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A key aspiration of modern science is to precisely control and arrange matter on a nanoscale level,
creating 3D microstructures with specific functions. Microstereolithography technology has significantly
pushed the frontiers of this aspiration, facilitating the manufacture of microdevices that offer innovative
solutions in various sectors. Among different microstereolithography techniques, 3D laser nanoprinting based
on two-photon polymerization (2PP) has emerged as a powerful tool for addressing complex challenges in a
variety of scientific and industrial fields, with capabilities far exceeding those of traditional lithography
techniques. Its unique ability to fabricate complex 3D microdevices with nanometer-scale precision has
opened up new applications in a wide range of fields, including optics, electronics, and medicine. However,
2PP technology is still in its infancy, and many challenges have yet to be overcome, underscoring the need
for further research and development to maximize the potential of 2PP lithography (2PL). This review aims to
provide a comprehensive overview of 2PL, highlighting its fundamental background, experimental aspects,
and various functional photoresists. Moreover, we review the fundamental principles underlying the
exceptional spatial resolution and the key factors enhancing the feature resolution and surface accuracy of
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2PP-printed microstructures. Finally, we explore diverse potential applications of 2PL across various disciplines

rsc.li/materials-c and share current challenges, innovations, and future prospects in this field.
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1. Introduction

Micro- and nano-manufacturing technologies have great
potential to drive the global technology economy and shape
international diplomacy. This has led to growing global geopoli-
tical competition surrounding the control of these technologies,
as in the case of ASML (Advanced Semiconductor Materials
Lithography) and TSMC (Taiwan Semiconductor Manufacturing
Company), which manufacture the most sophisticated nanoscale
semiconductor chips for use by the world’s leading electronics
companies, including Apple and Intel." Stereolithography (SLA)
has emerged as a powerful tool in the field of micro/nanofabrica-
tion, enabling leading companies like IBM (International
Business Machines) corporation and TSMC to leverage this
technology to dominate the global electronic microchips manu-
facturing industry. However, although these traditional micro-
stereolithography techniques achieve unprecedented resolution,
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they are generally limited to planar (2D) manufacturing and often
require specialized equipment and extreme conditions similar to
those required for electron beam lithography (EBL) and extreme
UV (EUV) lithography.? Therefore, there is a growing need for new
nanofabrication techniques that offer complex 3D structural
versatility and precise design capabilities (i.e., accuracy in spatial
resolution), all with attainable equipment and conditions. Two-
photon polymerization-based nanoprinting, also known as “two-
photon lithography (2PL)” or “3D laser nanoprinting” or “two
photon 3D printing”, has established itself as a promising and
cost-effective nanofabrication alternative, enabling the creation
of complex 3D microstructures with exceptional precision and
high spatial resolution in 3D.*® Moreover, 2PL technology is not
primarily limited to the electronics sector, as is the case with
traditional microstereolithography techniques, and its scope of
applications could include other potential sectors, such as micro-
robotics, optics, and medicine.” ™ Interestingly, although still in
its early stages of growth compared to other techniques, 3D laser
nanoprinting has the potential to revolutionize the field of
nanoscale printing and perhaps reshape the global technology
economy in the near future.

Historically, the first attempt to print a 3D microstructure
using 2PL dates back to 1997 by Kawata’s group.'' They
fabricated a 3D spiral microstructure of 6 pm and 1.3 pm in
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diameter and width, respectively, representing the smallest 3D
microstructure fabricated at that time without stacking 2D
structures. In 2001, the same team®? took 2PL from microscale
to nanoscale printing by successfully fabricating a functional
3D micro-oscillator of 300 nm in diameter with 120 nm feature
sizes, corresponding to around 4/6.5 resolution, far below the
diffraction limit resolution. Since then, a significant amount of
research has been invested in exploring the capabilities of 2PP
in 3D nanoprinting, enabling the fabrication of functional 3D
microdevices at even smaller scales, while also offering advan-
tages in terms of speed, flexibility, stability, and low manufac-
turing cost.>>"*™'> The advancement of 2PL is mainly attributed
to ultrafast laser technology, particularly femtosecond (Fs)
lasers, which generate ultra-high peak power with extremely
short pulse durations.'®'® Indeed, when the intense peak power
of these Fs lasers is tightly focused (i.e., spatially localized) using
an objective lens (OL), they can selectively induce polymeriza-
tion at precise points within the resin volume, i.e., voxels. The
induced polymerization is triggered by the two-photon absorp-
tion (2PA) process — a nonlinear optical (NLO) effect that enables
the near-simultaneous absorption of two photons.'®"”

A key aspect of 2PL is the optimization of laser processing
parameters to enhance both resolution and throughput. Accord-
ingly, adjustments of factors such as laser pulse duration,
repetition rate, laser dose, exposure time, and irradiation wave-
length significantly influence the size and precision of the
printed features.'®" The development of advanced photoresists
has also contributed to the improvements of 2PL technology,
offering a diversity of applications, high stability, and high-
precision manufacturing. In this context, researchers have devel-
oped biocompatible, stimuli-responsive materials designed to
polymerize more precisely under specific conditions, enabling
the fabrication of intricate microdevices for a variety of biomedi-
cal applications, including tissue engineering, microfluidics, and
drug delivery systems.?>”>* Moreover, hybrid materials combining
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organic and inorganic elements have been developed, opening
up new possibilities for creating functional microstructures sui-
table for use as optical and photonic microdevices.”>*” Fig. 1
summarizes some of the cutting-edge functional applications in
various fields achieved by 3D laser lithography using different
photoresist materials. Further advancements in 2PL have come
from improvements in the optical system. For instance, the
adoption of the multiple laser foci (focal points) approach and
integration of Galvo-scanners with piezoelectric stages (PZTs)
have facilitated mass production and faster manufacturing.*®>°
Other enhancements to the 2PL system have been specifically
implemented to improve resolution by reducing the size of
printed voxels. For instance, the use of shorter laser wavelengths
coupled with finely tuned Fs pulses, e.g., two-photon deep UV
(DUV) polymerization, has enabled a significant reduction in
voxel size and limited heat diffusion (lower intensities), resulting
in high 2PL resolution.*>*' Hybrid approaches, combining 2PL
with other techniques such as one-photon lithography and
nanoimprinting, have also played a crucial role in accelerating
and scaling up production while maintaining high structural
complexity.*>** Also, the recent introduction of computational
tools, such as machine learning algorithms and process simula-
tions, to assist Fs machining has proven to be a promising
approach to tackle several 2PL challenges, including accuracy,
speed, and reproducibility.**” As a result, 2PL is increasingly
being used in precision-demanding fields due to its high accuracy
and superior reproducibility. Moreover, although printing speed
currently limits its suitability for rapid and mass manufacturing,
ongoing efforts are effectively tackling this challenge through
advanced strategies such as Al-guided printing optimization,
new photoresist formulations, and parallelization techniques,
making 2PL more viable for high-throughput applications too.
These innovations collectively demonstrate how 2PL is becoming
a versatile and scalable method for 3D nanoprinting, positioning
it as a powerful tool for the future of micro-manufacturing.®%*>
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Fig. 1 Schematic diagram illustrating various classes of photoresist materials used in 2PL and their related applications. The icons were created in
BioRender, Bougdid, Y. (2025), BioRender.com/4ep2rdw. The nanomachine icon made by Freepik from www.flaticon.com.

