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Recent Advances on High-Speed and Holographic
Two-Photon Direct Laser Writing

Antonio Balena,” Marco Bianco,* Ferruccio Pisanello,*

Two-Photon Lithography, thanks to its very high sub-diffraction resolution,
has become the lithographic technique par excellence in applications
requiring small feature sizes and complex 3D pattering. Despite this, the
fabrication times required for extended structures remain much longer than
those of other competing techniques (UV mask lithography, nanoimprinting,
etc.). Its low throughput prevents its wide adoption in industrial applications.
To increase it, over the years different solutions have been proposed,
although their usage is difficult to generalize and may be limited depending
on the specific application. A promising strategy to further increase the
throughput of Two-Photon Lithography, opening a concrete window for its
adoption in industry, lies in its combination with holography approaches: in
this way it is possible to generate dozens of foci from a single laser beam,
thus parallelizing the fabrication of periodic structures, or to engineer the
intensity distribution on the writing plane in a complex way, obtaining 3D
microstructures with a single exposure. Here, the fundamental concepts
behind high-speed Two-Photon Lithography and its combination with
holography are discussed, and the literary production of recent years that
exploits such techniques is reviewed, and contextualized according to the

topic covered.

1. Introduction

Since the pioneering theoretical, conceptualization,l and exper-
imental demonstration? of Two-Photon Absorption (TPA), well
aware of its potential, the scientific community has devoted
relentless engagement on the development and exploitation
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of the Two-Photon Photopolymerization
(TPP) process. This was first demon-
strated in 1965 by Pao and Rentzepis,!
and it became the go-to option when
small feature size and complex 3D struc-
turing are required.i*’! Starting from the
late nineties, thanks to the work of Maruo
et al. (1997),° TPP become a lithographic
technology  (Two-Photon  Lithography,
TPL) complementing other approaches
based on UV light or electron beams, and
nowadays founds countless applications in
different fields, spanning from optics and
photonics/™! to microfluidics,® bioengi-
neering,™ 3 and even devices for neuro-
science. TPL combines the versatility of
macroscopic 3D printing approaches with
the high resolution of conventional planar
microfabrication techniques, such as UV
photolithography. Albeit the resolution of
the writing process depends on a series of
different aspects (wavelength, light inten-
sity, objective lens, optical dose, etc.), TPL
allows to circumvent the diffraction limit
of the focused beam providing high reso-
lution, with features below 100 nm frequently reported in the
literature.["”)

Despite the unquestionable versatility of TPL, due to its
intrinsic characteristics, various aspects affect the speed and
its overall throughput in wide-area fabrication. TPA is indeed
characterized by an absorption cross section several orders of
magnitude smaller than its one-photon counterpart, being a
third-order non-linear process, with the probability to observe
TPA being proportional to the square of light intensity. Thus,
high-intensity and ultrafast pulsed lasers are required for
obtaining TPA in photoresists, enhancing the probability of the
simultaneous absorption of two photons in a restricted volume,
to initiate a localized chemical chain reaction which leads to the
polymerization of the resin inside the focal volume (a volume-
pixel or voxel), without light absorption outside of it.

From an exquisitely applicative point of view, this means
that only a small volume in correspondence with the focus can
be polymerized and that the polymerization of a wide area, as
well as a complex 3D geometry, requires the exposure and the
stitching of multiple voxels in a serial fashion. Consequently,
the fabrication time scales with the volume of the processed
pattern and the resolution of the system, and the realization of
a single structure may require from several hours up to some
days depending on the dimension of the object, the filling
factor, and the finesse of the features. This, in turn strongly

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202211773&domain=pdf&date_stamp=2023-02-22

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

affects the throughput, particularly if compared to one-photon
absorption-based techniques, in which areas of the order of sev-
eral mm?, or even cm?, can be patterned at once, thus finding
application in mass production.

Efforts made through the years to mitigate, or to suppress
these differences, have followed two main perimeters of action:
i) optimizing the chemical properties of the photoresists,
ii) circumventing the physical limitations of the optical system
employed for the polymerization. As an example of recent
works on the optimization of the photoresist’s chemical proper-
ties, Zhang and collaborators proposed a high-efficiency photo-
initiator with a conjugated A—n—D-7-A structure of phenothia-
zine and carbazole derivatives,!® achieving a writing speed of
14 mm s}, while Li and coworkers showed the synthesis of a
series of mextended benzophenone photoinitiators,”) which
allowed to reach a writing speed of 100 mm s™.. Liao et al.l'®l
and Spadaccini et al.'! have provided comprehensive reviews
on materials and challenges for developing the next generation
of TPL photoresists.

Optimization of TPA cross sections has been accompanied
by intensive research activity on how to structure the phase pro-
file of the writing light beam to increase TPL throughput. Latest
developments can be categorized as: i) static approaches, relying
on the use of static phase masks or patterned optical elements
inserted along the optical path, most of which are in transmis-
sion configuration, and ii) dynamic approaches, based on wave-
front shaping using electronically controlled phase modulation
elements, such as Spatial Light Modulators (SLMs) or digital
micromirror devices (DMDs), dynamically projecting Computer
Generated Holograms (CGHs) during the writing process.

This review is structured into four main sections: i) in Sec-
tion 2 the general aspects of TPP are introduced along with a
brief theoretical overview, and the introduction of some figures
of merit (average power, exposure time, and optical dosage)
which determine the size of the polymerizing voxel, defining
the resolution of the process. In this context, we review the
approaches reported in literature to improve the resolution
of TPL by exploiting custom photoresists with added radical
quenchers, or Stimulated Emission Depletion-like (STED) tech-
niques. ii) Section 3 discusses the factors defining the upper
limit of the writing speed in TPL, including the physical proper-
ties of the photoresist, the incurrence of thermal effects, and the
employed scanning strategies. We also review the most employed
conventional parallelization techniques, which combine TPL
with transparency masks, patterned optical elements, or replica-
tion molds. iii) Section 4 is devoted to the dynamical approaches
that combine TPL with the advantages offered by holographic
techniques. A short theoretical introduction on holography and
phase shaping is presented, as well as the optical arrangement
required for their physical implementation, and the different
algorithms for CGH generation. Second, we review the recent
advances on two well-distinct topics, which are the improvement
in overall throughput by generation of multi-foci on the writing
plane through CGH gratings and the use of phase modulation
for beam shaping, achieving complex 3D structuration of the
voxel or compensation of optical aberrations. iv) The last section
—Section 5—reviews how these techniques have been exploited
in different application fields, such as optics and photonics,
microfluidics, and microactuators. The aim of this review is to
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offer an extensive viewpoint on how the holographic approaches
and more conventional parallelization techniques combined with
TPL are allowing for a substantial development of TPL applica-
tions, which could achieve the potential of becoming a fast, scal-
able, and reliable manufacturing technique, not only limited to
laboratory and prototyping frameworks.

2. Two-Photon Direct Laser Writing: Basic
Principles and Definitions

TPL sub-diffraction resolution allows the fabrication of actual
3D structures in volumes that can reach even cubic millime-
ters with sub-micrometric features. In this Section, we briefly
review the principles of TPL, from the basic mechanism of
TPA to the propagation of the photo-induced chemical reaction
which leads to the cross-linking of monomers inside the resin.
We also discuss how the writing parameters, the optical system,
and the typology of photoresists can influence shape and size
of the voxel and, in general, the resolution of the process, along
with the most frequently employed solutions to improve it.

2.1. General Aspects and Theoretical Overview

TPP is based on TPA and takes advantage of the simultaneous
absorption of a pair of photons to drive an electronic transi-
tion in a molecule. Considering an electronic transition from
the ground state |g) to the excited state |f) in a two-level system
(Figure 1A), the energy gap is given by E, _,r= Er— E;= hv, In

v
TPP, the energy of each photon E,, =hv,, = Tgf is out of reso-

nance with the transition, but it creates a non-stationary virtual
state which exists for a time in the order of femtoseconds.l?%
If the second photon with energy E,, impinges with a time
delay shorter than the virtual state lifetime, it can be absorbed
inducing the transition to the final excited state |f). The light-
matter energy change per unit volume and per unit time is:2!

il—‘:/ o Im[ ¥ |1’ (1)

Where y(3) is the third-order susceptibility tensor of the
material, and I [W cm™2] represents the intensity of the exci-
tation beam. Given the dependence from y®), TPA is a third-
order non-linear process. TPA cross section is typically several
orders of magnitude smaller than the Single-Photon Absorp-
tion (SPA) one,l?% since two photons need to be very close in
time and space to generate a transition. Femtosecond pulsed
lasers tunable in the Near Infrared (NIR) regime, such as solid-
state Ti: Sapphire oscillators, are the most used light sources in
applications exploiting TPA, but in recent years less expensive
femtosecond fiber lasers!?223 were also employed, which how-
ever have the constraint of working at a fixed NIR wavelength
(usually 780 nm). Their characteristics are optimal for TPA as
i) the simultaneous absorption of two NIR photons can over-
come the transition energy gap of molecules typically excitable
in the UV spectrum, ii) the temporal width of the pulses, in
the order of 100 fs with a repetition rate of 80 MHz, is com-
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Figure 1. A) Energy level diagram of the |g) — |f) transition. B) Fluorescence generated in a solution by SPA (left) and by TPA (right). The number of
excited molecules in each transverse cross section of the laser beam does not depend on the axial position for SPA, but it is tightly peaked in the focus of
the beam for TPA (center). C) Distribution of the light intensity (blue) and squared intensity (red) in the focus of a Gaussian beam. The polymerization
process takes place in the spatial region where the intensity reaches the threshold, so the polymerized region for a TPA process (red area) is smaller
than polymerized region for a SPA process (blue area). D-G) Roundup of several 3D micro-objects fabricated via TPL. D) SEM (Scanning Electron
Microscope) micrograph of Venus fabricated by TPP. Adapted with permission.>¥ Copyright 2003, Optical Society of America. E) SEM micrograph of
a hollow titanium nitride (TiN) nanolattice. The skeleton of the structure was fabricated with TPL; conformal deposition of TiN was performed with
atomic layer deposition. Adapted with permission.3>l Copyright 2013, The Authors, published by Springer Nature. F) Bust of Michelangelo’s David.
Adapted with permission.B Copyright 2015, Society of Photo-Optical Instrumentation Engineers (SPIE). G) 3D racecar fabricated with TPL. Adapted

with permission.”l Copyright 2013, American Chemical Society.

parable with the lifetime of the virtual state, iii) the ultrafast
pulses allow achieving the high peak intensity required for TPA
at a relatively low average laser power. Those lasers are widely
employed for different kinds of laser processing applications,
such as two-photon imaging,?*?*! ablation of metals,?*! chem-
ical photoreduction,/?’! and, of course, TPL.

In TPL the beam is tightly focused in a photo-sensitive resin
(also called photoresist) to initiate the polymerization process. A
photoresist is defined as positive-tone or negative-tone whether
its solubility increases or decreases upon light exposure: in posi-
tive resists, the irradiated part is not polymerized and can be
removed by using common solvents like Isopropyl Alcohol or
Ethanol during the development step; conversely, in negative-
tone resists only the exposed part remains on the substrate after
the development.[?®] Negative-tone resists are the most employed
for the direct laser writing of 3D complex structures, or small
structures with fine features. In contrast, positive-tone resists
are commonly used in top-down approaches, where small fea-
tures such as lines and dots need to be translated into the sub-
strate or to define masks for 2D UV photolithography and elec-
tron-beam lithography. Moreover, positive resists found large
applications in the fabrication of integrated circuits or conductor
paths for lab-on-chip given the reduced shrinkage, the more
economic processing, and the possibility to remove the resist
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in case of deficient lithography. Some examples are reported in
the works of Heiskanen et al.?’l and Braun et al.,*l in which
a positive-tone resist is exposed and removed after the develop-
ment, then a deposition of metal followed by the lift-off process
of the unexposed resist allows the realization of periodic arrays
of metallic nano- and micro-structures. Although resins for TPP
are composed of a multitude of chemical compounds, the cru-
cial components are the photo-initiator and the monomers. In
radical polymerization,?! the photo-initiator absorbs two pho-
tons creating a free radical, a neutral molecule with an unpaired
valence electron, which is highly chemically reactive. Free radi-
cals bond to a monomer that becomes a radical in turn, creating
a chain reaction that propagates in the solution, cross-linking
the monomer to form a long polymeric chain. The process even-
tually stops when two free radicals bond to each other, or by the
depletion of monomers caused by the action of inhibitors. The
main steps of process are schematized in the following model,
developed by Maruo et al.:[%l

PI+2hv —PI" — 2R’
R +M—>RM

propagation : RM, + M — RM,,,,
termination : RM,, + RM,, - RM,,.R

initiation : {
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where PI is a photo-initiator molecule, hv is a photon, R is a
radical molecule, M is a monomer, and M, is a polymeric chain
of n monomers, and the superscript dot indicates the presence
of an unpaired electron.?” The vast majority of commercially
available photoresists have negligible linear absorption in the
red and NIR region of the spectrum, allowing the laser beam
to penetrate deeply inside the material, triggering the polym-
erization process only inside the focal volume, by virtue of the
quadratic intensity dependence of TPA.

Conversely to SPA, in which absorption may occur outside
of the focal volume (Figure 1B), in TPA the number of excited
molecules (Nypy) is inversely proportional to the transversal
cross section of the laser beam, thus strongly increases in the
focus of the beam.33l The power of the laser beam can be pre-
cisely controlled to exceed the polymerization threshold only in
this spatial region (Figure 1C). During the writing process, the
focus position is typically moved on a plane to expose specific
domains of the resist, then the objective lens is moved upwards
to write the next layer of the structure. The sample is eventually
developed to wash away the soluble unpolymerized resist, while
the exposed resist remains anchored to the substrate, resulting
in the formation of 3D micro-objects (Figure 1D-G).

