively (Figure 10(a)) [250].
Furthermore, starting with hybrid organic-inorganic pre-
polymer one can perform pyrolysis or calcination to sinter
the object till partial or full evaporation of organic con-
stituents (Figure 10(b)). Extended heating durations at
elevated temperatures enables converting the material into
an amorphous glass or even crystalline ceramic substances
[20]. Such templating expands the applications in pho-
tonics as the resizing of the object also results in material
densification which in turn influences the refractive index
[251] and improves the mechanical properties like strength
and ductility [252].

To summarize, availability of the various substrates,
post-processing steps, and heat treatment enhances and
makes MPL more versatile technology, expanding its
throughput, spatial resolution, material accessibility, and
produced objects structural complexity.

6 Current applications

The driving force for each technology and its validity of
impact is judged by the benefits of applications. The cur-
rent advances in MPL already enable its immediate usage
in creating tailored mechanical metamaterials [253, 254].
The impact fields are intertwined and benefiting from
individual advances, for instance, metamaterials [255]
are being applied for tissue engineering applications
[256] as the scaffold performance are being studied with
human cells already [257]. The most immediate applica-
tions are within the field of micro-optics [245, 258] and
telecommunications [207, 259]. It might be either single
units, like lenses (or matrices of the repeated element), or
complex architecture assemblies, consisting of different
components. Moreover, using advanced techniques, such
as subsurface controllable refractive index via beam
exposure, volumetric gradient index lenses and wave-
guides can be fabricated [260]. More sophisticated ad-
vances are implemented in the field of integrated chips
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Figure 10: Thermal post-processing of structures, manufactured via MPL.

(a) - down-scaling and feature size reduction using plasma etching, pyrolysis or both. Scale bars represent 1 um. Reprinted with permission
from [250]. (b) — material conversion from hybrid via inorganic amorphous to crystalline. The graph on the left shows the change in the Raman
spectrum at several annealing temperatures, the upper graph on the right depicts the detailed spectrum of the initial structure and the heat
treated structure in comparison to fused silica, lower one demonstrates Raman spectrum after the highest temperature (1400 °C) annealing
with peak matching to cristobalite and tetragonal zirconia (t-ZrO,). Reprinted with permission from [20]. (c) — photonic function enhancement
via isotropic shrinking. The first row is tilted SEM images of a representative woodpile photonic crystal before and after heating, the second
and third rows are SEM images and corresponding brightfield reflection-mode optical micrographs of the woodpile photonic crystal with
different shrinkage, respectively. Scale bars represent 10 pm. Reprinted with permission from [251].
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[244] and programmable materials engineering [261]. MPL  for example, laser irradiation or a magnetic field, these
is a suitable tool for the manufacturing of 3D micro- micromachines can be controlled remotely, making them
machines. Movable microparts such as micropumps or applicable in functional microfluidic systems for biology
manipulators can be produced. Applying external forces, and analytical chemistry [262]. Recently, it was shown

(@ (c) )
lﬁéilicon photonic |
transmitter chip

Photonic wire

Surface emitting InP
Iaser(HCSEL)

In Channel

Figure 11: Examples of applications.