All the above-mentioned improvements and advancements
have qualified 2PL to fabricate a wide variety of complex and
functional 3D microdevices, which were previously impossible
to manufacture using traditional microfabrication techniques.
Some typical examples include micromechanical systems,*®3°
photonic crystals,*>*' microscale robots,*> micro-optical comp-
onents,**** micro-needles,'® and drug delivery micro-carriers.*>
These 2PP-printed microdevices have unlocked potential appli-
cations in various disciplines.”***” For example, Hu and
coworkers*® have taken advantage of 2PL’s high precision and
robustness to fabricate 3D programmable-shape soft microma-
chines (i.e., microactuators) that are promising for future soft
micromechanics applications. Staufer et al.*® employed 2PL to
print microfluidic systems, enabling the production of precise,
interconnected fluidic networks ideal for lab-on-a-chip applica-
tions such as biosensing and chemical analysis. In the realm of
robotics, Suter’s team® used 2PL to manufacture microrobots,
underscoring the technique’s capacity for producing highly
functional and miniaturized robots that can be utilized in
diverse fields, from medical diagnostics to environmental
monitoring. In photonics, Deubel et al.>' harnessed the power
of 2PL to design nanoscale 3D photonic crystals, highlighting
their potential application in telecommunication. In micro/
nano-optics, Gissibl et al.** used 2PL to manufacture complex,

This journal is © The Royal Society of Chemistry 2025

ultracompact multi-lens objectives that showed unprecedented
optical performance and high-quality imaging, promising a
new generation of miniature optical instruments, including endo-
scopic instruments, detectors, imaging systems, and in vivo optical
fibers. In the field of biomedicine, Ovsianikov et al.>* leveraged 2PL
to manufacture biomedical scaffolds, emphasizing its utility in
tissue engineering, where precise control over scaffold structures is
critical for successful cell growth and regeneration. Furthermore,
Bozuyuk and coworkers® utilized 2PL to fabricate remotely con-
trollable personalized drug delivery systems, a key innovation for
precision medicine, where customized drug formulations can be
delivered to specific locations within the body with high accuracy.
Currently, several companies, including Nanoscribe GmbH> and
Multiphoton Optics GmbH,>* offer commercial 2PL systems that
further enable rapid, reproducible, and precise fabrication of
submicrometer-scale devices. Such commercialized 2PP printing
systems have become very popular and useful for fabricating
complex, functional 3D microstructures in a variety of research
fields, including electronics, photonics and biomedicine. A time-
line of major milestones and developments in 2PL technology is
given in Fig. 2.

This review provides a comprehensive overview of 2PP-
assisting 3D printing, first describing the fundamentals of the
2PA process (Section 2) and the principles of 2PP nanoprinting
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Raising the possibility of 2PP printing at
2025 Q=== the speed of light
(1072-10%2 voxels/s) (Syq)

The highest 2PP printing speed reported —--——————- 2024
so far (over 108 voxels/s) (S;q)
Introduction of 3D printing by two-photon
2023 () --------- grayscale lithography (2GL)
(Quantum X align, Nanoscribe)

. i Vastly increasing precision and speed (S;g)
Introduction of two-step absorption _________ 2021

Substantial reduction in the cost and size of
3D laser nanoprinters (S;)

2020 G --------- First explicit integration of Artificial

Intelligent (Al) in 2PL (S,¢)

Launch of the first true industrial-scale
2PP printing systems
Nanoscribe Quantum X series (S;5)

2019/2021/2022

First pioneering demonstration of 2PP fabrication

First innovative demonstration of 2PL-printed
complex, ultra-compact 3D micro-lenses ~
Exceptional imaging quality (S,3)

________ Achieving ultra-high resolution in 2PP
9 nm feature size (~ Ayiing/89) (S15)

2PP fabrication of mobile, functional —=————-- 2012
biomedical microrobots (S,,)
Adoption of photophysical inhibition
approaches (RAPID/STED) in 2PL
Achieving sub-65 nm feature resolution (Sg,5;0)

2009-2010

Launch of the first commercialized 2PP system ========| 2007
Nanoscribe GmbH, KIT, Germany (Sg)

———————— 2PP Fabrication of medical microdevices
Microneedles/tissue engineering scaffolds (S)

2PP Fabrication of first functional microdevices
with subdiffraction-limit resolution features ~~
Nanoscale 3D printing (Sg)

2001

Enhancing 2PP through developing photoinitiators
"""" with improved two-photon sensitivity
High 2PA cross-sections (Sg)

First experimental demonstration of 2PP-
based 3D microfabrication @ [F=======
by Maruo & Kawata (S,)

1997

———————— First experimental demonstration of 2PP
by Pao & Rentzepis (S3)

First experimental proof-of-concept of 2PA —-eceeaaa-
by Kaiser & Garrett (S,)

________ Theoretical foundation of 2PA
by Maria Géppert-Mavyer (S,)

Fig. 2 Timeline of major milestones and developments in 2PL technology. S1 (ref. 55), S2 (ref. 56), S3 (ref. 57), S4 (ref. 11), S5 (ref. 58), S6 (ref. 12), S7 (ref. 59), S8 (ref.
53), S9 (ref. 60), S10 (ref. 61), S11 (ref. 62), S12 (ref. 63), S13 (ref. 43), S14 (ref. 64), S15 (ref. 65), S16 (ref. 66), S17 (ref. 67), S18 (ref. 68), S19 (ref. 69), and S20 (ref. 70).

(Section 3). Then, in the fourth section, various photosensitive = photoresists. 2PL experimental instrumentation is also reported
materials used in 2PL are discussed, illustrating some exciting in Section 4. Section 5 delves into the theoretical principles
examples of functional 3D microstructures fabricated on different underlying the exceptional feature resolution achieved with 2PL
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and examines various strategies for improving the resolution and
surface accuracy of 2PP-printed microstructures. Moreover, Sec-
tion 6 presents a selection of advanced practical 2PP applications
in micro-optics and imaging, microelectronics/optoelectronics,
and biomedicine. Section 7 explores both major challenges and
promising innovations for industrial-scale manufacturing and
widespread commercial adoption of 2PL. Finally, we conclude
the review by summarizing the key concepts and prospects of 2PP-
based 3D printing.

2. Fundamentals of 2PA

2.1. Spectroscopic mechanism of 2PA

The concept of 2PA was theoretically predicted by M. G. Mayer
in 1931.%° However, it was not observed experimentally until the
invention of lasers a few years later.>® The process of 2PA can be
conceptualized as a non-resonant Raman scattering process;
both techniques use non-resonant photons to excite the mole-
cule to a virtual excited state. However, in Raman scattering,
the electron is relaxed from this virtual state to the lower
electronic state, emitting a second non-resonant photon. Con-
versely, in the 2PA process, a second non-resonant photon is
also absorbed, and the electron continues to the higher electro-
nic state, corresponding to the sum of the frequencies of the
two absorbed photons.

A crucial condition for inducing the 2PA process is exposing
photosensitive molecules to very intense bursts of light, so that
these molecules absorb two photons almost at once and excite
the electron to a higher electronic state.”"’> A simplified
Jablonski diagram demonstrating the spectroscopic mechan-
isms of 1PA and 2PA processes is shown in Fig. 3a. In the 1PA
process, a single photon with sufficient energy (hv) excites the
molecule from its ground electronic state (E,) to its higher
excited state energy (E;). Conversely, in 2PA, two photons of
half-energy (hv/2 each) are almost simultaneously absorbed by
the molecule within an extremely short timeframe (~1 fs).
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Although each individual photon has insufficient energy to
reach E;, their combined energy is sufficient to promote the
electronic transition (E, — E;) that is mediated by a virtual/
intermediate state. Following both the 1PA and 2PA excitations,
i.e., 1PE and 2PE respectively, the molecule undergoes a non-
radiative relaxation process, subsequently followed by the
spontaneous emission of a lower energy fluorescent photon
(;vem)‘16,72,73

2PA is regarded as another way of unlocking a molecule’s
excited state; instead of using a single, high-powered photon of
short wavelength, 2PA allows two lower-energy photons to com-
bine and act as a single photon, performing the same electronic
excitation.”* Therefore, because of the distinct selection rules
governing excitation induced by 2PA compared to 1PA, the 2PA
process has been widely recognized as a highly valuable tool in
spectroscopy.”>’® If the energy of the two photons is identical,
2PA is called a degenerate process; otherwise, it is called a non-
degenerate process. Most applications employ the degenerate
2PA process because of the simplicity of the experimental setup,
especially for 2PL."®"