2.2. Resolution of TPP

The non-linear absorption behavior of TPP allows to circum-
vent Abbe’s law of diffraction,®® often enabling a writing res-
olution, or the minimum lateral and axial distance at which
two adjacent features can be patterned without any overlap,
below 100 nm.%*1 Moreover, several factors can contribute to
the decreasing of the voxel size below Abbe’s diffraction limit.
Chemical non-linearity is a key factor to be considered because
of the quenching processes that follow a photo-excitation event,
there is an intensity threshold below which the photo-polym-
erization process cannot be sustained.”*! Acting on the con-
centration of photo-initiators or on the average power of the
laser beam, it is therefore, possible to exceed the polymeriza-
tion threshold only in a sub-volume inside the focal spot, that
can be smaller than the laser focus, circumventing the limit
of Abbe’s law. Along with that. the effective size of the voxel
is influenced by several other factors (concentration of inhibi-
tors, radical quantum yield, viscosity, etc.). It is possible to
estimate the radial and axial dimensions of the elliptical voxel
(Figure 2A) with a simplified model, also referred as linear-
exposure model.}¥ According to this model, the lateral size of
the voxel d(P,t) and its axial length [(P,t), as a function of the
laser power P and time t, can be evaluated as:

2 1/2
510111') 3)

d(P,t)=aw, ln(

1/2

1
N
SIOnTJZ _1 *

I(P,t) =2z [

Where @, and zy, are, respectively, the waist and the Rayleigh
length of the laser beam, which linearly depend on the laser
wavelength A, I is its intensity at the center of the focal plane, 7
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is the temporal pulse-width, n is the number of pulses, Jis the
TPA cross section of the PI molecule, and C is a constant that
depends on the initial PI concentration and on the polymeriza-
tion threshold. The computation of these functions for some
typical writing parameters is reported in Figure 2B. From Equa-
tions 3 and 4, the volume of the voxel V e d?, is proportional
to the third power of the wavelength A* and increases with the
exposure time t and average laser power P.

Conversely, it has been shown by Heiskanen et al.?%! that
increasing the writing speed v improves the resolution of the
process according to:

\/E(Slg [
w=o,ln| e

)
where w is the resulting linewidth. However, this simplified
model does not consider the effect of the increased tempera-
ture due to thermal accumulation processes, as well as leaving
out the effect of the viscosity of the resin. Indeed, modeling vis-
cosity in a realistic model poses a great challenge, since between
the voxel and its surroundings there is not a sharp division of
solid and liquid phases, as this quantity is not constant during
the polymerization reaction.”! Sun et al. showed that the voxel
aspect ratio o = I/d changes substantially if the ratio of power
and exposure time is changed while keeping constant the
product of the quantities, or the optical dosage D.’l To explain
this, they proposed two different mechanisms (Figure 2C): the
first, defined as focal spot duplication, depends on the Point
Spread Function (PSF) of the laser beam, causing the voxel to
grow non-homogeneously for increasing P, thus increasing o.
The second mechanism, defined voxel growth, is related to the
presence of low-weight unpolymerized radicals and monomers
in the surroundings of the focal spot, which tend to diffuse
toward the polymerized voxel causing it to grow in a more iso-
tropic fashion. The first mechanism defines the voxel’s aspect
ratio on short time scales, while for prolonged exposure the
second one dominates./**#] DeVoe et al. confirmed these obser-
vations for an acrylic-based resin. However, the group observed
a different behavior in the epoxy-based SU-8 photoresist, where
they found that the aspect ratio of the voxel remains constant
for short exposures.®! From these contrasting observations, it
is clear that the voxel scaling mechanism strongly depends on
the chemistry and viscosity of the resin, and a more complex
model is needed.

The experimental evaluation of the voxel size can be a non-
trivial task because of the aforementioned effects. One of the
most employed protocols is the ascending scan method,*!
schematized in Figure 2D, for which several voxels are polym-
erized at increasing heights from the substrate, allowing for
the subsequent measurement of d and | from, respectively, the
truncated and the collapsed voxels, by Scanning Electron Micro-
scope (SEM) micrographs. Another technique is the suspended
bridge method,* where a thin line is polymerized between two
large structures of polymerized resist and it is better suited to
observe voxels with lateral dimension below 100 nm, because
those structures have difficulty surviving the development in
the ascending scan method.

Different approaches to increase the resolution have been
developed: i) fine tailoring of the optical system and the writing
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Figure 2. A) Representation of the polymerizing voxel in the focus of the laser beam, modeled as an ellipsoid with lateral dimension d and axial dimen-
sion . B) (left) Numerical analysis of the scaling laws of the diameter (top) and length of the voxel (bottom) according to the linear-exposure model
(Equations 3 and 4). =780 nm, NA = 1.4, n,; = 1.515, p,= 0.024%, p;, = 0.0025%, 7=100 fs, f= 80 MHz, §=3-10"° cm*s. (right) Size and shape of
the voxel as a function of the exposure time t, extracted from plots on (left) for P=50 mW. C) Models for initial voxel formation and growth: focal spot
duplication (left) and voxel growth (right). D) (top) Sketch and SEM micrograph of the ascending scan technique employed to measure voxel’s diameter
d and length |. SEM micrograph reproduced with permission.) Copyright 2002, AIP Publishing. (bottom) SEM micrographs for the suspended bridge
method, employed to measure the resolution of the TPL system. Reproduced with permission.*8l Copyright 2003, Society of Photo-Optical Instrumen-
tation Engineers (SPIE). E) Schematic representation of the voxel size without radical quenchers (top) and with added radical quenchers (bottom).
The voxel contour is reduced when radical quenchers are added to the photosensitive resin. F) (top) Energy diagram of the depletion mechanism in a
STED process. Excited molecules in the external region of the voxel are forced to stimulated emission (SE) and cannot undergo intersystem crossing
(1SC) to initiate the polymerization process. (bottom) Optical setup employed for STED TPL. CW: continuous wave. PH: pinhole, PM: phase mask,
DM: dichroic mirror, M: magnification, Obj: objective lens.

parameters, ii) adding radical quenchers in the photoresist, and
iii) employing STED-like lithography techniques to partially
deplete the focus region from radicals, thus reducing the size of
the voxel. Regarding i), the properties of the objective lens play a
key role in defining the resolution of the system. In TPP optical
setups the laser beam is magnified with a beam expander to fill
the back aperture of a high NA, high magnification objective.
Indeed, the resolution scales laterally with NA™ and axially with
NA72, and for this reason, oil-immersion objective lenses with
high NA =1.4 are largely used.’" Together with that, the fabrica-
tion parameters, including average power, exposure time, and
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optical dosage, heavily influence the voxel shape and size.’">%
In TPP systems those parameters can be easily controlled and
changed in real-time with additional equipment on the optical
path, such as acousto-optic modulators (AOMs), Pockels cells,
or polarizers for the average power, or electro-mechanical shut-
ters in the case of the exposure time.

Concerning point ii), Equation 2 describes the principal
mechanism behind the radical polymerization reaction, in
which free radicals R* combine with monomers M to form
longer polymeric chains.>*** This process can be hindered by
adding radical quenchers (Q) in the resin that can deactivate
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the photo-induced radicals in the focal spot: R* combines with
Q instead of M, terminating the chain reaction and partially
preventing polymer’s growth:1*’]

R"+Q —>RQ 6
R'Q — RQ + heat ©

The concentration of optically generated radicals is propor-
tional to the square of the intensity, therefore, at the center of
the focus the density of radicals is high enough to initiate the
polymerization, while in the external region of the focal volume,
the process is hindered by the presence of the quenchers,
resulting in a reduction of the voxel volume, and an improve-
ment in the resolution (Figure 2E). For instance, Takada et al.”®l
improved the writing resolution from 120 to 100 nm when
adding quenchers to the resin in a concentration of 0.8 wt%. It
should be considered, however, that the quenching effect could
reduce the mechanical qualities of the structures due to the
shorter length of the chains.l’]

Regarding point iii), the voxel dimension can be further
engineered by employing more sophisticated techniques that
fall under the STED-like umbrella. STED is a technique that
has been introduced in the field of fluorescence microscopy to
increase resolution and contrast by reducing the fluorescence
generated outside of the focal point.’®! In conventional TPP,
PI molecules in the ground singlet state S, are promoted to the
excited singlet state S; by TPA, then the excitation proceeds to
the triplet state T; via intersystem crossing (ISC) and generates
a radical R which initiates the chemical reaction.’” The sche-
matics of the setup with the Jablonski diagram of the STED
process are reported in Figure 2F. By employing this technique,
Wollhofen et al.[¥ achieved a writing resolution of 55 nm, while
Fischer et al.®) demonstrated an improved accuracy in the fabri-
cation of photonic crystals. In addition to STED lithography, sev-
eral techniques based on different depletion mechanisms have
been proposed. In Photo-Inhibited Super Resolution (PInSR)
inhibition molecules are added to the resin and are used to gen-
erate radical traps by the deactivation beam, to react with the pol-
ymeric chain and terminate the reaction.*>¢% Li et al. proposed
Resolution Augmentation through Photo-Induced Deactivation
(RAPID) lithography,®! in which a particular photo-initiator
can be deactivated by the same wavelength of the excitation
beam (800 nm), thus having the peculiar property that a higher
optical dosage causes less polymerization.®¥l With RAPID,
the group achieved an axial resolution of 40 nm (4/20). Other
techniques include Two-Color Photo-initiation/Inhibition,/*4 or
Resist Heating,%% in which via a repeated process of absorption
and non-radiative decay to vibrational levels of the same excited
state, the resist is heated, and its mechanical properties can be
changed by the effect of the temperature.

3. High Speed/High Throughput TPL

One of TPL main drawbacks compared to other lithography
techniques is the relatively long writing time, which limits its
utilization for mass-scale production. In the last decade, com-
mercially available two-photon direct laser writing systems have
emerged(®! (Nanoscribe, Multiphoton Optics, UP Nano, and
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Femtika): these systems represent the state-of-the-art for gen-
eral purpose TPL, being precise, versatile, and user-friendly,
and they may also integrate specific equipment to perform
laser ablation and welding. However, due to the high cost and
relatively low throughput, their application is mostly limited to
research purposes. Despite these novels, performing machines,
the vast majority of TPL systems in research labs consist of
custom-made setups built around specific needs, with each
setup being different in terms of laser, optical components,
positioning systems, and photoresists.* This makes it diffi-
cult to define a quantitative benchmark for the writing speed.
Indeed, the achievable fabrication speed depends on a multi-
tude of parameters, such as optical dosage, scanning method,
substrate motion system, chemical properties of the resist,
and so on.l”] All these aspects need to be carefully optimized
to consistently reduce the fabrication time. In this Section, we
describe the most employed strategy reported in the literature
to increase the speed and/or throughput of TPL.

3.1. Optimizing Writing Speed and Fabrication Time

A well-known rule in the field of planar lithography and micro-
fabrication is the Tennant's law (Equation 7), which links
the resolution Res [nm] of the lithography system with the
throughput TP [nm? h™}] of the process,/®® and is given by the
power law:

TP,p = C,pRes’ )

where the subscript 2D refers to a planar fabrication, and C,p
is a constant which depends on the efficiency of the process.
Tennant’s law can be extended in a 3D fabrication process fol-
lowing the area-to-volume scaling:[®’]

TP = Cyp (Res’)” (8)

which is better suited for estimating TPP throughput. In Equa-
tion 7, the fifth power law show how a better (i.e., smaller)
resolution strongly hinders the throughput of the process and
conversely increasing the throughput by reducing the fabri-
cation time should come at the expense of the resolution. An
estimation of the fabrication time strictly related to TPL was
proposed by Malinauskas et al.:"%l

xyzF
tp=—— 9
" Ry ©)

where tp is the fabrication time, x, y, and z are dimensions of
the object in the three directions, F is the filling factor (ratio
between the polymerized volume and the non-polymerized
volume of the final object), R is the cross section of the voxel
in the focal plane, and finally v is the writing speed. The
parameter R depends on the size of the voxel, which in turn
depends on NA and writing power, as described in Section 2.2.
However, Equation 9 does not consider other factors such as
the chemical properties of the resist and the time required for
the repositioning of the beam and therefore gives only a quali-
tative estimation of the fabrication time.
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Writing speed v refers to the speed at which the laser focus  or galvo), multiple-axis linear translational stages, or more fre-
can be moved with respect to the substrate when defining quently, a combination of the two technologiesl (Figure 3A).
the object geometry. The voxel movement can be attained by  Galvoscanners are electro-mechanical systems composed
employing galvanometer-based optical scanners (galvoscanners by two small mirrors installed on motors in an orthogonal

A B
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Gradient chain mail
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Fabrication time: 26 min
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Figure 3. A) Typical setup for TPL beam. After the initial conditioning (not shown), the beam is coupled to a pair of galvanometric mirrors which scan
the beam in the [x, y] plane. The reflected beam is directed in the high NA objective lens by a scan lens—tube lens pair, and it is focused on the sample.
The substrate of the sample is mounted on a three-axis translational stage for positioning in all directions. B) Schematics of TPL using only galvoscan-
ners (top), linear stages (center), and continuous scanning via synchronization of both (bottom). Synchronization of both the systems allows to avoid
stitches and/or loss of shape. C) SEM micrograph of a 1-mm long 3D gradient chain mail fabricated with the method in (B). Panels B and C adapted
with permission.[®% Copyright 2019, Optical Society of America under the terms of the OSA Open Access Publishing Agreement. D) Two basic scanning
modes employed for TPL raster scan (left) and vector scan (right). Schematic illustration for raster scan (left) and vector scan (right), and how the two
scan modes could be utilized for writing, respectively the character “R” and “V”. E) SEM image of a dielectric slab fabricated with TPL raster-scanning
the beam at scan speed of 90 mm s™'. Reproduced with permission.*? Copyright 2001, The Technical Association of Photopolymers, Japan. F) SEM
image of a 3D woodpile structure fabricated via TPL with a scanning speed of 20 mm s™'. Adapted with permission.%’l Copyright 2019, Optical Society
of America under the terms of the OSA Open Access Publishing Agreement. G) Ancient tower in oriental style (left) and Chinese Jade Belt bridge (right)
fabricated via TPL at a speed of 80 mm s™'. Reproduced with permission.*”] Copyright 2013, American Chemical Society.
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configuration, which can be quickly rotated around their axis,
thus allowing the scan of the beam in two dimensions. The
scanning beam is then relayed to the objective lens’ back aper-
ture allowing the scan in the objective Field Of View (FOV).
Galvanometric actuators are very precise, with short latency
time in the order of a few hundreds of microseconds, and
therefore allow the rapid scanning of the mirrors in the kHz
frequency domain with a good angular resolution. This results
in a beam scanning speed that is in the order of cm s (or even
m 571,72 even if the actual writing speed may be limited by
other factors. As an example, NanoScribe declares a maximum
scan speed of 625 mm s™' and a minimum feature size of
160 nm for their commercially available Photonic Professional
GT2 system.”*l One of the main drawbacks of galvoscanners is
that the scanning of the beam is limited inside the FOV of the
microscope: since TPL employs objective lenses with high NA
and magnification, this domain is usually limited to =0.02 mm?
(=140 x 140 pm). This limited range does not represent a
problem when polymerizing small objects, however, larger pat-
terns need to be realized by stitching together different fabri-
cations made on smaller areas, potentially inducing structural
errors during the stitching process.”¥ Another limitation of
galvoscanners arises when the structure dimension approaches
the boundaries of the objective lens FOV, due to focusing aber-
rations.”! Although TPL can be performed relying only upon
galvoscanning without using any translation linear stage to
move the sample in the [, y] plane, a linear stage is required to
move the sample along the Z-direction, in order to achieve real
3D fabrication.l