(@) — An array of micro-objectives on CMOS chip. Reprinted with permission from [245]. (b) — SEM image of 3D printed DOE (prism array).
Reprinted with permission from [258]. (c) — Photonic wire bond. Reprinted with permission from [259]. (d) — A negative thermal expansion
coefficient metamaterial structure. Reprinted with permission from [255]. (e) — 3D split-cube resonator metamaterial. Reprinted with
permission from [207]. ©(2020) American Chemical Society. (f) - A microfluidics chip integrated into a glass channel. Reprinted with
permission from [244]. (g) — An actuating micro-flower as a programmable material. Scale bars represent 10 pm. Reprinted with permission
from [261]. (h) — SEM image of a 3D scaffold with cell culture for in vivo studies (courtesy of S. Rek3tyté). Details of the research can be found
here [257]. (i) - SEM images of anisotropic dry adhesive PDMS microstructures. Reprinted with permission from [268].
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that scanning-probe microscopy (SPM) engines consisted
of cantilevers, tips, a wide variety of actuator and read-
out elements can be produced employing MPL. It is ex-
pected, that MPL could enable a mass fabrication of SPM
arrays, which is unavailable by current approaches [263].
Combining MPL with electrochemical deposition, ther-
mal evaporation, or sputtering truly arbitrary 3D design
magnetic nanostructures (magnetic nanowires, multi-
segmented nanowires, nanotubes, etc.) can be produced
[264]. Using metal-salt-based photoresins, direct metal
writing can be achieved, which is used in sensing,
catalysis, and nanoelectronics fields [265]. Compared
with standard micromachining methods for electronics,
for example, electron beam lithography, which is a
multi-step process, time-consuming and costly, fewer
procedures are required employing MPL [266]. Few
more applications where MPL can be used is surface
treatment towards biomimetic structures. The replication
and modification of surface allow obtaining desired
properties, for instance: superhydrophobicity, friction
enhancement by adhesion, and drag reduction. Those
features correspond to nature-based topographies (lotus
leaf, frog toes, and shark skin, respectively). Such and
similar surface treatments can be achieved via MPL, as
presented in Maddox et al. paper [267, 268].

Versatile application areas were discussed here. A few
of them are visualized in Figure 11, including the case ex-
amples of metamaterials, micro-optics, photonics, DOE,
micro-fluidics, programmable materials, and tissue engi-
neering. All the mentioned and depicted applications
confirm the convenience, advantages, and perspectives of
MPL technology.

7 Conclusions and perspectives

As it was covered, not all light—matter interaction mecha-
nisms are clearly explained and there is still lots of space
for scientific studies to reveal underlying phenomena. Yet,
the technology is developing rapidly and enabling true 3D
printing without a limit on its scale or the type of material.
Multi-scale lithography employing single bio-derived resin
has been recently demonstrated, filling the gap of scales
created by the feature dimensions fabricated via linear and
non-linear absorption processes [269]. A facile multi-
material 3D manufacturing strategy was validated as well
[270]. Finally, heat-treatment post-processing enabled true
inorganic structures without geometrical or dimensional
restrictions [20]. The next decade seems to be not less
interesting than the past one from a research point of view.
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Furthermore, establishing the technique into industrial
lines of production for micro-optics, nano-photonics,
telecommunications, (bio-)scaffolds, microfluidic chips,
metamaterials, and smart-materials will be an interesting
challenge. The field will benefit from the fact that the only
way to densify the functionalities is to fold the structure
into the third and fourth-dimensions.

The evolution of fs-lasers is entering burst-mode
operation which allows for higher energy extraction from
photo-excited solid-state media (crystal, glass) balancing
on the optical breakdown limit (but not reaching it). We
are using the very same phenomenon of optical excitation
and free-electron generation at the vicinity of optical
breakdown for optical 3D structuring of materials. For
polymerization and thermal modification, the irradiance
just below an optical breakdown is harnessed, while for
the ablation, the irradiance at the breakdown conditions
is employed. The very same approach of the burst mode
which is tailored to spare the source of laser radiation at
the maximum excitation is employed to excite the solid-
state material (work-piece) to the desired conditions of
controlled phase transition: melting, evaporation, or
plasma formation. Protocols required for the maximum of
the extracted luminous energy from the laser crystal in the
burst mode are expected to be best tailored to control the
laser ablation, polymerization, etc., which are most effi-
cient close to the runaway dielectric breakdown. Elec-
tronic excitation of material controls the absorption
efficiency in 3D by defining the depth of energy deposition
and can be well controlled only for the ultra-short laser
pulses. This is a key distinction of fs-laser technology
which together with wavefront engineering advances
makes it future-ready.
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