2.2. Theory of 2PA

2PA is a nonlinear (NL) phenomenon that offers many advan-
tages over the linear process of 1PA, paving the way to a number
of potential techniques and applications, such as two-photon
fluorescence 3D data storage,”’ two-photon fluorescence
microscopy,”® and two-photon 3D printing."' A key advantage
of 2PA over 1PA is that the laser beam can penetrate deeper into
the photosensitive medium without being absorbed by the
surrounding material along the laser path, and absorption only
occurs selectively at the laser focal spot (LFS), where the
intensity is high enough to induce 2PE. In contrast, for 1PA,
where the absorbing medium is excited by resonant photons,
absorption occurs along the entire laser beam path. Webb’s
group’* has demonstrated this effect by exciting a fluorescent
medium with resonant (1PA) and non-resonant (2PA) photons.

b)

Fluorescence emission at

Fluorescence emission along
the laser focal spot

the laser path
Localization of absorption

absorption along the laser path at the laser focal spot

(a) Jablonski diagram illustrating 1PA and 2PA mechanisms. (b) (i) Localization of absorption along the beam path by focused 488 nm laser

excitation, corresponding to 1PE, and (i) localization of absorption at the focal plane using focused 960 nm pulsed laser excitation, corresponding to 2PE.
The absorption is probed by the intense yellow fluorescence emission. (b) Reproduced with permission.”* Copyright 2003, Springer Nature.
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Notably, in 1PA, yellow fluorescent photons were emitted over
almost the entire laser beam path (Fig. 3bi); meanwhile, in 2PA,
fluorescence emission occurred only at the LFS, indicating that
the absorption is confined to an infinitely small volume inside
the medium (Fig. 3bii).”*

Accordingly, the most common photosensitive resins used
in 2PL are nearly transparent to NIR light, allowing the IR Fs
laser beam to penetrate deep into the resin and only polymerize
around the LFS (Fig. 4aii). In contrast, in 1PA, the excitation
light (i.e., UV and visible light) is strongly absorbed by the resin,
and the entire laser beam path is solidified by polymerization
from the resin surface to the bottom (Fig. 4ai). Wegner and
coworkers”® further demonstrated the efficiency of 2PP over
1PP using the tail-accumulation model.

Remarkably, although they used a larger 2PP voxel size (4, =
800 nm) than that of 1PP (4, = 400 nm), they demonstrated that
the 2PP-printed microstructures are far better than that printed
with 1PP, particularly at high accumulation exposure doses
(Fig. 4b). This effect is attributed to the tail of the LFS, which
has a significant absorption effect on the resin in linear absorp-
tion (1PA). For example, considering that the tail of the LFS in
1PA absorbs 1% relative to the maximum focal intensity per
exposure, after 100 exposures, the accumulated intensity at this
LFS tail would reach 100% of the focal maximum according to
the accumulation model. Meanwhile, in 2PA, the same LFS tail
intensity, which corresponds here to 0.1% due to the NL effect,
will reach only 1% relative to the focal maximum after 100
exposures, which is effectively negligible."® Consequently, 2PA
enables polymerization to be limited only to a tightly localized
volume corresponding to the diffraction-limited LFS, i.e., voxel
(the 3D equivalent of a 2D pixel). This high-level control of the
laser distribution density in 2PP allows for achieving high
spatial accuracy, enabling the creation of precise and complex
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Fig. 4
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3D microstructures, as reported elsewhere.'®****%%%1 In the
following, we discuss the optical technology systems used to
generate high peak laser intensities to enable the 2PA process,
then explore the absorption properties of 2PA materials and
demonstrate the NL dependence of the absorption probability
on 2PE intensity.

2.2.1. Ultrashort pulsed lasers for 2PA

Using lasers with extremely short and high-intensity energy
pulses is crucial for making the 2PA process efficient enough
for practical applications. Fs lasers are particularly well suited
to triggering an efficient 2PE thanks to their ability to generate
ultra-high peak power with very short pulse durations at high
repetition rates.'®*®*? Fig. 5b illustrates the temporal distribu-
tion of photon density in continuous-wave (CW) and pulsed-wave
laser modes. While the CW laser emits a continuous, uniform,
and low photon density over time, the pulsed Fs laser confines
the emitted photons in infinitely small pulses lasting only a few
tens of femtoseconds, e.g., 120 fs pulse width, with only 12 ns or
shorter between pulses. These pulses generate sufficiently high
instantaneous intensity, which is several orders of magnitude
higher than that of CW lasers."*'® Spatial confinement of
photons within a very small region is also achieved utilizing a
high-numerical aperture OL, as illustrated in Fig. 5b. Conse-
quently, the high temporal and spatial confinements afforded
by pulsed Fs lasers significantly increase the photon density
within a small volume, improving the probability of absorbing
more than one photon and thus effectively triggering 2PA.

In 2PL, the energy dose required to trigger 2PA and subse-
quent polymerization can be attained through prolonged expo-
sure to CW IR laser intensity or ultrafast IR laser with high-
intensity pulses. However, since they lack the peak intensity
required to efficiently trigger 2PA, it is extremely challenging for

(a) (i) 1PA induced polymerization (1PP) and (ii) 2PA-induced polymerization inside the photosensitive resin. The yellow regions represent the

polymerized areas, while the yellow ellipsoid indicates the LFS, i.e., the voxel. 2PP is spatially confined to the LFS. (b) Illustration of 3D-printed tables by
1PA and 2PA using the tail-accumulation model reported in ref. 65. The 167%, 200%, and 333% values correspond to the accumulated exposure dose
used for 1PP and 2PP. The 2PA voxel size is deliberately chosen to be larger than that of 1PA. (b) Reproduced under the terms of the Creative Commons
CC-BY License.”® Copyright 2020, the Authors, Published by Wiley-VCH.
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Fig. 5 Schematic illustrations demonstrating the increasing probability of 2PA through temporal and spatial confinement. High temporal confinement
cannot be achieved by CW laser, which emits a continuously low photon density over time (ai). In contrast, Fs lasers, which emit high-instantaneous
intensity pulses, can achieve high temporal confinement of photons (aii). (b) Spatial confinement of photons within an infinitely small volume (LFS) using a

high-numerical OL.

CW IR lasers to induce 2PP. In contrast, 2PA-induced polymer-
ization has been successfully and easily achieved using pulsed
IR irradiation under equivalent power energy conditions.'*

For instance, a pulsed IR laser (e.g., A = 780 nm) operating at
a repetition rate of 80 MHz (80 x 10° pulses per s), with 120 fs
pulse width and emitting a 1 mW average power, can produce a
tiny Gaussian diffraction-limited LFS (~0.7 um) with a photon
flux density of about 2 x 10°° photons per s cm? over the pulse
duration. This is about 10> times higher than the photon flux
density delivered by a CW laser (~2 x 10>* photons per s cm?)
under the same excitation conditions. Consequently, ultrafast-
pulsed lasers are a crucial key element for triggering 2PP,
providing very short and high-instantaneous intensity pulses
capable of inducing NL absorption.

2.2.2. 2PA cross-section (65)

Careful choice of the physico-chemical properties of the photo-
sensitive molecules is crucial to achieving a highly efficient 2PE,
with a particular focus on materials exhibiting excellent NL
absorption properties.'® The NL absorption properties of photo-
sensitive materials are typically expressed in terms of cross-
section (o,), which reflects the 2PA probability and efficiency.
Considerable efforts and investments have been devoted to
investigating the cross-section of 2PA materials, with the aim of
developing photosensitive molecules that exhibit significantly
enhanced 2PA cross-sections.’® Interestingly, materials with lar-
ger 2PA cross-sections require a very small photon flux density to
induce efficient 2PE, enabling the use of low-power, cost-effective

This journal is © The Royal Society of Chemistry 2025

lasers, such as nanosecond (ns) pulsed lasers, in various 2PA-
based applications.®* The 2PA cross-section represents the effec-
tive area that a photosensitive molecule reveals for interacting
with the incident 2PA-inducing laser beam. Accordingly, the o, of
2PA-molecules is given with units of (GM); 1 GM = 107°° em* s
per photon, where the cm* unit is the product of two areas,
each corresponding to each photon in the 2PA process. Experi-
mentally, the value of o, of 2PA materials is determined by several
techniques, such as Z-scan measurements, NL transmission, and
two-photon induced fluorescence/phosphorescence.?**> Never-
theless, to achieve high 2PP nanoprinting efficiency, 2PA materi-
als must meet a few other chemical and physical requirements,
such as high quantum yield, high ablation threshold, and
compatibility with the resin mixture (vide infra).