The second option to control the relative movement between
the polymerization voxel and the sample consists in using
translational stages to move the substrate along the three direc-
tions with respect to a fixed laser spot. Translational stages have
the advantage of not being limited by the FOV’s objective, with
a travel range that can exceed tens of mm along each direc-
tion."?) Conversely, translating stages are limited by a lower
scanning speed with respect to galvoscanners (in the order of
mm s7Y), which is reflected on the total fabrication time. More-
over, since translational stages are much bulkier and heavier
than galvo mirrors, the acceleration is reduced. For instance,
motorized translational stages by Thorlabs reach a maximum
speed of 7 mm s7!, with a maximum acceleration of 5 mm s72,
which is further reduced when additional components are
installed on top of the stage, resulting in a non-uniform tra-
versing speed along the travel range of the stage (galvoscanners
are less affected by this issue due to the much lower inertia).
This implies that some time is required before reaching the
steady-state speed, thus resulting in imprecise timing with the
shutter, which can lead to defective fabrications, in particular
when polymerizing finer structures at high-speed. Air-bearing
stages can reach a maximum speed of several hundred mm s
with an accuracy of 100 nm and are used to mitigate the disad-
vantages of translational stages; however, they are more expan-
sive and require additional equipment.l>**”’]

In general, the most versatile solution consists in employing
both galvoscanners and translating stages: galvoscanners allow
moving the beam in the FOV with high speed and accuracy,
and translating stages are used to compensate for the reduced
FOV of the objective. Several TPL systems also feature a second
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set of three-axis translating stages: the first set consists of fast
stages with a large travel range for a faster coarse positioning
of the sample, while the second set employs slower and more
precise piezoelectric stages for fine positioning, to move the
substrate with nanometric precision over a travel range of a few
hundreds of micrometers. To extend the FOV, some systems
relying on galvoscanning employ a third galvo mirror to com-
pensate for the loss of virtual conjugation between the main
mirror pair, thus allowing fabrication of sub-micrometric fea-
tures in a FOV of =400 x 400 um and limiting the need of pat-
tern stitching.”® Kumi et al. fabricated straight lines at a speed
of 1 cm s7! by extending the range of motion of the translation
stage beyond the pattern size to allow for the acceleration time
required to reach the steady-state speed.”! Despite the impres-
sive speed achieved, this method lacks the accuracy required for
the fabrication of ordered periodic structures, since a temporal
delay of a few milliseconds resulted in structures that varied in
length by tens of micrometers (faster electronics could mitigate
this issue). Another solution to compensate the low accelera-
tion of translating stages proposes to modulate the laser power
according to the instantaneous speed of the stage, namely
reducing the power in the acceleration and deceleration seg-
ments to ensure a constant optical dosage.’!! Modern TPL sys-
tems aim at combining both the technologies for high-speed
fabrication of complex structures. In a recent implementation,
researchers fabricated 3D objects at a speed of 10 mm s™! by syn-
chronizing translation stages with galvoscanners to allow a con-
tinuous scan while simultaneously moving the working FOV to
avoid both pattern stitching and loss of shape caused by stages
acceleration®! (Figure 3B,C). The task can be computationally
demanding depending on the geometry of the structures, espe-
cially at high fabrication speeds, where a delay of microseconds
can result in micrometric displacement that can compromise
the quality of periodic structures like photonic crystals.

Independently from the method of choice employed to move
the voxel with respect to the substrate, two basic scan modes
can be distinguished: raster-scan mode,”>® and vector-scan
mode,*># schematized in Figure 3D. In raster mode, the focal
spot must scan all the voxels in the cubic volume that encloses
the target microstructure, independently from its final shape.
For each slice of the micro-object, one axis is scanned rapidly,
while the other moves slowly, and in each discrete position
the shutter is open or closed depending on the desired geom-
etry. In vector-scan, a 2D vector is traced in the writing plane
by moving the mirrors or the stages, to directly trace the pat-
tern to be defined. While raster-scan is more straightforward to
implement, vector-scan requires a more refined algorithm and
a closed loop feedback to control the mirrors. Typically, vector-
scan requires less voxels than raster-scan and in some appli-
cations can reduce the fabrication time by 90% depending on
the geometry of the micro-object.l’” Raster-scan remains the
method of choice when producing structures with complicated
shapes, high filling-factor, or that require a high accuracy.

As discussed in Section 2.1, negative TPP employs a laser
beam to start a localized chemical reaction inside a very small
volume, to make a material insoluble in the exposed region.” In
the extensive literature of TPL a multitude of reactions is dem-
onstrated,®! spanning from the common radical polymeriza-
tion of acrylates,®8¢! cationic polymerization of epoxies,®” 38l as
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well as silicones®¥% and ceramics.[®? Each of these materials

has its own viscosity,”l optical properties,® and kinetics,*!
and for this reason the writing time is also strictly related to
the material being processed and does not depend only on the
scanning speed of the laser spot, thus making it difficult to gen-
eralize about fabrication speed. For a given material, the polym-
erization reaction depends also on the peak power of the beam,
pulse duration, and repetition rate. All these parameters can
range in orders of magnitude, giving rise to several secondary
effects that can hinder or promote the polymerization reaction,
affecting the duration and quality of the process. A desirable
quality for a good resin is a high dynamic range,”” which can
be defined as the ratio of damage threshold power to the polym-
erization threshold power at a given scanning speed. Since
the acceleration is not constant, the resin will experience dif-
ferent optical dosages until a constant speed is reached: a resin
with poor dynamic range could boil at the end point of the
writing, where the speed is lower and exposure time is higher,
or conversely be underexposed in the constant speed range,
resulting in weaker cross-linking. A resin with good dynamic
range can be used to write at a higher speed since it can sus-
tain the increased power required to keep optical dosage con-
stant. Under these high-power, high-speed conditions, a high
dynamic range ensures that the resin is resilient to fluctuations
or rapid variations of power and traversing speed without incur-
ring in resist damages or explosions. Custom-made photo-ini-
tiators with high dynamic range and large TPA cross sections
have proven to increase the speed of the polymerization.[®=8!
Perry et al.” synthetized a resin with a dynamic range of 50
and a TPA cross section of 900 GM (1 GM = 10™° cm* s mole-
cules™! photons™!) which allowed polymerizing a slab struc-
ture with a speed of 90 mm s\, reported in Figure 3E. In a
more recent work,l’”] researchers achieved lower polymeriza-
tion thresholds by developing custom initiators with high TPA
cross section, or resins with modest dynamic range but with a
low fluorescence quantum yield, more likely to generate radi-
cals than to emit radiatively, which allowed fabricating real 3D
objects with a speed of 80 mm s (Figure 3G). Indeed, the
choice of the photo-initiator should be tailored according to the
material which is being processed. As an example, since most
commercial photo-initiators have limited initiating efficiency
in aqueous solutions, Zheng et al.% proposed a non-toxic
and water-soluble photo-initiator based on carbazole deriva-
tives and cucurbit[7]uril. The host-guest interaction between the
compounds has been shown to increase the TPA cross section
from 613 to 2999 GM, while also improving the water solubility,
opening to the fabrication of biocompatible 3D hydrogel scaf-
fold for living cell culture.['!

Also the temperature and heat accumulation plays a key role
in determining the maximum speed at which the voxel can be
scanned on the substrate.'2l The thermal diffusion time of the
photopolymers at the focal point is in the order of =15 us,/" if
the time between two consecutive laser pulses is shorter than
this time (repetition rate > 70 kHz), heat cannot dissipate prop-
erly, locally increasing the temperature of the resin. Higher
temperature promotes the polymerization process, resulting in
thicker lines and worse resolution. Baldacchini et al."% experi-
mentally verified this thermal accumulation effect by chopping
the pulses of a 100 fs 80 MHz laser with an AOM to deliver
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to the sample 1 us bursts with varying dwell times between
the bursts. Even when keeping the net fluence constant, the
researchers observed smaller lines when the time between the
bursts was larger. The Juodkazis group further confirmed these
results;'% moreover, in another work!'%! the same authors pro-
posed that for very high intensities, in the order of TW cm™,
the polymerization reaction is dominated by avalanche ioniza-
tion rather than TPA. Avalanche ionization!'>1% is a process
in which an unbound electron is accelerated by the electric
field of the laser beam, and by interacting with other bonding
electrons provides them enough energy to excite them to an
unbound state, in a self-repeating process. Since accelerated
electrons can propagate outside of the focal volume, once radi-
cals have been generated by TPA, many more will be generated
by avalanche ionization, promoting polymerization outside of
the voxel and causing bigger linewidth. Those effects may be
mitigated by reducing the repetition rate and the energy per
pulse of the laser beam; however, this will come at the expense
of the writing speed. Indeed, if thermal accumulation has to be
minimized to achieve the best resolution, LaFratta’! defined
the “thermal limit” of the fabrication speed to be 10 mm s
the repetition rate for 15 us time intervals would cause adjacent
voxels to be spaced =150 nm, which is a suitable distance for
creating 3D objects, while for higher writing speed would cause
the voxels to not overlap, a condition incompatible for the reali-
zation of 3D structures. These thermal effects need to be con-
sidered when the priority is the writing resolution, but for most
applications of TPL, repetition rates in the order of MHz are
perfectly acceptable. Nevertheless, these and other studies!'?71%8]
proved that the mechanisms behind TPP are not limited to
TPA, but also other effects may play an important role.

3.2. High-Throughput Non-Holographic TPL Techniques

Conventional TPP microfabrication is a serial process, in which
microstructures are created on a voxel-by-voxel basis. Over the
years, different methods to surpass this paradigm have been
proposed, striving at parallelization and mass production of
TPP-based microstructures. These can be non-holographic and
holographic solutions, with these latter exploiting Spatial Light
Modulators (SLMs) and/or Digital Micromirror Devices (DMDs)
to dynamically structure the wavefront of the light impinging
on the sample to expose the resist in a 3D fashion. While holo-
graphic methods are discussed in the next section, this one
focuses on static solutions (i.e., methods which do not require
a dynamically addressed modulation device to achieve 3D multi-
beam patterning). Non-holographic methods are mostly based
on i) micro-lenses arrays placed on an optical plane conjugated
with the focal plane to perform multi-beam writing, ii) modula-
tion of the beam intensity through optical masks, iii) interfer-
ence lithography and phase masks, or iv) physical replication of
an initial master structure to achieve mass-scale production.

3.2.1. Micro-Lenses Arrays
Micro-Lenses Arrays (MLAs, sketched in Figure 4A) are

optical elements composed of many small lenses on a
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Figure 4. A) Schematic representation showing how a microlens array can generate multiple foci from a single laser beam. B) SEM micrographs of
an array of micro-coils fabricated with MLA-based TPL. Reproduced with permission.[% Copyright 2006, Optical Society of America. C) Sketch sche-
matizing the difference between spatial focusing (left) and temporal focusing (right). In temporal focusing the beam covers an area many orders of
magnitude larger than a diffraction-limited spot. High peak intensity at the focus is achieved by modifying the temporal profile of the pulse. D) Mask-
directed TPL. (top) The object mask is placed in a plane conjugate of the objective focal plane, to fabricate a negative of the object. (bottom) Fabrication
of a microtrap for a single bacterium. Adapted with permission.["® Copyright 2007, American Chemical Society. E) (top) Schematic of a TPL system
exploiting optical masks and temporal focusing. (bottom) 3D microfabrication of MIT logo. Adapted with permission."®l Copyright 2010, Optical
Society of America. F) Optical setup for TPL employing a DMD as an optical mask. The beam is split in two sub-beams to sample different regions
of the DMD simultaneously. G) Protein-based maze fabricated using two independent scanning foci, with the setup shown in (F). Panels F and G
adapted with permission.2% Copyright 2012, Royal Society of Chemistry. H) Terra Cotta warrior taller than a centimeter, fabricated exploiting SSTF TPL.
Reproduced with permission.['!l Copyright 2018, Wiley-VCH GmbH.
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transparent substrate, where the size of each lens is in the
order of hundreds of micrometers. A relatively small MLA
can contain hundreds of lenses on its active surface. In MLA-
based TPP, the collimated femtosecond-pulsed beam passes
through the MLA and is then relayed in the objective lens,
generating hundreds of spots on the writing plane. By moving
the substrate with translating stages, it is possible to fabricate
a large number of identical structures in parallel, decreasing
the fabrication time of a factor equal to the number of the
lenses in the array. An early example was reported in a work
by Formanek et al.,M%" in which a 50 x 50 square MLA of
300 um-diameter lenses was used to fabricate a large-area
lattice of micro-springs, then a subsequent step of electro-
less plating of silver!!l allowed for the realization of complex
metallic structures, reported in Figure 4B. The same group
also reported the realization of large-area arrays of micro-
letters and other micro-objects.'"® A crucial and challenging
aspect of MLAs is that the beam intensity should: i) be homo-
geneous before passing the MLA, to avoid non-uniform struc-
tures between the extremities and the center of the FOV, ii) be
high enough to allow each beamlet to exceed the polymeriza-
tion threshold. Despite being well suited for the fabrication
of arrays containing replica of the structure with a constant
period, this approach is not ideal for fabricating arbitrary
patterns of large FOVs. Because of those drawbacks and the
advent of holographic methods applied to lithography, MLA-
based TPL no longer finds widespread use; conversely, TPL
has become one of the most employed techniques for the fab-
rication of MLAs for generic purposes.!*117]

3.2.2. Transparency Masking

A different approach consists in using optical/transparency
masks placed in a conjugated plane of the focus to create a
point-to-point mapping within the writing plane. The basic con-
cepts rely on raster scanning the laser beam on a mask which
transposes any intensity modulation of the mask plane on the
writing plane, projecting a negative replica of the image on the
mask into the photoresist. Kaehr and Shear used a house fly as
a mask to first demonstrate this approach, then used the same
method for direct photo-crosslinking of proteins to fabricate
microchambers for the trapping of bacteria™® (Figure 4D). Kim
et al. adapted this concept demonstrating wide-field layer-by-
layer fabrication of 3D structures using a chrome-coated optical
mask."” In the work, the authors achieved wide field by tem-
porally dispersing femtosecond laser pulses with a reflective
dispersion grating, and by temporally re-focusing them on the
writing plane, as reported in Figure 4E.

The main advantage is that there is no need to raster-
scan the mask, and the fabrication speed is not dependent
on the size of the features on the mask. A downside is that
this temporal-focusing approach?? requires higher peak
power compared to more conventional raster-scanned spatial-
focusing. The main limitations of mask-based TPP are the
time required to fabricate the optical masks, and the need for
their precise positioning on the optical path, as a shift of a
few millimeters along the optical axis, can greatly degrade the
resolution.
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Nielson and coworkers used a DMD to define digital masks,
avoiding the fabrication of the mask and limiting alignment
issues. The active surface of the DMD was raster scanned, and
the beam was reflected inside the objective lens depending on
the state of each micro-mirror to create patterns at the impres-
sive speed of 3 cm s7L.123 This method was further improved:
by splitting the beam into two sub-beams it was possible to
sample different regions of the DMD simultaneously to fabri-
cate non-periodic structure in a large area in a half the timel'2%
(Figure 4F,G). Moreover, by partially overlapping the scan area
of the two beams it was possible to create crosslinking-density
gradients at the microscale. Concerning DMD-based TPL,
recently Liu and coworkers demonstrated MaskLess Optical
Projection NanoLithography (MLOP-NL), a technique capable
of patterning nanometric features over a large-area spanning
hundreds of micrometers.?! The authors exploited a femto-
second pulsed laser with a central wavelength of 400 nm and
a DMD to expose the AR-N 7520 negative photoresist with a
predetermined pattern, achieving a minimum feature size
of 32 nm (A/12) when addressing a single pixel of the DMD.
MLOP-NL was employed to design batch patterns such as
bidimensional structures with nanometric gaps['?® or FinFETs
(Fin Field Effect Transistors) on a large scale, as well as arbi-
trary photolithography masks,? paving the way for applica-
tions in microelectronics and biotechnological micro- and
nano-devices.

More recently, Saha et al. exploited a DMD and simultaneous
spatiotemporal focusing (SSTF), achieving parallel fabrication
without undermining the writing resolution.'?%l This allowed
writing a 2 x 2 X 0.25 mm cuboid in 8 min rather than a few
hours. SSTF was also exploited to fabricate 3D objects taller
than a centimeter™?!l (Figure 4H).

3.2.3. Interferometric TPL

Techniques based on interference lithography!"-12%! (IL) offer
an alternative for the realization of complex 3D structures.
Those methods can be implemented with SPA, however, the
use of TPA allows to further improve the resolution. The first
demonstration of multi-beam IL was proposed in 1999 by Kirk-
patrick and coworkers: two 800 nm fs-pulsed beams impinge
the sample from different directions, creating a 3D complex
pattern to expose the photoresist on a large area. In their work,
the authors realized a 1 mm? 2D periodic grating by exposing
the photoresist for =5 min.3%131 In the method presented by
Kondo et al., reported in Figure 5A, the beam was split with a
diffractive beam splitter, and the beamlets were refocused on
the writing plane with a pair of lenses to ensure the temporal
overlap of femtosecond pulses.'*”l The desired interference
pattern is achieved by placing an aperture array in the Fourier
plane between the lenses to select only a subset of the gener-
ated beamlets. By exposing a layer of SU-8 photoresist with
800 nm pulses of a Ti: Sapphire oscillator with four beamlets,
the group was able to fabricate structures with a 2D periodicity
on the writing plane, and homogeneous along the axial direc-
tion, since the axial components of the wave-vector of the four
beams were the same (Figure 5B). More recently, Maibohm
et al. proposed a fixed diffractive optical element (DOE) to split
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Figure 5. A) Optical setup for IL proposed in Ref. [132] DBS: diffractive beam splitter, AA: aperture array. B) SEM micrographs of the structure fabricated
by the four-beam interference. (top) Oblique view, (bottom) top view. Adapted with permission.'2l Copyright 2003, AIP Publishing. C) Representation
of the TPL setup in Ref. [133] The beam, passing through the DOE is split in 9 beamlets (shown in inset). D) Result of the fabrication of scaffolds for
cell growth. The inset shows cells incubated on the microstructures. Reproduced with permission.['*3l under terms of the CC-BY license. Copyright 2020,
The Authors, published by Springer Nature. E) Schematic illustration of a phase mask working, showing the intensity distributions generated by 405
and 810 nm exposure. F) SEM images of 3D structures made with TPL with a phase mask. (top) Large area angled view and top view, (bottom) cross
sectional views at different angles. Panels E and F adapted with permission.[*®l Copyright 2006, Optical Society of America. G) Schematic of the £TM
process, from a master structure made by TPL, molding in PDMS, and casting of replicas from the mold. H) SEM of a master structure for MA-4TM

(top) and resulting replica (bottom). MA-uTM allows replicating structures with closed loops like the coil in figure. Reproduced with permission.l

Copyright 2006, National Academy of Sciences, U.S.A.

the beam into multi-beamlet for parallelized writing on a large
area.3¥ The DOE creates a 3 x 3 pattern of beams with a 50 um
pitch to reduce the fabrication process by 9 times, as sketched
in Figure 5C. With this iteration of IL, the group was able to
fabricate 450 x 450 um continuous arrays for cell scaffolds in
less than an hour (Figure 5D).

Some implementations of multiphoton IL rely on phase
masks3#13] to take advantage of the periodic nature of light
to expose the photoresist in a controlled fashion. Rogers and
coworkers extended the field of IL by proposing proximity-field
nanopatterning/*17l (PnP), in which a 2D relief pattern is real-
ized on the surface of polydimethylsiloxane (PDMS) elastomer.

Adv. Funct. Mater. 2023, 2211773 2211773 (12 Of31)

This replica is pressed on a substrate covered with SU-8 photore-
sist to act as a phase mask, generating a complex 3D interference
pattern to expose the resin (Figure 5E). PnP allowed fabricating
woodpiles and 3D structures (Figure 5F) with sub-micrometric
resolution over an area of 0.25 mm? in a few minutes. An advan-
tage on PnP over conventional multiphoton IL is that the phase
mask can cover a surface as large as a silicon wafer, and the relief
pattern can vary along its surface. This makes PnP a suitable
technique for fabricating periodic or quasi-periodic patterns on
a local scale, but also open the possibility to fabricate structures
that can vary considerably over larger distances scale, given the
possible non-uniformity of the phase mask.[*!
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3.2.4. Master-Based Replica of TPL Structures

Some other parallelization techniques do not rely on struc-
turing physical properties of the impinging beams but exploit
post-processing solutions. One approach, usually referred
as outer-shell fabrication,*® consists in employing TPP
only to define the external layer of a bulk 3D structure, then
to solidify the internal volume of the object with a single-
photon exposure process with a UV lamp. As an example,
Sun and Kawata produced a 3D micro-bull by vector-scanning
only 5% of the voxel required to define the entire volume in
raster-scanning, then solidified the structure under a mer-
cury lamp.P>13% Albeit this required an additional SPA step,
the TPP structure was fabricated in 13 minutes instead of the
three hours required with raster-scan. Another approach that
could increase the throughput of TPL is a soft lithographic
replication technique known as Micro-Transfer Molding!40-141]
(UTM). In ¢TM, an initial master structure or pattern is fabri-
cated via TPP, then flexible PDMS is used to replicate elasto-
meric transfer molds of the master. Subsequently, the PDMS
molds are filled with photoresist, which is photo-crosslinked
with SPA exposure, to obtain several replicas of the original
structure. A schematized representation of the process is
reported in Figure 5G. In principle, the single TPP master
structure can be employed to replicate tens of PDMS molds,
and from each mold, one can expect a dozen of replicas before
the material deformation. PDMS is the material of choice
for the realization of the mold, as it is inexpensive, has good
thermal stability, transparency, chemical resistance, and low
Young modulus, which make it easy to separate the mold
from the master or replicas.*? This technique was used to
replicate a large class of structures, including more complex
geometries with overhangs, undercuts, and high aspect ratio;
however, structures with holes or closed-loop encounter top-
ological limitations and may be impossible to replicate with
conventional yTM. LaFratta et al. proposed a solution to this
problem with membrane-assisted 4TM (MA-¢TM), in which a
thin membrane is created inside each closed-loop during the
master fabrication via TPP."3] In the molding step the mem-
brane prevents the PDMS to form a complete closed-loop,
then the PDMS mold can still be removed from the master
due to its elasticity. As an example, the authors reported the
fabrication of a coil whose master structure had a membrane
in each turn, to allow replicas with closed loops (Figure 5H).
In MA-uTM, the master structure can be fabricated with a
high resolution with TPP, and the replicas can be reproduced
in the same amount of time, independently on the finesse of
the original master, in fact the PDMS mold can host several
master structures that may take hours to fabricate, but when
the mold is completed, it can replicate many copies of the
master in a few minutes. Moreover, the replicas can be rec-
reated with a material different than the original photoresist,
since a wide range of materials can be cast in molds.[**14 The
main disadvantage of this approach consists of its topological
limitation: even MA-uTM cannot replicate porous structures
with several closed loops, like photonic crystals, Cartesian 3D
lattices, or scaffolds for cellular growth.

This section covered some of the strategies exploited in
the field of TPL to increase the fabrication speed or to scale
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the throughput of devices. Each of these techniques has its
own intrinsic advantages and disadvantages, which can range
from increased complexity of the optical system as in IL,
the requirement of higher power of temporal-focusing as in
MLA-based TPL, or the additional steps needed in uTM. It
must be pointed out that these approaches, albeit very dif-
ferent, are not mutually exclusive: indeed, the fabrication of
a single structure can be parallelized with IL or using MLAs
to define a large area master, which could be quickly repro-
duced in a large number with yTM. However, these tech-
niques cannot be employed to fabricate arbitrary geometries:
UTM is limited by the topology of the master structure, MLAs
can reproduce only several copies of the same object, and IL
is limited to periodic patterns which can be repeated on a
larger scale. Although the technologies reviewed in this sec-
tion are clear examples of brilliant strategies for increasing
TPL throughput, they have some limitations, mainly related
to their static mode of operation. Alongside these technolo-
gies, in the next section lithography approaches relying on
holography are discussed. Those techniques can reproduce
arbitrary geometries both in 2D and in 3D by dynamically
changing the phase of the beam wavefront to speed up layer-
by-layer fabrication, or to generate multiple dynamically
controlled foci in the writing plane to parallelize the writing
process.

4. Holographic Two-Photon Direct Laser Writing

Fabrication over large areas, characterized by parallel replica-
tion of microstructures with high accuracy and high speed,
received a leap forward with the technological development of
Digital Micromirror Devices (DMD) or Spatial Light Modula-
tors (SLM). The adoption of these devices, and in particular
their integration in TPL optical setups, allowed to introduce
holography principles in the framework of micro- and nano-
fabrication. This paved the way for a series of applications with
unprecedented efficiency, including parallel writing of multiple
features (multifoci generation) or dynamic phase shaping to
control the beam focus properties. This in turn determined
an improvement in the throughput and parallelization of TPL
processes, which became a step closer to being considered as a
viable mass-production technique.

A small clarification is due with respect to a possible lex-
ical ambiguity: the expression Holographic Lithography is
often considered a synonym for Interference Lithography, an
approach, described in Section 3.2.3, whereby two or more
beams are made to interfere, exploiting complex interference
patterns focused on the writing plane to polymerize periodic
structures. In the following, instead, holographic two-photon
lithography (HoloTPL) is intended as the process to reconstruct
a pre-determined wavefront within the photoresist to provide
advanced control of the fabrication process. Next paragraphs
will first describe the basic principles of holography and its
integration with TPL which relies on Computer Generated Hol-
ograms (CGH). Then we will focus on two distinct implemen-
tations of HoloTPL: multifoci generation and focused beam
shaping, this latter both in terms of proper 3D structuring and
strategies to mitigate optical aberrations.
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4.1. General Aspects and Theoretical Overview

Holography was introduced by Gabor!™l in 1948, for which he
was awarded the Nobel Prize in 1971. It refers to the possibility
to record not only the intensity distribution of light diffracted
by an object but also to retrieve the phase distribution of the
scattered light, thus recording the complete wave field. This is
obtained through the interference between the light scattered by
the object upon illumination from a coherent monochromatic
source (the object wave) and a reference plane wave (or spher-
ical wave) from the same source. The interference between
the object and reference wave will result in a pattern, called
“hologram”, that shows no resemblance with the real object
but that encodes both the amplitude and phase of the object
wave, which can be recorder and reproduced, for instance,
on the active area of a modulation device. The power of this
strategy relies on the possibility to regenerate the object by illu-
minating the hologram with the reference wave. This property
determined an outstanding interest from the scientific commu-
nity spanning biotechnology,*! neuroscience, ¥ fiber-optics
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technology,™® metasurfaces,"°? and data storage,®? just to
mention a few.