2.2.3. Non-linear (NL) behavior of 2PA

NL absorption refers to the NL change in photon flux or
intensity as the beam passes through a photosensitive medium.
For lower intensities, this effect is not observable, and the rate
of absorption varies linearly with laser intensity (I), corres-

d/
ponding to = .8% However, for sufficiently high instanta-
z

neous intensities, the probability for molecules to absorb more
than one photon is significantly enhanced, and the absorption
rate becomes no longer linear with intensity. In the case of 2PA,
the absorption rate becomes proportional to the square of the

= pr,

. . . dr
laser beam intensity (I*), and it is expressed as: 4
z
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87,88 The value

where f is the 2PA coefficient in NL absorption.
of B is determined by the imaginary part of the third-order
susceptibility of the molecule’s polarization ('), which is
responsible for the strength of the NL absorption, and is given

as follows:®®%°

3n
b= sonzcilm <1(3)) ®
where ¢, 1, ¢, and 4 are the vacuum permittivity, the refractive
index (RI), the light speed in vacuum, and the incident light
wavelength, respectively. Based on the second-order perturba-
tion theory for the interaction of an electromagnetic field with a
molecule, the transition probability/rate (W) between two
allowed bands and the 2PA coefficient (ff) is expressed as
follows:™

@ _ B

where 7w represents the energy of the incident photon. f is
commonly used to describe the absorption properties of bulk
molecules macroscopically. However, it can be related to the
absorption properties of a single molecule, ie., 2PA cross
section (,), by the molecular number density (N,) (molecules
per cm?). The relationship between both coefficients is given as
follows:®®

o O'2N0

B ®)

fiw

Combining eqn (2) and (3), the transition rate is then expressed

in eqn (4) in terms of the absorption of an individual molecule:
Nol?

W?) _0 20
20" w?

(4)

The quadratic dependence of the molecule’s excitation rate on
the intensity in eqn (4) clearly demonstrates the NL behavior of
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absorption at the atomic level, which is consistent with the NL
absorption effect observed at the macroscopic level. Because of
this higher-order dependence of absorption probability on
intensity, near-simultaneous 2PA will only be possible at much
higher intensities, thus confining the absorption to the focal
point where the intensity is highest. In 2PL, this will enable the
fabrication of high-resolution features with sizes comparable
to, or even smaller than, the diffraction-limited LFS. The sub-
diffraction limit (SDL) resolution of 2PL caused by the NLO
absorption will be detailed in Section 5.

3. Fundamentals of two-photon 3D
printing

3.1. Polymerization reaction mechanism

Photopolymerization-based lithography has emerged over the past
two decades as a powerful technique for fabricating a wide range
of 3D microstructures, offering significant potential for various
applications.”®* Its key advantage lies in its ability to produce
large-scale, complex microstructures with exceptional resolution
through a simple and rapid photochemical reaction.>®" Generally,
photopolymerization is a photochemical process that uses light to
convert liquid or gel-like monomers into solid polymers. This sol-
gel conversion process is achieved via a polymerization reaction
that is initiated by incorporating photosensitive molecules, such as
initiators, into the initial material. Among initiators, there are two
popular systems: radical and cationic. This section reports the
mechanism of 2PA-assisted radical polymerization. Typically, the
process of 2PP begins with the NL absorption of two photons by
the photoinitiator (PI), elevating its electrons to the singlet excited
state (PI*/S) (Fig. 6a). The energy of these singlet-excited electrons
can dissipate through internal conversion (vibrational relaxation or
fluorescence emission) or intersystem crossing of electrons to the
triplet excited state (PI*/T), ie., by inversion of electron spin.

2 PI*/S b)
VA, ISC b /T .
] /M/\/\£: i) Initiation: P|—-PI'— R’
1 B e ——
H P .
m /i R*+ M —— RM*
5 &, ¥
i3 & | R"! Photoinitiating radical
2 & 77 generation (R) ii) Propagation: RM*—*» RMM*.-M— RM;,
"""""""""""""" B g
E g RM" Initiating
Py "M izati I . ‘
i / pOIVmen_zat'on iii) Termination: RMjy + RMp,— RMp,nR
P : (RM")
1 &  maeaen e
[ | |
{ /  iPolymer or RM;, + R® —— RM,R

Fig. 6

(a) Jablonski diagram illustrates the energy level transitions induced by 2PA to initiate the polymerization reactions. Among many scenarios, one

could lead to the formation of radicals. This involves first a transition of the monomer to the singlet excited state (PI*/S), followed by a transition to the
triplet excited state (PI*/T). In this state, the monomer bond can undergo cleavage, generating two separate radicals that initiate polymerization. (b) 2PA-
induced polymerization steps that are responsible for the formation of solid polymer. ISC: intersystem crossing; Pl: photoinitiator; PI*: excited-state PI;

R*: radical; M: monomer.
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Triple-excited electrons either convert their energy into radiation
energy (phosphorescence) when they return to the singlet ground
state, or their excited energy is quenched by other species, such as
oxygen molecules.'®”® If the energy of the triplet state is suffi-
ciently high, another scenario can occur in which bound electrons
separate, leading to breaking of the PI's chemical bonds and the
generation of reactive radicals. These extremely reactive radicals
attack monomer bonds and generate monomer radicals that, in
turn, attack additional monomer bonds, thereby promoting the
growth of polymer chains through the propagation step. These
polymer chains continue to grow until quenched, either by
reacting with each other or with other radical species, particularly
dissolved oxygen molecules (termination step) (Fig. 6b).'®">%2

Photosensitizers with larger cross sections are sometimes
incorporated into the photosensitive 2PA materials to improve
the excited-electrons population in the PI system by transferring
absorbed energy (or excited electrons) to PI molecules.”® How-
ever, PIs with a high excited-electrons population are insufficient
to trigger efficient 2PP reaction after excitation; instead, PI
molecules must also exhibit high efficiency in generating inter-
mediate radicals (high quantum yield).'**

3.2. Principles of 2PP-assisted 3D nanoprinting

Compared with other nanofabrication techniques, such as two-
beam interference lithography,”*® EUV®"*® and EBL,”® 2PL offers
outstanding advantages. In addition to its 3D capability and
superior micromachining resolution, it requires no mask, mold,
or stamp for fabrication, and its optical setup is quite simple and
does not require extreme conditions, such as vacuum or clean
room environment. Typically, the 2PP manufacturing process
begins with the design of the desired 3D microstructure using
computer-aided design (CAD) software. The digital model is then
converted into a compatible format, typically a standard tessella-
tion language (STL) file suitable for the computer-controlled
printing system. The STL file is further processed by specialized
software, which slices the 3D model into a series of layers and
generates precise manufacturing instructions. These instructions
are transmitted to the laser writing system, which sequentially
polymerizes the photosensitive resin layer by layer, enabling the
creation of intricate microstructures with high precision. The 2PP
writing system typically consists of a laser source, a focusing OL,
and a 3D scanning stage. The oil immersion OL, typically of high
NA (~1.4-1.45), is used to precisely focus the laser beam into the
resin. The inverted OL focusing configuration is commonly used
in 2PL, where a droplet of the resin is deposited on the cover glass
substrate, and the laser beam is focused from the bottom. The
immersion oil is inserted between the OL and the substrate’s back
side to reduce aberrations and match the RI, enabling a tightly
focused LFS size'® (see the zoomed-in version in Fig. 10).

2PP scanning systems usually utilize two scanning modes:
scanning the laser beam inside the photoresist or scanning the
photoresist across the fixed laser beam. In the first mode, a pair
of Galvo mirrors is used to monitor the scan of the laser in
x- and y-dimensions, and a PZT is used to move the sample up
and down in the z-direction. In the second mode, the sample is
moved in all three dimensions (XYZ) using a motorized 3D PZT.

This journal is © The Royal Society of Chemistry 2025
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The choice of 2PP scanning mode depends on the specific
requirements of the fabrication process. On the one hand, the
Galvo-scanning system is ideal for fabricating larger structures
in a shorter processing time due to its faster scanning speed
(several m s~ '). However, in this mode, the overall patterning
area is small because of the limitations associated with the
objective’s field of view. On the other hand, although operating
at slower speeds than the Galvo systems, the PZT scanning mode
is ideal for fabricating large-scale and high-resolution 3D micro-
structures, as it offers large travel distances (mm to cm) with
more precise motion resolution.>?° The integration and synchro-
nization of both systems (i.e., 3D PZT/3D linear stage with Galvo
mirrors) has also been used in 2PL, providing high velocities,
high-resolution features, and large-scale manufacturing.***

The 2PL system supports two main scanning methods for 3D
printing: raster and contour scanning.”'®® Raster scanning
involves scanning the entire volume of the microstructure voxel
by voxel, then layer-by-layer, which guarantees high precision but
increases processing time (Fig. 7ai). In contrast, the contour
method focuses on scanning the surface or contour profile of the
structure to fabricate a shell-like 3D microstructure. The liquid
resin inside the microstructure is subsequently polymerized
after the washing step using a UV light (Fig. 7aii). The latter
method significantly reduces processing time and is, therefore,
particularly useful for fabricating larger microstructures for
which high precision at every point/pattern of the entire struc-
ture is not required. During polymerization, the matter state of
the polymerized and unpolymerized photoresist becomes differ-
ent, resulting in a contrast in the RI. This enables real-time
monitoring of the 2PP process using a white-light microscope
equipped with a lamp, OL, and a CCD camera. After two-photon
3D printing (Fig. 7bi), the unexposed regions of the negative-tone
resist (or laser-exposed regions of the positive-tone resist) are
washed out using a developer, typically an organic solvent such
as ethanol (Fig. 7bii). This step leaves behind a freestanding 3D
microstructure on the substrate surface (Fig. 7biii), replicating
the initially designed computer model.

4. Materials and methods for 2PL

The versatility and exceptional capabilities of 2PP 3D printing
are primarily due to the NLO effects of ultrafast-pulsed lasers
and the wide variety of photoresist materials available for 2PL.
This section reports the various photoresist materials used in
2PL, and the optical setup required to excite these materials
with ultrashort-pulsed lasers to enable 3D manufacturing of
microstructures.

4.1. 2PA materials: photopolymerizable resin

Since almost any photosensitive material can be micro-patterned
using 2PL, most materials used for 2PP were initially borrowed
from conventional lithography techniques, including PI
1185 However, recent advancements have led to the
development of new 2PA materials specifically designed for
2PL, particularly PI molecules, intending to improve resolution,

molecules.
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(a) Schematic illustration for 2PP scanning modes and SEM micrographs of micro-sized 3D-printed bull sculpture fabricated by (i) raster scanning

mode (fabrication time: 180 min), and by (i) surface profile/contour scanning mode followed by UV light irradiation for solidifying the inner liquid resin
(fabrication time: 13 min). (b) Schematic representation of the 2PP steps for fabricating 3D microstructures. First, the desired 3D microstructure is laser-
printed inside the resin (). Next, the unpolymerized/unsolidified resin is washed away by an organic solvent (i), leaving only the polymerized
microstructure on the cover glass surface (iii). (a) Reproduced from ref. 5, with permission. Originally published in ref. 12. Copyright 2001, the Authors,

Springer Nature.

stability, and speed and broaden the range of potential
applications.”*"'%* 2PA materials are generally composed of two
main components: PIs and monomers. PIs are molecules cap-
able of simultaneously absorbing two photons and generating
active species, such as radicals and cations, which are respon-
sible for initiating the polymerization photoreaction. Monomers
serve as building blocks for the printed microstructures, forming
the main skeleton when activated by the excited PIs. Additional
components could also be incorporated into the resin to
enhance the microstructures’ characteristics and performance.
Crosslinkers, for example, can increase the photoresist’s viscos-
ity and improve the stability and strength of the printed micro-
structures. Photosensitizers can be added to enhance the
generation of active species. Inhibitors can also be added to
control the polymerization process and improve the printing
resolution. Finally, solvents are used to dissolve the various
components to obtain a homogeneous resin mixture.
Photoresists used for 2PL must meet several requirements to
ensure fast, efficient, and high-quality printing.* Typically, a
photoresist must be transparent at the laser-printing wavelength.
The monomers should have a fast-curing speed to guarantee rapid
polymerization and, therefore, a fast-manufacturing process. The
crosslinked material must be resistant to certain solvents to ensure
the survival of polymerized microstructures during the develop-
ment stage. The ablation threshold of the resin should be suffi-
ciently high in relation to its 2PP intensity threshold. Finally, the
photoresist must have an optimized viscosity to prevent the

18606 | J. Mater. Chem. C, 2025, 13,18597-18630

deformation of microstructures during the printing process.
Generally, 2PP photoresists can be broadly classified into positive
and negative photoresists. While positive photoresists can be
useful for applications requiring large 3D porous structures,'®*
such as microfluidic devices,*® negative photoresists are often
preferred due to their versatility for most advanced and func-
tional applications.>*%

Acrylate-based resins (e.g., IP photoresists) and epoxy-based
resins (e.g., SU-8 series) are the most widely commercialized
negative photoresist materials for 2PL. Both resins are organic-
based materials but have distinct polymerization mechanisms;
acrylate monomers undergo radical polymerization, while epoxy
monomers polymerize via a cationic mechanism. SU-8 is widely
commercialized for 2PL due to its high printing precision, Vis-
IR transparency, and mechanical strength.'°®*°” However, com-
pared to resins based on radical polymerization, SU-8 has
several limitations, including multi-step processes and the need
for post-baking after laser exposure to initiate polymerization.
Additionally, SU-8 resins exhibit lower printing resolution and
longer processing times compared to radical polymerization-
based resins.

Acrylate- and methacrylate (MA)-based resins, which undergo
radical polymerization, have significantly advanced 2PL research
thanks to their exceptional properties. They offer fast curing
speeds, Vis-to-IR transparency, low shrinkage, and excellent
mechanical properties.*>'%® Fig. 8a illustrates the absorption
spectrum of a resin composed of methyl MA (MMA) monomers.

This journal is © The Royal Society of Chemistry 2025
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(a) Absorption spectrum of MMA resin. The components of the resin are shown in the inset. (b) () SEM micrograph of a freestanding 2PP-printed

nano-sized coil spring fabricated using the MMA resin shown in (a). (ii) Scheme illustrating a compression test performed on the p-coil spring using AFM.
(a) and (b) Reproduced under the terms of the Creative Commons License CC BY 4.0.2°° Copyright 2015, the Authors, published by Springer Nature.

The MMA resin exhibits a maximum band absorption in the UV
region, but near-zero absorption in the visible and NIR regions,
especially at the typical 2PP writing wavelengths (i.e., typically
780-800 nm). Ushiba et al.'® demonstrated the superior nano-
mechanical properties of polymerized MMA-based resins by
fabricating a well-standing nano-sized coil spring using 2PL
(Fig. 8b). Compression tests, performed using the atomic force
microscopy (AFM) technique, revealed that the micro coil spring
exhibits excellent mechanical responses to the applied forces,
following the same linearity as macroscopic springs (Hook’s law).
SCR500 (JSR, Japan),"” Nopcocure 800 (San Nopco, Japan)'*® and
Sartomer photoresist products (Sartomer Corporation, USA), e.g,
SR348,""" are among the acrylate/MA-based resins most widely
used in 2PL.