4.1.1. Wavefront Retrieval Methods

Many wavefront reconstruction methods have been proposed,
modified, and optimized in the last decades,™ with the most
relevant for this work being the in-line Gabor hologram, the
off-axis Leith-Upatnieks hologram,>>"] and the Fourier hol-
ograms.’¥1%% To outline the general idea behind wavefront
reconstruction a simplified theoretical description of the in-line
holograms will be given, thanks to the easiness of the method.
With reference to the simplified optical arrangement in
Figure 6A, the object is illuminated by a coherent monochro-
matic source along an axis normal to the detection plate. The
light arriving on the detector is composed of two terms, the
first one being the directly transmitted light (reference wave),
treated as a uniform amplitude and phase distribution over
the detector area, with constant complex amplitude that can be
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Figure 6. A) In-line wavefront retrieval method originally proposed by Gabor.®l (top) Hologram generation, the source, object, and detector for the
recording of the hologram are all in a line. (bottom) Object reconstruction. B) Flowchart-like layout of the GS algorithm to evaluate the corresponding
CGH from the target intensity distribution. The SLM plane and the writing plane calculations are separated by Fourier and inverse Fourier transforms.
C) Devices employed to impose a modulation on the impinging wavefront: DMD (top, adapted from Ref. [179]) and SLM (bottom, adapted from
Ref. [180]). D) Schematic representation of a typical optical setup employed in HoloTPL: the beam of the Ti: Sapphire laser is enlarged through a beam
expander to fill the active surface of the modulator (a SLM in the figure) fed with the CGH, the light reflected by the modulator is relayed by a 4f-system
on the back focal plane of the objective lens, to expose the photoresist with an intensity distribution determined by the target intensity pattern.
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written as a real constant . The second one is instead the scat-
tered wave caused by the object, with complex amplitude o(x,y)
with |o(x,y)| << r. The intensity on the detector plane is obtained
by the sum of the complex amplitudes:

I(x,y) :|r+o(x,y)|2 =r’ +|o(x,y)|2 +r0(x,y)+10" (x,y) (10)

with 0*(x,y) being the complex conjugate of o(x,y). Let the
recorded transmittance be a linear function of the intensity I,
for simplicity, of the type:

t=t, + BTl (11)

with t, a constant background transmittance, T the exposure
time, 3 a parameter related to the detector characteristics. From
Equation 10 the hologram can be obtained as:

t(x,y)=to + BT [rz +|o(x,y)|2 +710(x,y)+r0" (xy)} (12)

If this hologram is replaced in the same position as the
detector, illuminating it with the same monochromatic beam
used for the original recording with complex amplitude r, it is
indeed possible to reconstruct the original o(x,y). At any point,
the complex amplitude of the beam after the hologram will be:

u(x,y)z rt(x,y)

=r(to + BTr*) +/3Tr|o(x,y)|2 +BTr’o(x,y)+ BTrio" (x,y) (13)

The first term is an attenuated plane wave (the transmitted
beam), the second term can be neglected since |o(x,y)| << r, the
third term STr?0(x,y) = const-o(x,y) is identical to the original
o(x,y) multiplied by a constant factor and it reconstructs an
image in the same place where the original object was, while
the fourth term resembles the original one but with an oppo-
site curvature, and it forms a real image (the conjugate image)
at the same distance from the hologram. This reconstruction
approach implies many drawbacks: first, the in-line observer
will simultaneously observe the reconstructed image, the out-
of-focus conjugated image, and a strong background from the
source; second, the object needs to have a high transmittance to
neglect the second term in Equation 13. Nevertheless, this sim-
plified description allows to introduce the basic idea underlying
holography.

Other wavefront retrieval approaches have been introduced
shortly after to address the drawbacks of the in-line method.
Leith and Upatnieks!"*! introduced the off-axis method,
which separated the image and the conjugated one by using
a separate reference beam obtained from the same source,
incident on the detector with a certain offset angle. For offset
angles large enough, the transmitted beam, and the real and
the virtual images that form after hologram illumination are
not overlapped. The possibility to separate the three contribu-
tions acquires particular relevance in the context of this review,
thanks to the adaptation of these principles also to reflection
applications and the isolation of just the image contribution on
the focal plane. Another interesting wavefront retrieval strategy
is represented by the Fourier holograms by Vander Lugt,['>*160]
in which the Fourier transform of the complex amplitudes
of the original and reference waves interfere. This method,
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suitable for objects that lies on a single plane or with reduced
thickness, can reconstruct the image by conjugating the holo-
gram with the back focal plane of the objective lens. Fourier
holograms have the property that the reconstructed image does
not shift for translation of the hologram in its plane. Fourier
holograms are the concept behind CGHs, discussed in the next
section, and are regarded as the wavefront retrieval method that
plays the most important role in lithography applications.

4.1.2. Computer-Generated Holograms

It was almost twenty years after Gabor’s work that one of the
milestones for the use of holography in lithography was laid
by Brown and Lohmann in 1966, with the first examples of
CGHs.® CGHs benefit from the outstanding property by
which the object for which a hologram is going to be generated
does not even need to exist. Historically CGHs were introduced
in the context of spatial filtering of signals (see ref. [162] for a
historical review of CGH), and then they had important appli-
cations in other fields, including TPL by virtue of the freedom
given to the user to polymerize arbitrary geometries.

The term CGH encapsulates a number of mathematical
techniques for the digital generation of holograms, which
can consequently be reproduced on a modulation device. The
mathematical tool behind CGHs is the Fourier transform, in
both one and two dimensions, and its numerical implemen-
tation, which is referred to by Fast Fourier Transform (FFT)
algorithms. For a formally rigorous mathematical discussion of
the discrete Fourier transform and FFT, see Ref. [163] CGHs
can be classified on the basis of FFT discretization into point-
oriented and cell-oriented ones. In the first category, each pixel
is considered substructure-free and uniform, and each point
in the computed hologram is transformed into the value of a
single pixel. In the second class, on the contrary, the structure
of each pixel may not be uniform and in some way may con-
trol the phase and amplitude. Modern algorithms, designed
to optimize the computational load for CGH generation, are
generally referred to by the term Iterative Fourier Transform
Algorithm (IFTA) and aim to reduce the difference between
the target intensity distribution and the one generated on the
focal plane as a result of reflection on the hologram. IFTAs
were initially proposed by Gerchbert and Saxton['*4 (GS). The
iterative procedure provided in IFTAs aims to convert a certain
intensity distribution received as input Iy(x,y) into a prede-
fined target intensity distribution I ge(x1,y;), Where (x;,y;) are
the Cartesian coordinates of the calculation grid in the writing
plane. Using the GS algorithm as an example of the procedure,
with reference to the schematic in Figure 6B, a phase distribu-
tion is randomly assigned to the object y(x,y) = yy(x,y). Then,
this phase distribution is combined with the amplitude of the
incident light E;, = A, ¢ = /I, ¢ and an initial FFT operation
is performed obtaining E,., = F[E;,|= A, €% (F denotes the
Fourier transform operation). Consequently, by replacing the
resulting amplitude from the FFT with one of the target inten-
sity distributions a new light field G= ATargelei"’°“‘ = arget Vo
is obtained. At this point, the latter will be used to evaluate a
given merit function, which characterizes the convergence and
accuracy of the algorithm. If after some interaction this merit
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function shows no improvement, the phase distribution at the
input will be used to generate the CGH, otherwise, the phase
information will be retained and the amplitude will again be
replaced with that of the incident light to initiate a subsequent
iteration until the merit function will show convergence. This
merit function can be defined in different manners and can
be, for example,['%l the root mean square deviation AI between
the intensity at the i-th iteration, I(x.y;), and that of target

ITarget(xerI):

Al = ”(I'rarget (x17Y1)— I; (x17Y1))2 dxlle
”I%arget (xl Y1 )dxldY1

(14)

Although GS algorithms are the most widely used, finding
applications in fields such as imaging,'®! encryption,'¥”] and
optical tweezers,1981%] there has been no lack of strategies
over the years to improve and optimize CGH extraction. These
include the Simulated Annealing algorithm,["%) among the first
to be introduced but also to be somewhat sidelined due to the
fact that the algorithm might in principle require an infinite
number of iterations. Another example is the Adaptive Additive
(AA) algorithm, 7272l in which, after the evaluation of the merit
function, the amplitude computed by FFT is replaced with a
weighted amplitude of the previous iteration and the target one,
given by A= [aA,-,l +(1- a)Amget], where a represents a certain
mixing ratio (if @ = 1, the AA algorithm becomes the GS one).
Finally, let us mention the Mixed Region Amplitude Freedom
(MRAF) algorithm:[7374 it offers better accuracy than the GS
by acting on the initial choice of the phase distribution, which
instead of being random is composed of the combination of a
linear gradient and a conical gradient, to ensure the absence of
so-called optical vortices (points characterized by singularities
in the phase distribution and with zero intensity). Other algo-
rithms, for example, the Optimal Rotation Angle (ORA) algo-
rithm,[7>170] are called direct Fourier methods, because they do
not include IFFT operations.

4.1.3. Optical System Implementation

HoloTPL provides that a CGH can be reproduced on the active
area of a modulation device to take advantage of the possibility
of reproducing a user-determined intensity distribution on
the writing plane from an incident light intensity distribution
(uniform plane wave or Gaussian). Here the technological prin-
ciples on which these devices are built will be concisely intro-
duced and the arrangements used for their integration into a
HoloTPL setup will be briefly outlined.

Two wavefront shaping devices are mainly employed: i) dig-
ital micromirror devices (DMDs) are micro-opto-mechanical
systems consisting of an array of several hundreds of micromir-
rors (pixels) which can be rotated at a specific angle, locally mod-
ifying the reflection of the impinging beam, hence attaining an
on/off optical state for each pixel; ii) spatial light modulators
(SLMs), which instead can spatially shape phase and/or inten-
sity of a light beam by relying on different technologies, such as
deformable micromirrors (DMM), piston-like MEMS systems,
or nematic liquid crystal (LC). The two devices are schematized
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in Figure 6C. Turtaev et al. compared the performances of the
two different classes of devices in light modulation:”) DMDs
offered several orders of magnitude faster modulation rates and
overall beam-shaping fidelity, while SLMs gave a better modula-
tion depth, diffraction efficiency, and, overall, power efficiency.
Based on these considerations, there is not an evident reason
to choose one technology over the other, with both offering dis-
tinct advantages and drawbacks. DMDs are also less prone to
loss channels like pixel crosstalk, which instead can affect LC-
SLMs and require proper optimization of the CGH to compen-
sate for it, as discussed by Engstrom et al. in Ref. [178].

The integration of these devices in a TPL setup follows some
general principles, while the adoption of particular details is
guided by the specific application. In general, the modulation
device imposes a spatial distribution of amplitude and/or phase
through a CGH impressed on its surface. The modulation
device needs to be placed before the objective lens to modulate
the beam and to be optically conjugated to its back focal plane.
A representative optical path and its routing are shown in
Figure 6D: i) to ensure a good modulation, the impinging beam
should cover an active area of the modulation device as large
as possible, and for this reason, the beam is typically expanded
by a magnifying relay lens arrangement before the device.
ii) The DMD or SLM is placed in the optical setup to ensure
that a small angle is formed between the impinging beam and
the reflected beam, typically less than 10°, while transmissive
devices can be placed in an inline arrangement. iii) The optical
plane of the modulation device needs to be conjugated with the
objective’s back aperture, and this is typically obtained by a 4f
lenses arrangement configuration that de-magnify the beam to
also match the size of the active area of the modulating device
with that of the objective entrance pupil, and iv) a blocking
element, like a pinhole, is inserted at the Fourier plane of the
modulation device to remove the unmodulated zeroth order
diffraction.

HoloTPL can also be combined with translation stages to
move the sample during the patterning process, or with a gal-
vanometric mirrors pair to scan the projected image. In this
latter case, however, larger galvo mirrors are required to host
the larger modulated beam, increasing the distance between
them, and therefore compromising their virtual conjugation
and resulting in a strong vignetting of the writing field of view.
To account for the problem, recently Pisanello et al.”® imple-
mented a HoloTPL custom setup that takes advantage of a
third galvo mirror, adapting the design proposed by Sofroniew
et al.'® in the context of two-photon imaging. The role of the
third mirror is to compensate for the beam displacement that
compromises the virtual conjugation between the two principal
mirrors, obtaining a marked reduction of the vignetting effect,
with an overall improvement of a factor =2 of the writing field
of view.

By virtue of the modulation device capabilities, the optical
setups here described can be dynamically adapted to a series
of applications that address different limiting factors of clas-
sical TPL, including parallel polymerization of multiple struc-
tures, complex shaping of the laser focus, and compensation
for optical aberrations. These features can be obtained thanks
to the possibility of feeding the modulation devices with proper
CGHs.
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4.2. Phase Modulation for Multifocal Parallel Writing

In multifocal parallel writing, modulation devices produce
a partitioning of the incident beam in an engineerable and
dynamically reconfigurable fashion, generating arrays of foci in
the writing plane, and exploiting a diffractive pattern-based hol-
ogram. The use of this technique must ensure control over two
factors: i) the laser power incident on the modulation device
must be high enough for all individual foci to effectively polym-
erize the corresponding voxel, and ii) the modulated wave-
field must have high uniformity to avoid uneven voxels sizes
or mechanical properties of the resulting patterns.2 This is
usually addressed by software optimization in the calculation
of CGHs, but additional hardware optimization can be also
employed.['®3] Despite a series of static modulation approaches
to parallelize the TPL that have been described in Section 3.2,
multifoci-HoloTPL provides the possibility to individually con-
trol the motion and intensity of each focus in the array, instead

Multifocal parallel writing
Scanning
trajectory

Two foci

Snapshot
Single focus
Three foci

SEM
micrograph

of producing an array with a fixed geometrical arrangement of
the relative positions of the foci. Together with the possibility
to create multiple replicas of a structure, this approach allows
to have multiple voxels contributing to the writing of single
pattern.