Over the past decade, many companies specializing in 2PP
printing have released advanced manufacturing systems with a
wide range of optimized photoresist materials, i.e., mostly consist-
ing of acrylate/MA-based photoresists. Among these companies,
Nanoscribe GmbH (Karlsruhe, Germany), with its Photonic Profes-
sional GT system, has gained popularity among researchers due to
its advanced capabilities'** and high-quality photoresists (e.g:, IP-
series resists).""® Their well-optimized photoresists enabled the
fabrication of large-scale, ultra-complex, high-resolution, and mul-
tifunctional devices with exceptional speed and efficiency.*"*** For
example, Fig. 9a demonstrates a complex, upscale, and high-
resolution 3D chiral structure fabricated using Nanoscribe’s IP-
Dip photoresist. This structure comprises over 100000 3D unit
cells, representing perhaps the largest high-resolution microstruc-
ture, including the highest number of 2PP-printed voxels (~300
billion voxels).®" The versatility of acrylate resins also offers the
advantage of being easily functionalized with other compounds,
which significantly broadens their range of applications. For
example, polyethylene glycol (PEG) molecules can be functiona-
lized with acrylate groups (e.g., PEGDA) to create hydrogel materi-
als with potential biomedical engineering applications, such as

This journal is © The Royal Society of Chemistry 2025

115 Purthermore, the functionaliza-

tissue engineering scaffolds.
tion of biomolecules such as proteins (e.g., bovine serum
albumin (BSA)) with acrylate or other biocompatible groups
can extend the utility of these materials for the fabrication of
smart biomimetic 3D microenvironments and advanced biome-
dical microdevices.”*"'®

To improve the properties and performance of 2PP printed
microstructures, hybridizing inorganic matrices with organic
groups has become a common practice. For example, organi-
cally modified ceramics (ORMOCERs, Microresist Technologies,
Germany), composed of an inorganic backbone (-Si-O-Si-) and
functionalized with organic species such as acrylates, are hybrid
materials that have gained widespread recognition in two
photon 3D printing, notably due to their ability to produce
high-resolution 3D microstructures with enhanced mechanical
properties and finely tunable optical properties (e.g., tunable
RI). These exceptional properties of ORMOCERs make them
particularly attractive for a wide range of optical and photonic
applications.”>'"” Nanocomposites are another promising class
of photoresist materials that have gained increasing importance
in 2PL. These materials combine the properties of the organic
polymer matrix with the exceptional properties of nanoparticles
(NPs) such as carbon nanotubes (CNTs), quantum dots (QDs),
and plasmonic NPs. Incorporating these NPs into photoresists
offers the possibility of introducing or enhancing the optical,
electrical, mechanical, and magnetic properties of the printed
microstructures.®*"'#'*> For example, by incorporating Fe;O,4
NPs in MA resins, Sun et al.">* successfully fabricated a micro-
turbine whose motion is remotely controlled by an external
magnetic force (Fig. 9b).

Shape memory polymers (SMPs) are stimuli-responsive mate-
rials capable of reversible shape transformations when triggered
by stimuli such as light, heat, magnetic fields, or electrical
signals. In 2PL, SMP-based photoresists enable the fabrication
of dynamic microstructures like microactuators and biomedical
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Fig. 9 (a) Optical photograph of a 3D chiral structure fabricated using Nanoscribe's IP-Dip photoresist. This 3D structure contains around 10° 3D unit
cells. Reproduced with modifications under the terms of the Creative Commons CC-BY License.®* Copyright 2020, the Authors, Wiley-VCH. (b)
Magnetically remote-controlled micro-turbine fabricated using a nanocomposite MA-based resin doped with FesO4 NPs. Reproduced (with modifica-
tions) with permission.*?®* Copyright 2010, Wiley-VCH. (c) Pure FSG microlens manufactured by 2PL followed by a post-sintering process; (i) upright view
and (i) side view. Reproduced under the terms of the Creative Commons CC-BY License.** Copyright 2021, the Authors, Wiley-VCH. (d) (i) SEM
micrograph and (ii) optical micrograph of a copper-coated acrylic-based micro-inductor. Reproduced under the terms of the Creative Commons
License CC BY 4.0.12° Copyright 2007, Elsevier. (e) Silver (Ag) wire of approximately 12 um diameter fabricated using a Fs laser through a two-photon
photoreduction procedure. The Ag wire was connected to four gold (Au) electrodes for conductivity measurement. The results showed that the

fabricated Ag wire is electrically conductive. Reproduced with permission.*®! Copyright 2008, Optica Publishing Group.

devices.** SMP composites, enhanced with functional materi-
als, offer improved mechanical strength, remote actuation, and
large recoverable deformation. Their integration with 2PL is
promising for developing adaptive, reconfigurable microsys-
tems in fields such as soft robotics, flexible electronics, and 4D
printing."**'*® These advancements bridge the gap between
static printed structures and intelligent microsystems capable
of shape adaptation and functional transformation on demand,
thus expanding the scope of smart materials in 2PP-enabled
applications. A comprehensive review of SMPs and their com-
posites, covering mechanisms, materials, and diverse applica-
tions, is provided by Xia et al. in ref. 124.

2PL also enables the fabrication of pure inorganic 3D
microstructures with SDL resolution. One approach involves
dispersing inorganic NPs within an organic photoresist, followed
by a post-sintering process to remove the organic matrix."**'?®
Kotz and coworkers** reported the fabrication of highly efficient
fused silica glass (FSG) using a nanocomposite material consist-
ing of amorphous SiO, NPs (40 nm size) embedded in a photo-
polymerizable resin matrix. The transition from the fabricated
nanocomposite microstructure to the pure FSG was achieved
through a two-step post-processing procedure. First, the polymer

18608 | J Mater. Chem. C, 2025, 13, 18597-18630

matrix was removed by heat treatment at 600 °C, and then the
microstructure was thermally sintered at 1300 °C to form a dense
FSG microstructure. This approach enabled them to fabricate
transparent FSG-based microlenses with an optical transmittance
of 92% and a perfectly smooth surface with less than 6 nm
roughness (Fig. 9c). Furthermore, a pure metallic 2D/3D micro-
structure can be successfully fabricated with 2PL using the afore-
mentioned post-sintering approach or other approaches.'?”'*®
One approach is to coat the metal onto the fabricated organic
microstructure (Fig. 9d).">>**° Another promising approach con-
sists of directly fabricating metallic microstructures from a metal-
lic aqueous salt solution using a process known as two-photon
reduction.'*""*>

The fabrication of metallic 2D/3D microstructures has great
potential for applications in industrial sectors, specifically in
microelectronics and plasmonics metamaterials.®'**'** The
choice of PI in 2PL is crucial for achieving efficient, compatible,
and precise 3D microstructures."®®* Accordingly, efficient PIs
should exhibit the following characteristics: (i) a high 2PA g, to
efficiently absorb two photons simultaneously, (ii) a high quan-
tum yield to efficiently generate reactive species (radicals/
cations), (iii) good solubility and compatibility with the resin

This journal is © The Royal Society of Chemistry 2025
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mixture, and (iv) an optimal processing window as PIs must have a
low polymerization threshold and a high damage threshold. For
biological/biomedical applications, the PI should be biocompati-
ble, non-toxic, and biodegradable in order to ensure its safety for
biological systems. Some typical commercially available PIs com-
monly used in 2PL include Irgacure-369,"°® Lucirin TPO-L,"** Rose
Bengal,”® iodonium and sulfonium salts,"*” and (E)-stilbene
systems.”® All these PIs offer a wide range of properties and can
be selected based on the specific requirements of the fabrication
process and the applications of the printed microdevices.