The multifocal parallel writing was introduced in 2008 by
Takahashi et al.'® who, utilizing an ORA algorithm to pro-
duce the hologram in Figure 7A, demonstrated the generation
of 10 diffracted spots from a single laser beam reflected by an
LC-SLM (Figure 7B). Here, the SLM projects a static image onto
the writing plane while multiple linear structures are polymer-
ized in parallel through sample movement by means of a 3D
motorized stage. Multifoci-HoloTPL allows arbitrary arrange-
ment of foci, which can be organized into rectangular™® or
hexagonal arrays,!®! leading to a high degree of paralleliza-
tion. An example is in the work of Hasegawa et al.["® in
which simultaneous processing using more than a thousand
beams (Figure 7C) was shown (the maximum was 1189 beams

D Motion of the
projected pattern

— m > O F?i
I |<on| | T g
b Z o> =

Scanning direction of the stage

-

Figure 7. A) CGH employed to generate ten foci (top) and the corresponding intensity distribution in the writing plane (bottom). B) SEM images of
ten linear structures with four thick supports fabricated with HoloTPL. Panels A and B adapted with permission."®l Copyright 2008, Optical Society
of America. C) Massively parallel fabrication of microstructures employing over 1000 CGH-generated foci. The processing was performed with five
pulse shots with gradually increasing average pulse energy. Reproduced with permission.['®”l Copyright 2016, Optical Society of America. D) SEM
micrographs of sinusoidal structures fabricated with one, three, and six foci at phase shifts of 120° or 60°, respectively. Reproduced with permis-
sion.['38 Copyright 2010, Optical Society of America. € 3D woodpile structures fabricated with one, two, or three individually addressed foci (left,
center, and right respectively). (top) Calculations of the laser scanning trajectories, each color represents a different focus, (middle) snapshots of
the fabrication process, (bottom) SEM micrographs of the fabricated structures. Reproduced with permission.® under terms of the CC-BY license.
Copyright 2019, The Authors, published by Springer Nature. F) Fabrication of a 3D dodecahedron with 5 independent foci. (top) SEM micrographs
of the polymerized 3D structure. (bottom) Sequence of brightfield images of the fabrication process. Adapted with permission."? Copyright 2014,
Optical Society of America.
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arranged in a hexagonal structure). This work is an example
of the importance that the aforementioned point (ii) can have
when large parallelization is implemented: such a high number
of simultaneous foci required special CGH retrieval optimi-
zations to account for the inhomogeneity introduced by the
optical system.

In 2010 Chichkov’s group!®®® proposed the combination of a
series of CGHs supplied to an SLM with a given refresh rate to
dynamically control the position of the individual spots during
the patterning process, expanding the possibilities offered by
the previous work. This was combined with the synchronous
movement of a translation stage to realize asymmetrical 2D
structures (Figure 7D). 3D geometries were achieved by repeti-
tion of the process in different planes (the transition from one
plane to the next is enabled by an additional translation stage).

Independent multifoci control in HoloTPL, therefore, allows
for a high degree of freedom for the user, allowing to write
almost any type of shape at an increased speed factor equal to
the number of employed foci. For instance Ritschdorff et al.l1]
demonstrated simultaneous control over the rastering trajectory
of two foci in a 2D plane by a DMD along asymmetrical tra-
jectories, Geng et al."”" used a DMD to independently control
3 foci to make complex woodpile structures (Figure 7E), Papa-
zoglou et al. realized complex 3D hollow structures,™! while
Vizsnyiczai et al.®?l used a modified version of the weighted
GS algorithm to check the 3D position of 5 foci simultane-
ously, reporting the fabrication of a nested set of dodecahedron
frames of decreasing size, each independently cured by the
single foci (Figure 7F).

4.3. Phase Modulation for Focus Beam Shaping

Another peculiar possibility offered by the conjunction of TPL
and holographic methods lies in the ability of controlling the
morphology of the focused voxel so that geometries that differ
from the ellipsoidal shape returned by classical TPL (Sec-
tion 2.1) can be polymerized with a single exposure. The holo-
graphic techniques that enable this possibility are referred to
as “beam shaping techniques”. In this section, applications of
these strategies will be analyzed in two contexts: i) focal field
engineered TPL, consisting in 3D modulation of the inten-
sity distribution to pattern extended structures, far beyond
the dimension of the single spot, ii) beam conditioned TPL,
exploiting holography for compensating optical aberrations
introduced by the optical system.

4.3.1. Focal Field Engineered HoloTPL

CGHs allow to predetermine an intensity distribution in the
writing plane and generate the corresponding hologram. This
possibility has been widely used in application fields ranging
from microfluidics to the fabrication of optical waveguides in
transparent materials. There is no shortage of examples of the
use of these techniques in the field of HoloTPL as well, with sev-
eral reports of different Focal Field Engineering (FFE) strategies.

As a demonstration of the versatility of the technology, Yang
et al. showed TPP with a single exposure of different arbitrary
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patterns,1l such as letters and geometric shapes. Subsequent
optimizations by Zhang et al. (2014)°4 proposed a multi-CGH
exposure by 20 CGHs calculated through GS algorithm, and
then Zhang et al. (2016)/"4 proposed the use of the MRAF algo-
rithm instead of the GS algorithm (Figure 8A), resulting in sig-
nificant improvements in the quality of single-exposure polym-
erization, especially in terms of surface quality and reduced
influence from speckle patterns, but at the expense of process
efficiency, with the fraction of energy used by the GS algorithm
hovering ~65% and that of the MRAF dropping to =4%.

One area of interest is to fabricate hollow cylindrical™! or
polygonized® structures by means of FFE strategies. This can
be done through CGHs reproducing annular Fresnel lenses,
obtained by translation or rotation of a hologram reproducing
a Fresnel lens around a fixed point, usually tangent to the
lens. This allows target hollow structures to be generated by
offering rapid control over their size with a single exposure. In
many cases, there may be a need to fabricate structures with
high aspect ratios, well beyond the axial extent of the polym-
erization voxel. For this reason, several studies have focused
on the use of Bessel beams!! to engineer the focal field.
Bessel beams are waves whose amplitude can be described
by a Bessel function. Their main characteristic is their non-
diffractive nature, allowing their propagation without diverging
after being focused in small volumes. In addition, they are
considered self-healing beams, as they can regenerate even if
partially obstructed at one point. From the CGH point of view,
Bessel beams can be obtained through a phase pattern of the
type:198199)

i2zr

T,(r,0)=¢" ¢ " (15)

in which two terms can be identified: the first controls the azi-
muthal phase, while the second generates a first-order Bessel
function. r and ¢ are the transverse and polar coordinates,
respectively, n is the order of the Bessel function, and ry is a
constant parameter. Generally, a diffractive grating is combined
with this to separate the Bessel beam from the zero-order dif-
fraction. In this way, it is possible to generate annular patterns
that are cured by a single exposure with an axial dimension in
the order of microns or tens of microns, enabling voxel aspect
ratios larger than 40,2%0 while preserving the typical lateral
resolution of TPL, on the order of a few hundred to sub-100
nanometers.'*>201 Yang et al.l?%2l have proposed superposition
of Bessel beams of different +n order as an alternative strategy
for generating multiple foci (Figure 8B, top), through a phase
pattern that resembles the one in Equation 15 with an addi-
tional factor:

i2mr

Tin (T’,e) = ei"e . eiT . eino(q)'/A (16)

The hologram is formed by concentric rings with azimuthal
modulation and the additional term depends on A, which rep-
resents the width of such rings. By dynamically controlling the
separation and rotation angle of the foci as they move along the
axial direction, complex 3D patterns can be realized (Figure 8B,
bottom). The strategies described above contribute signifi-
cantly to reducing the time required by the fabrication of such
structures compared to traditional TPL, which would require
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Focal field engineered HoloTPL
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Figure 8. A) Generation of a flat-top intensity distribution with CGH evaluated with different algorithms: GS (top-left) and MRAF (top right). (center)
SEM images of rectangles fabricated by MRAF-evaluated CGH, with mixing ratio value from 1.0 (left, corresponding to a GS algorithm) to 0.5 (right).
The surface quality improves when the M value decreases. (bottom) SEM images of polymerized numbers (left) or letters (right). Reproduced with
permission.[”4 under terms of the CC-BY license. Copyright 2016, The Authors, published by Springer Nature. B) (top) Generation of superposed Bessel
beams by alternatively imprinting holograms of opposite-order Bessel beams (left and center) to generate a composite hologram (right). (center)
Intensity distributions in the XY and XZ planes of a superposed Bessel beam. (bottom) Flower-like microstructure fabricated by dynamically control-
ling the pattern in the focal plane. Reproduced with permission.[22l Copyright 2017, Optical Society of America. C) Simulated and measured intensity
distribution on the XY plane generated by femtosecond optical vortices with topological charge [ =4 (top) and =20 (bottom), and corresponding SEM
micrographs of the polymerized structures. The intensity distribution changes depending on fold number m and modulation depth ¢. Reproduced
with permission.?9%l Copyright 2017, AIP Publishing. D) (top-left) Focusing of a laser beam into a photoresist on a glass slide with a high NA objective.
This standard writing configuration introduces a refractive index mismatch, and spherical aberrations (SA) with consequent distortion of the voxel.
(top-right) Phase-shifting hologram employed to mitigate the spherical aberrations. (bottom) Comparison of line thickness values as a function of the
position over the glass from uncorrected lines and SA-corrected lines. Reproduced with permission.?'% under terms of the CC-BY license. Copyright
2017, The Authors, published by MDPI. E) Generation of a compensation CGH to compensate for the distortion induced by the SLM screen. (top)
Interferogram on the aperture of the SLM, the calculated correcting hologram, and the measured interferogram with the correcting hologram displayed
on the SLM. (bottom) Comparison between test structures fabricated with non-corrected and corrected SLM. Reproduced with permission.?"l under
terms of the CC-BY license. Copyright 2011, The Authors, published by Optica Publishing Group. F) Distortion correction on a DMD. (top-left) Distorted
wavefront measured at three different locations in the DMD, (top-right) large area fabrication without the correction method, and (bottom) results of
the same fabrication with the correction method. Reproduced with permission.[?'®l Copyright 2021, Optical Society of America under the terms of the
OSA Open Access Publishing Agreement.

scanning a single spot along a circular, axially repeated trajec-
tory, consequently increasing throughput. In addition, by virtue
of the flexibility given by the generation of CGHs, these holo-
grams can be combined with the diffractive patterns associated
with multiple foci generation, so that the advantages of both
strategies are combined, while still considering the two basic
principles introduced in Section 4.2.

A latest FFE approach consists in controlling the Orbital
Angular Momentum (OAM) to obtain optical vortex beams
which allow real 3D structuring of the voxel. Indeed, this
allows obtaining different axial sections of the voxel similar
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but non-homothetic, with a greater number of parameters
that can be controlled with respect to Bessel beams/?%l
(topological charge I, fold number m, modulation depth ),
resulting in greater engineering freedom over the struc-
turing of the focus (Figure 8C). The use of optical vortices
has been shown to be particularly convenient in fabricating
chiral structures, such as double helices,2°*2%l and complex
designs with multiple folds.[203206] Other examples of FFE
allowed to obtain complex extended 3D intensity distribution
on the writing plane, even without any similarities between
different axial sections.2%]
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4.3.2. Mitigation of Optical Aberrations with HoloTPL

In general, the performance of any optical system can be lim-
ited by aberrations introduced by the optical elements on the
path, and TPL is not an exception. In high-resolution TPL,
high-NA objectives introduce complicated contributions to
focal asymmetry,?%! while if low-NA lenses are employed axial
elongation of the voxel is observed, resulting in a pronounced
asymmetry with respect to the transverse direction. In addition,
the standard writing configuration involving the use of an oil-
immersion objective, a glass slide, and then the resist easily
introduces a refractive index mismatch, which results in axial
asymmetry of the voxel and severe in-plane asymmetry due to
spherical aberration.[?] In this context, the use of a modulation
device comes in handy, allowing the introduction of spherical
phase modulation that is used to pre-compensate for the spher-
ical aberration introduced by the system!?!%-212] (Figure 8D). The
axial asymmetry with respect to the transverse direction of the
voxel contributes to enlarging the smallest achievable feature
size, and HoloTPL can significantly reduce this asymmetry by
introducing shaping of the beam using focus field engineering
techniques. These allow a nearly spherical voxel to be realized
while compensating for spherical aberrations by combining a
CGH for spherical phase modulation with a slit-shaped mask
on the active area of a modulating device.[208:213]

Despite the clear contribution made by modulation devices
in reducing these aberrations and asymmetries, the modula-
tion device itself can be a source of aberrations, as shown by
Kelemen et al.?™l (Figure 8E) who studied the surface distor-
tion induced by an SLM on the wavefront and proposed a cor-
rection strategy, which consists in generating a compensation
CGH, calculated starting from the interferogram measured at
the SLM surface. HoloTPL may suffer from spatial dispersion
of wavelengths due to the diffractive effect of the SLM on the
incident beam, especially when femtosecond pulses with wide
bandwidth are used. This leads to the onset of chromatic dis-
persion that further elongates the voxel in the axial direction,
which becomes more pronounced for shorter pulses. This
effect can be compensated, for example, by using a second
SLMs introducing symmetric wavelength-dependent angular
separation.l?’! Most of the compensation methods described so
far aim for global average correction over the entire workspace,
although aberrations related to modulation devices are typically
local in nature and not uniform over the active area. Through a
local correction, obtained by evaluating the distortion induced
by separate subregions of a DMD, Ren et al.?'®l achieved effi-
cient voxel optimization and uniformity over the fabrication
FOV, resulting in aberration-free large-area stitch-free 3D
structures with total dimensions of hundreds of micrometers
(Figure 8F).

Optical aberration mitigation strategies are critical when
HoloTPL is used at the limits of its resolution. However, for the
time being, many of the studies available in literature set out to
study new manufacturing strategies without taking these fac-
tors into account, as HoloTPL is still going through a period
of intense research and development, having been introduced
just over a decade ago. Salter and Booth?"] recently offered a
comprehensive review of the use of modulation devices in laser
processing, not limited only to HoloTPL, providing an extensive
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overview of the optical aberration mitigation strategies in dif-
ferent contexts.

5. Applications of HoloTPL

The previous section describes how HoloTPL enabled the devel-
opment of a variety of strategies aimed at increasing throughput
and, more in general, engineering degrees of freedom in TPL.
Parallelization strategies through replication of multiple foci,
combined with the usual scanning techniques (galvanometric
mirrors, motorized stages) allowed simultaneous polymeriza-
tion of dozens of structures; FFE beam shaping, alternately,
made it possible to obtain extended structures with complex
3D geometries with a single exposure. The flexibility offered
by HoloTPL allows the two approaches to be combined to rep-
licate complex structures simultaneously, without the need to
use scanning techniques. The scientific community has thus
made use of the tools described in Section 4 in a multitude
of different fields, ranging (but not limited) from optics, and
photonics, through microfluidics, cell biology applications, and
micromachines. Below, a series of papers, divided by research
topic, that have taken advantage of the remarkable capabilities
of HoloTPL are reported.