4.2. Optical setup for 2PL

The 2PL optical setup can vary depending on specific applica-
tion requirements, but the basic components remain common.
The 2PL setup shown in Fig. 10 can be divided into three main
parts: (i) an irradiation source and beam adjusting compo-
nents; (ii) a laser beam-focusing component (i.e., OL) and a
real-time monitoring system; and (iii) a computer controller
and a 3D scanning system. The irradiation source generally
consists of an ultra-pulsed laser system, typically a mode-locked
Ti:sapphire Fs laser, which can produce pulses lasting tens to
hundreds of fs at a repetition rate of the order of 80 MHz and
with a tunable wavelength range between 700 nm and 1000 nm.
An attenuator is mounted directly after the laser source to
control the laser power and adjust it to the required intensity
to induce 2PP reaction. Next, the attenuated laser beam is
expanded and collimated using a pair of lenses to fill the back
aperture of the OL. A pinhole is carefully positioned at the focal
point of the first lens to spatially filter the beam. Expanding the
laser beam before the OL also helps to control the beam’s
divergence, which is critical for achieving high precision and
focus. A mechanical shutter is used to control exposure times
during 2PP printing. A dichroic mirror, reflective for NIR and
transparent for visible light, directs the laser beam toward the
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back of the OL. In the second part of the 2PP printing system,
the OL focuses the laser beam onto the sample to pattern the
desired 3D microstructure. The printed microstructure is mon-
itored in real-time using a lamp light that passes through a low-
pass filter and the sample. The image of the microstructure
taken by the lamp light is magnified by the OL and focused
onto the CCD camera to visualize the real-time printing. The
real-time monitoring is very useful for ensuring the success of
the printing process, and for adjusting the z-position of the LFS
to ensure appropriate anchoring of the printed structures to the
substrate. The final part of the system involves a computer
control workstation that converts the desired 3D model into a
high-resolution 3D scanning motion of the PZT. The PZT
precisely coordinates the desired structure within the resin in
XYZ directions. The computer control also manages the ON/
OFF state of the laser beam through a fast mechanical shutter.

5. Feature resolution in 2PL

The feature resolution in conventional optical lithography has
historically been restricted by the diffraction limit of light, as
described by Abbe’s formula (eqn (5))."*® This formula estab-
lishes a direct relationship between the object’s resolution and
the wavelength of light. To overcome the resolution limitations
associated with light wavelength, researchers have progressively
adopted shorter wavelengths for micro/nanofabrication, transi-
tioning from UV to deep UV (DUV), and now EUV lithography
with a light source wavelength as short as 4 = 13.5 nm."*’
However, while traditional lithography techniques have focused
on reducing the laser wavelength, 2PL offers a unique approach,
which is based on the NLO effect, to significantly improve
feature resolution regardless of the laser wavelength. In fact,
by taking advantage of NLO and threshold effects, 2PL can
achieve SDL resolution even using longer IR wavelengths.
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Fig. 10 Experimental setup for 2PP-assisted 3D nanoprinting. The setup is equipped with a three-axis PZT and inverted OL focusing configurations. SF:

spatial filter, LPF: low pass filter.
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This breakthrough enables 3D printing of microstructures with
unprecedented precision and detail."> It is noteworthy that
resolution refers typically to the minimum distance between
two objects that can be distinguished as separate entities by an
OL. However, 2PP resolution refers mostly to the smallest
printed feature size, which corresponds to the dimension of
the polymerized 3D voxel size, i.e., feature resolution.

5.1. NLO effect in 2PP Printing

According to Abbe’s theory,"?®'*°

sents the theoretical maximum resolution or the smallest LFS
size that an optical instrument, such as an OL, can achieve. The
minimum achievable LFS size, as defined by

Abbe’s criterion, is given by:

the diffraction limit repre-

A
INA

r= ()

here, r denotes the minimum radius of the LFS, A is the laser
wavelength, and NA is the numerical aperture of the focusing
OL. NA is expressed as NA = nsin(f), where n represents the RI
of the medium, and 0 the half maximum convergence angle.
For pulsed lasers with a Gaussian beam profile, the minimum

View Article Online
Journal of Materials Chemistry C

radius of the LFS (beam waist, w,) can be approximated as
follows:

A
T nNA

wo (6)
w, described in eqn (6) is defined as the lateral distance from the
center of the LFS, where the intensity is at its maximum, to the
point where the intensity decreases to approximately 37% (or 1/e)
of its peak value. eqn (6) works well in a linear absorption regime,
L.e., 1PA. However, 2PP can achieve an even smaller w, due to the
NL 2PA process. The NL effect associated with 2PA is illustrated
in Fig. 11a, where the squared light intensity (SLI) distribution of
the Gaussian beam is sharper and narrower compared to the
standard Gaussian distribution in 1PA. The 2PA Gaussian profile
was found to be reduced by a factor of v/2 compared to the 1PA
Gaussian profile. This allows decreasing w, by a factor of /2,
and, consequently, improves the 2PP resolution.*"**>

5.2. Polymerization threshold effect in 2PL

In addition to the NLO effect, the polymerization threshold
effect also plays a crucial role in enhancing 2PP feature
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Fig. 11 (a) Light intensity distribution at the focal point of a Gaussian beam. The SLI distribution (red), relevant to the 2PA process, is reduced by a factor of v/2
compared to the linear light intensity distribution (black), relevant to the 1PA process. This reduction is due to the NLO effect associated with 2PA. (b) Gaussian
LFS size as a function of the intensity polymerization threshold. The focal size eligible for polymerization corresponds to the Gaussian beam size at the specified
intensity threshold. The inset diagram compares LFS sizes associated with the Gaussian profile for different intensity thresholds. The size of LFSs in the scheme is
in the same aspect ratio as the focal sizes in the Gaussian profile. The Gaussian beam profiles in (a) and (b) are provided for illustrative purposes. They were
obtained using eqn (7), where z = 0 (w, = wg) and /o, wg are taken as units. (c) Effect of exposure dose on the quality and stability of the 2PP-printed photonics
microstructures. SEM micrographs of 3D woodpile photonic crystals fabricated at different exposure doses: (i) below the 2PP threshold, (i) at the 2PP threshold,
and (iii) above the 2PP threshold. (c) Reproduced under the terms of Creative Commons License CC BY 4.0.24¢ Copyright 2015, the Authors, Published by MDPI.
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resolution. Typically, the 2PP threshold is defined as the
minimum peak intensity required to generate a sufficient
concentration of radicals to initiate polymerization, ensuring
the formation of stable solid polymer structures. By operating
with an intensity slightly above the threshold level, only the
central portion of the Gaussian beam, where the intensity
exceeds the threshold, will solidify the liquid resin. The inten-
sities that are below the threshold (i.e., the edges of the
Gaussian beam) will not affect the liquid state of the resin,
and then no polymerization will occur (Fig. 11b)."> For example,
in a Gaussian beam with a standard peak intensity (I, =1), if the
threshold intensity is set at 0.91,, the resulting voxel size will be
approximately 5 times smaller than when the threshold inten-
sity is set at 0.1I, (Fig. 11b). The size of these threshold-
controlled features was found to be significantly influenced
by the amount of oxygen dissolved in the resin. In fact, oxygen
molecules act as quenching agents, inhibiting polymerization
from propagating beyond the LFS center. At the center of the LFS,
where intensity is high, the generated radicals can overcome the
quenching effect of oxygen and initiate the 2PP reaction. How-
ever, at the edges of the LFS center, the intensity drops to a point
where the rate of generated radicals can no longer overcome the
oxygen quenching rate - that is the polymerization threshold."*®
This selective polymerization allows for the creation of features
far beyond the diffraction limit of light. Therefore, precise control
of the laser power or laser dose (power (P) x exposure time
(Atexp)) applied during 2PP processing is crucial to achieving such
high-resolution features of microstructures.'®73*

To theoretically determine the relationship between the
voxel’s dimensions, i.e., lateral and longitudinal size, and laser
intensity, approximated analytical models based on the Gaus-
sian profile of the light intensity were developed.”>'** The
spatial intensity distribution of a focused Gaussian beam can
be expressed as follows:

) %) 6_2 (m) (7)

where I, is the photon flux intensity at the point (r, z), and r
and z denote the lateral and longitudinal distances from the
center of the LFS/voxel, respectively. I, is the flux intensity of
the incident photons at the center of the focused beam (r = 0
and r = 0). w, is the beam radius, and it is expressed as:

z
o = wor |14+ (= 8
W) = Wo + (z ) (8)

R

)
= m;() ) The polymerized

where zg is the Rayleigh length (zR

voxel diameter (D(r) = 2r at z = 0) and length (L(z) = 2z at r = 0)
can be derived from eqn (7).'** By setting I;,,) = I, in eqn (7),
D(r) and L(z) can be written as follows:

D) = woym ) ©)

th
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(10)

I, denotes the polymerization threshold intensity. Eqn (9) and
(10) analytically demonstrate and confirm that the voxel’s
dimensions can be effectively controlled by adjusting the
irradiation intensity Irq) with respect to I,.