5.1. HoloTPL in Microfluidics

Microfluidics and lab-on-chip systems are employed in many
application fields, spanning from physics and biology to medi-
cine and pharmaceutics, exploiting the advantage of small
dimensions, minimized reagent consumption, and offering the
possibility to integrate microdevices to achieve additional func-
tionalities such as particle sorting and cell filtering.*'®! In this
context, HoloTPL can be a more versatile technique than UV
Lithography and Nanoimprinting Lithography, as it does not
require additional masks or molds. If compared with conven-
tional TPL, in particular cases it can result in an increased pro-
cess speed: if patterns are composed by simple 2D elements,
HoloTPL based on FFE does not require a point-by-point scan-
ning strategy to realize them, while even if complex 3D struc-
tures must be fabricated, the multifoci approach allows to use
a point-by-point scanning strategy in parallel over multiple
patterns.

Most HoloTPL applications in the field of microfluidics aim
at the realization of particle and cell sorting/filtering!?!%220l
structures, which are of great importance for cell sequencing,
drug screening, and purification of bio-samples. One of the
first implementations of HoloTPL in this aspect was proposed
by Zhang et al.74 in 2016. In the work, the authors exploited
FFE with an MRAF-based CGH to fabricate a large-area array
(5000 x 170 pum) of V-shaped grooves into the microfluidic
channel for SiO, particles capture and separation, in a fabrica-
tion time shorter than 10 s.

A work by Xu et al. (2016), reported in Figure 9A, proposes
the use of an SLM to generate five or seven foci scanning to fab-
ricate a barrier with micro-holes (spanning from =3 to 13 um
diameter) in a Y-shaped microchannel to filter breast cancer
cells, reducing the fabrication time from 75 to 15 min.[?2l
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Figure 9. A) (left) Schematic representation of a microfilter fabricated with five foci. (bottom) SEM micrograph of the corresponding microfilter inside
the microfluidic channel. (right) Snapshot sequence showing a 2.8 um particle passing through the microfilter easily, while larger particles are blocked.
Adapted with permission.?2l under terms of the CC-BY license. Copyright 2016, The Authors, published by Springer Nature. B) (left) Sketch of the
arch-like particle sorter and its integration in the microchannel. (center) Schematic of the band-capture sorting mode: the larger particles bypass the
sorter, smaller ones pass through the sorter, while the median particles are captured in the polymeric structure. (right) SEM micrograph of the final
sorter for 5 um particle, and optical image of the sorter immersed in water. Adapted with permission.??2 Copyright 2017, Optical Society of America.
C) (top) Sketch of the square intensity distribution scanned in the focal plane. (bottom) SEM image of a particle trapper fabricated with different
patterned foci, marked in red, yellow, and green. (right) Example of structure in which the square pillars are fabricated with a square patterned focus,
while the finer structures (shown in the inset) are fabricated with conventional TPL for better accuracy. Reproduced with permission.??l Copyright
2020, Optical Society of America. D) (left) Sketch describing the fabrication of the microfilters inside the needle of a syringe. The Inset shows the CGH
on the SLM plane, the intensity distribution on the writing plane, and the fabrication of the micro-cylinders with the resulting Bessel beams. (right)
SEM micrographs of different patterns fabricated inside the syringe needle. Adapted with permission.?28! Copyright 2019, Optical Society of America.

Concerning particle sorting, Xu et al. (2017)1222 proposed a
novel architecture to perform multi-modal sorting, consisting
of an arch-like shape with different filter sizing, fabricated in a
Y-channel (Figure 9B). The authors employed an SLM fed with
GS-evaluated CGHs to generate 5 foci in the writing plane to
parallelize the writing of the arch structure. The fabrication
time of the entire device was about 30 min, much shorter than
conventional single femtosecond laser polymerization. Hol-
oTPL was also employed to integrate pH-sensitive arrays of
micro-cylinders into a microfluidic channel to fabricate a par-
ticle trap device that exploits passive hydrodynamics forces.[??3]
The micro-cylinders, which can swell or shrink depending on
the pH in a quick response, were fabricated by generating a
Bessel beam with an SLM and exposing SU-8 2025 photoresist.
The use of HoloTPL allowed an increase in fabrication speed of
~10? times. In many implementations of HoloTPL, structured
beams are only employed to fabricate the microstructures,
while the channel itself is fabricated beforehand using more
conventional techniques, such as mask-based UV lithography.
In a recent work by Zhang et al.,??!l an SLM was employed to
generate several, tightly spaced multifoci, to create a square
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flat-top intensity distribution on the writing plane, which can be
scanned using a translational stage to define the external walls
of the microfluidic channel. The microstructuring of the inner-
channel region was carried out by generating intensity distribu-
tions with different shapes, or by employing a reduced number
of foci for the realization of finer structures (Figure 9C). The
authors reported a fabrication efficiency higher than =20 times
for the fabrication of the channel, and =23 times for the micro-
fluidic filter, moreover these values could be further improved
by using a laser source with higher power. The Sugioka group
proposed a hybrid TPL / HoloTPL method:??! the authors
exploited an approach similar to the previously discussed work
to holographically generate a 10 x 10 um flat-top intensity dis-
tribution, to fabricate a microchannel structure with a relatively
low precision in a short time, then they employed conventional
TPL to fabricate small, bracket-shaped particle traps in the inner
region of the channel with a higher precision. With this com-
bination, a 100% particle-trapping retention rate was achieved,
while simultaneously reducing the fabrication time from 17
to 1 h. A non-conventional application is reported in the work
of Ji et al.,?2%l in which HoloTPL was employed to fabricate a
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microtube array for particle separation in a syringe needle, a
solution which was referred to as lab-in-a-needle concept device
(Figure 9D). The authors modulated a Gaussian beam into a
ring Bessel beam using an SLM loaded with Bessel CGHs, to
fabricate an array of micro-cylinders with diameters ranging
from 1 to 10 pum, in a processing time of 4 min. In the proof-
of-concept experiment, a 0.5 mL mixture of 2.5 and 20 um
SiO, microspheres was filtered by the microstructured needle,
resulting in 0.05 mL of monodisperse filtrate containing only
2.5 um particles.

5.2. HoloTPL in Scaffolds for Cells Culture

Conventional TPL has found wide use in the fabrication of pol-
ymeric scaffolds for cell culture, which provides the structural
support for cell attachment, subsequent tissue development,
and study of migration properties of both healthy and tumo-
rigenic cells.?”?%8] In this context, a large number of samples
is essential for interfacing with the correct number of cultured
cells relevant for clinical applications, or to build sufficient sta-
tistics for confirming or rejecting research hypotheses.
HoloTPL allows speeding up the fabrication through the
exploitation of multifoci to write different parts of a single struc-
ture in parallel, or to define peculiar geometries through FFE
or the use of special beams. Zandrini et al.??%! employed Hol-
oTPL to fabricate biocompatible scaffolds for stem cell growth,
defined as nichoids, using 6 foci generated with GS-evaluated
CGHs. With this multifoci approach it was possible to fabricate
a 5 x 5 array of nichoids in just 38 s. Moreover, the authors
showed that cell adhesion and proliferation are not affected
by the different mechanical properties of nichoids fabricated
with a single or multiple foci. Another HoloTPL approach, pro-
posed by J. Chu’s group,2*” exploited dynamic multifoci to fab-
ricate arrays of pH-sensitive microcages for particle trapping,
as well as scaffolds for Hela cells which can be loaded with
drugs for test treatment. The pH-sensitive scaffolds, reported

www.afm-journal.de

in Figure 10A, were fabricated with six foci arranged in a hexag-
onal geometry, and a 14 um inscribed circle, which can extend
to 27 um in the culture medium to provide enough space for
cell settlement. The cellular growth and migration processes
were observed as a function of the pH of the culture medium,
which causes the scaffold to shrink or expand reversibly.

Special beams were also employed to quickly fabricate scaf-
folds that meet specific structural needs. Ji et al.?3! fabricated
microtubes arrays with variable cross sections and different
inner and outer diameters for yeast culture. To control the
shape of the microtubes, the Gaussian beam impinging on the
SLM beam was dynamically modulated by the CGHs to form
different types of Bessel beams (BBs) on the writing plane, to
fabricate cylindrical, conical, and drum-shaped microtubes
(Figure 10B), depending on the topological charge encoded in
the CGHs. The yeast cells, captured into the microtubes by
capillary force, reached a retention and survival rate up to 70%.
Pan et al.?*2l proposed the use of C-shaped BBs to expose the
resist with a gap-ring-shaped intensity distribution. By dynami-
cally rotating this pattern using CGHs, the authors reported the
fabrication of microtubes with different cross section geom-
etries (trefoil-, clover-, and spiral-shaped). With this solution,
the authors fabricated biomimetic artificial plant stomata which
can open and close in a few seconds mimicking the function of
the natural cells, by taking advantage of the SZ2080 photoresist,
which can deform reversibly after soaking in a polar solution.
Further implementations of the FFE were proposed by Wang
et al.,233 which employed HoloTPL to generate Mathieu beams
(MBs) in the resist, special non-diffractive beams which can be
tailored to exhibit a different number of intensity maxima along
the azimuthal direction of a transverse plane. By dynamically
changing the CGHs, the authors could generate MBs with dif-
ferent numbers of maxima in the azimuthal direction (from 1,
corresponding to a BB, to 8), to fabricate 3D microcages with
different geometries in less than one second (Figure 10C).
The microcages were employed for trapping and culturing
yeast cells.

Cell Scaffolds

8
Dynamic changes

Figure 10. A) (top-left) SEM image of Hela cells growing inside the scaffold. (bottom-left) Optical images showing the swelling and shrinking of a
microcage upon a variation of pH of the culture medium. (right) Sequence snapshots of the scaffold array with a culture of Hela cells inside. Overlay
of a bright field image (grey) and a fluorescence image (green). Adapted with permission.[?*%l Copyright 2022, American Chemical Society. B) Schematic
illustration of the holographic processing of a cylindrical microtube array, and SEM images of arrays with cylindrical, conical drum, and reverse-drum
shapes. Adapted with permission.l31l Copyright 2017, Wiley-VCH GmbH. C) (left) Sketch of the fabrication of a three-layer microcage, each layer is
fabricated using BBs or different types of MBs. (right) SEM micrographs of different kinds of microcages. Reproduced with permission.[?*}l Copyright
2019, American Chemical Society.
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5.3. HoloTPL in Microactuators and Micromachines Fabrication

Microactuators are micrometer-sized structures or devices that
exhibit mechanical deformation or movement as a result of
an external stimulus, which can be of various types.?3 These
micro-objects have attracted much interest because of their
potential applications in a wide variety of areas, including bio/
chemical sensing, precision medicine, and biomimetic micro-
robotics. For microactuators prototyping, HoloTPL-enabled
capabilities are often combined with photoresist engineering,
to tailor the properties of the resulting structures in terms of
the pH responsivity, mechanical properties, or motion under an
external magnetic field.

Li et al.?*! developed a TPL-curable hydrogel that shows
shrinking or expansion depending on the pH of the environ-
ment, patterned with Bessel beams to obtain micropillars that
change shape depending on the external pH. Since the mag-
nitude of the pH response also depends on the power of the

A B

High energy M Low energy

sk

curing beam, the authors used asymmetric Bessel beams to
obtain polymorphic microtubes (Figure 11A,B), arranged in a
square or hexagonal lattice to make pH-controllable cells micro-
grippers. This can be also combined with compressed phase
depth Bessel beams,?3¢! which allows to dynamically modify
the diameter of the microtube along its vertical axis, to obtain
even more complex polymorphic behavior.

A series of works, instead, combined HoloTPL with different
ways to obtain a resist for TPL that showed magnetic properties
after polymerization. This makes it possible to create micro-
structures that can be moved by the application of an external
magnetic field so that they can be used as micromotors and
as microcargos for drug delivery. In this regard, Xin et al.?¥]
have made hollow microhelices from a TPL-curable sol-gel,
using optical vortex beams combined with 3D sample handling
(Figure 11C). Sputtering a ferromagnetic layer of nickel allowed
these to be guided and steered by three pairs of Helmholtz
coils in 3D space, which provide a homogeneous 3D rotating
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Figure 11. A) Sketch of a pH-sensitive microtube fabricated with a modulated Bessel beam. The structure can bend by an angle 6 depending on the
pH of the medium. B) (top) Representation of pH-responsive gripper with four fingers. (bottom) Optical images showing the capture process of a
polystyrene particle (PS-PT). Panels A and B adapted with permission.?*3 Copyright 2020, American Chemical Society. C) 3D hollow microhelices fab-
ricated with HoloTPL. (top-left) SEM of microhelices with different taper angles T= 0.1, 0.2, and 0.3 radians or pitch periods AP = 30, 15, and 10 pm.
(top-right) Fluorescence image of microhelices on the glass substrate. (bottom) Sequence of optical images of a conical microhelix steered in arbitrary
direction following the direction of the external magnetic field. Adapted with permission.?*’] Copyright 2019, Wiley-VCH GmbH. D) Shape-morphing
TSMM fabricated by gradient optical vortices. (top-left) Simulated intensity distribution of different cross sections of the 3D optical vortex. A larger light
field pattern results in a reduced intensity distribution and weaker polymerization. (top-right) Fluorescence image of hollow TSMM. (bottom) Timelapse
sequence of magnetic TSMM passing through an hourglass-shaped microchannel. Adapted with permission.[3°l Copyright 2022, Wiley-VCH GmbH.
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magnetic field. The authors offered a proof of concept of trans-
portation of single and double neural stem cells by the micro-
helices in vitro, anticipating that these cells can be transported
in vivo for cell delivery and damaged tissue repair in future.
In a further work,?38! the group proposed a similar approach,
this time directly using a magnetic TPL resist, produced by
mixing a commercial resist with surface-modified Fe;O, parti-
cles. In this case, they demonstrated the fabrication of magneti-
cally propelled hollow microtubes, used for targeted delivery
of Hela Cells and Doxorubicin drug particles for therapeutic
applications. Very recently,?*! properties of pH-sensitivity and
magnetically driven handling have been combined with fabrica-
tion exploiting optical vortex beams of hollow trumpet-shaped
micromachines (TSMM), employing a pH-sensitive resist, then
incubated in a suspension of Fe;0, nanoparticles (Figure 11D).
Through modification of their size controlled by pH and han-
dling by magnetic field, these structures can shrink and pass
through channels narrower than their original size and can be
guided along microchannels of complex shapes, with bends,
constrictions, and barriers, further increasing their adaptability
to the environment. These can be modified to handle a diverse
range of loads, including therapeutic drugs and diagnostic
probes, which are expected to become widely used in the com-
plex micro-networks of biomedicine.

5.4. HoloTPL in Optics and Photonics

In many cases, HoloTPL has been used for prototyping dif-
ferent types of optical and photonic structures. The paral-
lelization capabilities make it possible to dramatically reduce
the time required to fabricate complex structures while main-
taining the high resolution offered by TPL. In the following,
some examples of such applications will be offered, including
microlenses prototyping and the realization of structures that
exhibit a chiral response.

Hu et al.?* used the multifoci approach to fabricate closely
packed arrays of aspherical microlenses with tailored vertex
radii (Figure 12A). Through a hexagonal lattice of 64 foci, they
concluded the fabrication of the array in =20 min, to be com-
pared with the more than 10 h required by the one-at-a-time
fabrication strategy. A similar result was demonstrated by Yang
et al.,8 who also extended the fabrication method to other
kinds of microphotonic architectures such as 3D woodpile or
spiral photonic structures, estimating a reduction in fabrication
time that virtually corresponds to the number of foci, net of a
slowing of the writing speed to compensate for the lower power
available to each focus. Beam shaping techniques enabled by
HoloTPL have been used in the fabrication of micro-lenses with
complex profiles. An example is the work of Yan et al.,**! in
which Fresnel lenses were fabricated by 3D FFE (Figure 12B).
The structure was divided into 2D slices in the direction par-
allel to the incident beam, and each of the slices was used to
engineer the focal field. By scanning the engineered focal field
in the transverse direction, continuous Fresnel lens arrays were
obtained, and fabrication of each lens took just under 7 s, a
reduction of at least one order of magnitude compared with
conventional TPL (thermal annealing was required to improve
the surface quality of the lenses). A 3D FFE approach has also
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been implemented by Yang et al.?”l to demonstrate the fab-

rication of microlenses to generate vortex beams with orbital
angular momentum of [ =0, 1, 2, 3, and 8h at a wavelength of
632.8 nm (Figure 12C). Pan et al.?*! used a different strategy to
obtain an ordered array of microlenses, using a long depth of
focus beam. In this way, they fabricated an array of high aspect
ratio (HAR) pillars with a height of 15 pum, obtaining each pillar
with a single exposure. The ordered array of HAR pillars was
employed for micro trapping of SiO, microspheres, which
function as microlenses. The authors estimated a reduction in
writing time by a factor of 50 to 200, depending on the writing
parameters used.

3D FFE was employed by Yang et al.2% to fabricate polar-
ization-dependent optical surfaces. This was done by gen-
erating orbital angular momentum beam able to perform
one-shot-exposure of double microhelices in a time as short
as 0.1 s (Figure 12D). An array was then obtained by succes-
sive movement of the sample in the transverse plane relative
to the incident beam. Following a sputtering deposition of a
30 nm-thick gold layer, the array exhibits a reflectance of 75%
or 53% depending on the incident beam left- or right-handed
circular polarization, respectively. Further engineering of CGHs
can lead to the production of the interference between a vortex
beam with a certain topological charge and a plane wave or to
annular vortex beams,?%! which exhibit a doughnut-like inten-
sity distribution. These beams are used for one-shot fabrication
of 3D chiral structures in isotropic materials, and the combi-
nation of this technique with high-power industrial lasers can
lead to the fabrication of a 1 cm? chiral metasurface in =5 min,
as opposed to the hours currently required. Pan et al.?*! com-
bined HoloTPL optical vortex beam with capillary-force-assisted
self-assembly for efficiently yielding chiral microstructures.
HoloTPL is used to polymerize a structure composed of mul-
tiple lobes in a single step. Following resist development in a
liquid environment and subsequent drying in air, a meniscus
is formed within the structure which, by exerting a capillary
force on the structure results in a folding of the multiple lobes
into a more complex structure (Figure 12E). An array of such
structures shows an obvious property of vortex dichroism,
which is the differential reflection of the incident vortex beams
with opposite OAM modes on chiral microstructures. Liul?*
suggested a clever solution for rapid prototyping of 3D metal
chiral structures by exploiting the principle of multi-step pho-
toreduction of metal ions in an aqueous solution (Figure 12F).
Although different from the TPP process, this application also
makes use of beam shaping via FFE to produce a double helix
voxel to simultaneously photo-reduce a freestanding 3D silver
double-helix microstructure without scanning. The produced
array of microhelices exhibits pronounced transmission distinc-
tion for the left circular polarized and the right circular polar-
ized light in a wide wavelength range from 3.5 to 8.5 um.

204]

6. Conclusions and Outlook

Since its first experimental demonstration, Two-Photon Lithog-
raphy (TPL) has been a game-changer for the field of Direct
Laser Writing (DLW). Together with the possibility to produce
3D structures, the quadratic dependence of the absorption rate

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

85U801 SUOWWIOD 8AIKR.D 3(gedldde ayy Aq pausenob afe sejole YO ‘8sn JO 3| 10y AIq1T 8UIUO 8|1 UO (SUONIPUOD-PUE-SWBIW00" A8 1M ARe.ql U [UO//:SdnY) SUORIPUOD Pue SWIB | 8Ly 88S *[£202/20/70] Uo ARiqiTauliuo A8|im ‘elbojoude L 1Q ouelfell inis| 31 AQ £22TT2202 WiPe/Z00T OT/10p/uod A 1M Aiqpuljuo//:Sdny Wo.y pepeojumod ‘0 ‘820£9T9T



ADVANCED FUNCTIONAL
SCIENCE NEWS

www.advancedsciencenews.com www.afm-journal.de

B Target structure :
8 Slices of
Target structure

Generated slices of

focal field intensity “. -

by holograms R
rﬂ;‘ﬁ‘wﬁix .Wi )
Whﬁ‘ ms)i vfh))‘ ey »h) v
W‘)‘rrﬁﬁ)‘ﬁ ; ”’W W'i)“

Holograms

Microlenses

o
8

+- Left-handed 0.8}
r\. = Right-handed
/‘\ ' 4 \v Glass substrate

4
LY

Chiral surfaces

o
o
T

Left-handed
>

A aa
P Ay F"v-

o

AVt NAAN
\

Transmittance
=]
>

—LCP
—RCP

5
d
\\
°
2

Helical dichroism (%)

N
S
‘I

3 4 5 6 7 8 9 10
Wavelength (um)

8
o

05

Right-handed

0 10 20 30 40 50 60 70
Topological charge number n

2 3 4 5 6 i g
Wavelength (um)

Figure 12. A) (top-left) Calculated profile for aspheric lens geometry with different vertex radii. SEM micrographs of closely packed aspheric micro-
lenses arrays (AMLAs) with vertex radii of 5, 10, and 15 um. The insets are focal spots images under illumination by a halogen lamp. Adapted with
permission.2*l Copyright 2013, AIP Publishing. B) (top) Schematics of the flow chart of 2D sliced focal field intensity profiles generated by holograms
calculated by the slices of the target structure. (bottom) SEM micrograph of the 45° tilted side view of the Fresnel lens array annealed at 130 °C. Inset
is the magnified image of one lens in the array. Adapted with permission.?*l under terms of the CC-BY license. Copyright 2020, The Authors, published
by MDPI. C) (top) SEM micrographs of the microlenses that generate vortex beams with different orbital angular momentums. (bottom) Experimental
focusing properties under illumination by a halogen lamp. Adapted with permission.2l Copyright 2019, Wiley-VCH GmbH. D) (top-left) Phase mask
and intensity plot for a 3D double-helix focus. (top-right) SEM micrograph of the double-helix structures polymerized using different exposure times,
along the white arrow, and different heights above the substrate, along the black one. (bottom) Measured reflectance difference between left- and
right-handed circular polarizations for a gold-coated array of double-helix structures. Inset is the SEM micrograph of the measured array. Adapted with
permission.2% Copyright 2014, AIP Publishing. E) Results of the 3D chiral microstructures fabrication through optical vortex beams (top) SEM micro-
graphs of (left) top view of three-fold chiral structures before the capillary-force-assisted self-assembly and (right) top and side view of the structures
after the self-assembly. (bottom) Measured vortex dichroism response on 3D chiral assemblies with opposite chirality and glass substrate. Adapted with
permission.2#] Copyright 2021, Wiley-VCH GmbH. F) (top-left) The double-helix focal intensity distribution and (top-right) SEM micrographs of silver
double helix with double-helix beam superposed obtained by two-photon photoreduction. (bottom) The measured transmittances of the double-helix
silver array for LCP and RCP light at normal incidence. Adapted with permission.?*l Copyright 2012, Walter de Gruyter and Company.

on the beam intensity quickly enabled TPL to achieve a min-
imum feature size below the diffraction limit, an insurmount-
able limit for competing techniques such as UV Lithography,
Nanoimprinting Lithography and the like. The introduction
of increasingly powerful lasers and more precise and reliable
nanometer handling systems has then generated a strong tech-
nical advance, resulting in a swarm of technology reports dem-
onstrating the most diverse applications in an ever-widening
range of topics. Nevertheless, TPL is essentially a serial tech-
nique, in which each device is processed individually, with fab-
rication times that can take up to several hours if a number of
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parameters are not optimized. This makes it difficult to define
an industry standard for the fabrication time as the throughput
of the process strictly depends on the type of device to be
fabricated.

In general, a throughput increase can be achieved by
working on several fronts. First, by optimizing the chemical
and physical properties of the photoresist, adopting resins with
a good dynamic range and a high radical quantum yield, so
that a good number of radical species can be generated without
damaging the resist. A second important aspect is the type of
scan used: translational stages and galvanometric scanners
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have inherent pros and cons, and the combination of both tech-
nologies can make the lithography system more versatile and
faster, as well as reduce imperfections due to stitching of indi-
vidual patterns. Other solutions reported in literature exploit
the combination of one-photon and two-photon processes, in
which structural parts are fabricated with one-photon exposure,
while finer details are written with TPL. Conversely, other solu-
tions involve defining the structure shell by TPL, followed by
UV curing of the internal domain, to reduce the processing
time. The parallelization methods discussed in Section 3.2 can
offer a tremendous boost to the final yield of the process; how-
ever, they are not applicable in every context. The use of trans-
parency masks combined with spatiotemporal focusing allows
the fabrication of complex 2D patterns with a single exposure,
but they are poorly employable to produce multiple identical
structures in parallel. In contrast, the use of microlenses arrays
or phase masks allows increasing the number of micro-objects
fabricated in parallel, but their application is limited to periodic
structures. The employment of microtransfer molding, on the
other hand, allows for large-scale translation of complex 3D
structures, but the inherent topological limitations must be
considered.

Concurrently, the scientific community is exploring the
combination of the advantages of high resolution and 3D pro-
totyping offered by TPL with the dynamic structuring of the
intensity distribution on the writing plane provided by holog-
raphy, which we have referred to in this paper as “HoloTPL". In
particular, technological developments in the field of light wave-
front modulation devices, such as Spatial Light Modulators
(SLM) and Digital Micromirror Devices (DMD), together with
more powerful lasers, have made it possible on the one hand
to introduce a certain degree of parallelization of lithographic
processes, through the multifoci approach, and on the other
hand to obtain complex 3D structures with a single exposure,
through focal field engineering techniques. There is no doubt
that the possibilities enabled by HoloTPL have greatly dem-
onstrated a noticeable increase in throughput, with the reduc-
tion in writing time for periodic structures being typically one
or two orders of magnitude, thanks to the ability to generate
dozens of foci to be scanned all at once.

Nevertheless, even in the highest performance implemen-
tation, TPL still remains behind the possibilities offered by
other, more mature micro- and nano-fabrication techniques.
Industrial applications require large-scale serial production of
2D microstructures repeated tens of thousands of times, with
the surface area of Silicon wafers ranging from 2 up to tens of
inches. In this framework, techniques such as mask-exposure
UV Lithography, Nanoimprinting, or Roll-to-roll are perhaps
less performant in terms of maximum achievable resolution (as
seen in Section 2) but ensure higher reliability. Even the micro-
chip manufacturing industry, which is proceeding in broad
strides toward reaching the limits set by Moore’s Law, seems to
consider techniques such as Extreme UV (EUV) lithography?+!
the favored choice, as it promises feature sizes on the order of
10 nm or less, making it possible to outperform 7 nm processes,
despite the very high costs of instrumentation and facilities.[2’]

Nevertheless, TPL, and thus HoloTPL, has the advantage
of being able to directly process different types of materials,
including biocompatible materials, hydrogels, dielectrics, or

Adv. Funct. Mater. 2023, 2211773 2211773 (26 Of31)

even metals, through inclusion of conductive nanoparticles in
the resists or photoreduction processes. This makes such tech-
niques particularly attractive for applications such as microflu-
idics or cell biology. HoloTPL, for example, has shown high
potential in a type of application that is severely limiting to
competing techniques, namely that of 3D fabrication, allowing
for rapid prototyping of a variety of cell filters, microtraps,
microcages, or microrobots for drug delivery and microcargos.
In this context, Focal Field Engineering (FFE) techniques allow
a marked reduction in fabrication time for these types of struc-
tures, due to the possibility of polymerizing entire 3D geom-
etries with a single exposure. Moreover, the transition from
2D to 3D fabrication is one of the main perspectives and chal-
lenges that the microchip industry is set to face in the coming
years.2¥] There is probably still a long way to go for large-scale
adoption of the methods reviewed in this paper, but the intense
research and a whole series of brilliant applications proposed
in recent years open a real glimmer toward a future in which
more and more facilities and technology-driven labs will adopt
these promising techniques.
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