To achieve well-formed and stable polymerized structures, it
is crucial to maintain the laser intensity within a specific
processing window. While exceeding the polymerization thresh-
old is necessary to initiate polymerization, excessive irradiation
intensity can lead to structural distortion or damage. Therefore,
precise control of laser intensity within the threshold window is
essential to ensure efficient 2PP printing of stable, high-quality
microstructures with finer features. Rybin et al.**® investigated
the impact of the exposure dose on the 2PP precision by
fabricating 3D woodpile photonic crystals at different exposure
levels: below, at, and above threshold levels (Fig. 11c). Their
findings revealed that high exposure can distort and damage the
finer features of the overall structure, as evidenced by the
distorted and adhered crystal pillars in Fig. 11ciii. Conversely,
insufficient exposure dose (below the threshold) can result in
the loss of most of the unstable polymer structures during the
washing step, which is caused by the insufficient polymerization
(Fig. 11cii). Only maintaining the exposure dose within the
appropriate processing window can result in freestanding and
high-quality fabricated woodpile photonic crystal (Fig. 11cii).

The voxel’s feature sizes are controlled by a multitude of
factors beyond those considered in eqn (9) and (10). These
factors encompass both the chemical properties of the resin,
the experimental processing parameters, and the optical char-
acteristics of the laser. Most of these parameter factors are
already included in the term I;,. If the threshold condition is
based on the radical density generation, the lateral size of the
voxel, D(r,t), can then be expressed as follows:*®

ZOIf
D(r,t) = wo\/ln (—ad Cf)fTAteXp>

where g,, f, @ and 7 are the 2PA initiator cross-section, radical’s
quantum yield generation, laser repetition rate, and pulse
duration, respectively, At., is the exposure time, and C is
defined as:

(1)

C =1In[po(po — pm)] (12)

In eqn (12), po represents the primary PI density and py, denotes
the radical density threshold, i.e., the minimum concentration
of radicals required to initiate the 2PP photoreaction and
maintain stable microstructures. The relationship in eqn (11)
provides a framework for controlling the voxel lateral dimension
by adjusting various optical, material, and experimental para-
meters. For example, Haske et al.'® empirically investigated the
impact of average power (P,y,) and At., on the voxel lateral size.
As predicted by eqn (11), they found that reducing both the P,y
and At led to a significant decrease in voxel diameter.
Furthermore, the use of PIs with high 2PA cross-sections was
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found to considerably minimize the threshold P, and Afcp,
which led to a substantial enhancement in 2PP resolution.'*’
However, eqn (11) does not take into account other factors that
affect voxel size. As a result, more comprehensive models have
been developed, incorporating additional parameters, such as
the order of multiphoton absorption (MPA), monomer concen-
tration, and polymerization/termination rate constants. These
advanced models provide greater flexibility in predicting and
controlling the spatial resolution of the printed features (see,
e.g., Appendix B of ref. 148).

5.3. Other factors influencing 2PP resolution

Advances and optimizations in the optical system have also
significantly enhanced 2PP resolution. For example, controlling
the exposure dose using a mechanical shutter (pinpoint scan-
ning mode (PSM)) often results in lower resolution features due
to the longer exposure times associated with the slower
mechanical responses of the shutter. Alternatively, continuous
scan mode (CSM) offers a more effective approach to achieving
higher 2PP resolution by adjusting the laser power and scan
speed.’*®"® Tan et al'*® demonstrated that optimizing the
printing speed to 600 pm s~ ' achieves an impressive linewidth
of 23 nm, highlighting the advantage of precise speed control
in enhancing feature resolution. However, despite the high
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resolution achieved with this approach, it is not suitable for
many applications requiring specialized microstructure geome-
tries. The insertion of a frequency-doubling crystal (e.g., B-
BaB,0, (BBO)) into the Fs-laser printing setup is a new effective
approach used to shift Fs laser wavelength from the IR to
visible region, allowing the reduction of the excitation wave-
length by half (1/2) and triggering polymerization in the deep
UV (DUV) region.”>**? This approach helps overcome the light
diffraction limit associated with A and, thus, enhances the 2PP
feature resolution. In fact, as seen in eqn (9) and (10), the length
and diameter of the voxel are proportional to w,, which is, in
turn, is directly proportional to 1 (eqn (6)). Therefore, reducing A
will strongly reduce the voxel dimension and improve the
spatial resolution. Fig. 12a illustrates an energy diagram for
Vis 2PA that enables polymerization in the DUV region. A
schematic of the optical setup used for converting Fs-pulsed
IR excitation (4 = 800 nm) to Vis Fs pulses (1 = 400 nm) is shown
in Fig. 12a. Taguchi et al.*° used the DUV-assisted 2PP printing
approach to print microstructures of 80 nm feature size, i.e., /5
resolution (Fig. 12c). Additionally, they successfully fabricated
stacked fine microstructures comprising a series of trenches as
narrow as 35 nm (Fig. 12d). Interestingly, they found that the
intensity required to trigger DUV-2PP was 7 times lower than
that needed for conventional IR Fs-assisted 2PP under the same

SR
X R35nm
80 nm 500_nm

d)

Fig. 12 Application of 2PE using a pulsed visible wavelength (1 = 400 nm) to achieve energetically equivalent DUV excitation (1 = 200 nm) for 2PP
printing. (a) Energy diagram of polymerization in DUV using (i) one-photon DUV excitation, and (ii) two-photon Fs-visible excitation. (b) Optical setup for
DUV lithography. A BBO crystal was used to convert the IR Fs laser wavelength (1 = 800 nm) to visible wavelength (1 = 400 nm). Two photons of
A =400 nm are equivalent to one photon of 2 = 200 hm, corresponding to DUV excitation. (c) SEM micrograph of ‘La’ letters printed by DUV-2PP. The
marked regions (i) and (i) in (c) (left) are enlarged in the right-hand panels, showing the features resolution. The inset shows the smallest printed voxel of
80 nm width. (d) SEM micrograph of fine structures comprising a set of deep trenches, each 35 nm wide. (a)-(d) Reproduced with permission.*®
Copyright 2020, American Chemical Society (ACS).
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conditions. Moreover, they were able to fabricate all these
microstructures without the use of PIs or photosensitizers, as
the two-photon energy (corresponding to 200 nm) directly over-
laps with the absorption band of the photopolymerizable mono-
mers in the DUV region. This unique feature of PI-free 2PP has
recently gained significant attention in the biomedical field,
where PI toxicity presents a major concern.*>"'>?

Optical photoinhibition techniques, such as stimulated
emission depletion (STED) and resolution augmentation through
photo-induced deactivation (RAPID), have been instrumental in
eliminating the Abbe’s diffraction barrier and thereby remarkably
improving 2PP resolution.”™"*° In conventional 2PP, PI molecules
in the ground singlet state S, are promoted to the excited singlet
state S1 by 2PA, then undergo intersystem crossing to triplet state
(Ty) and generate radicals that initiate polymerization. The
original idea of the STED inhibition approach is to prevent
polymerization by inducing stimulated emission from S; back
to Sp before intersystem crossing takes place. This is achieved by
exposing the PIs to light with a wavelength (typically in the visible
range) matching the S; — S, energy gap, leading to effective
depopulation of the S; state.®'>*'** On the other hand, the
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RAPID approach employs a distinct inhibition pathway, which
involves depleting the triplet state (T;) through non-radiative
relaxation, typically using a wavelength similar to the excitation
(writing) beam (~ 800 nm).%**°

Researchers have exploited these photoinhibition approaches
and designed innovative phase-shaped focused beams, such as
donut focus and bottle-beam focus, to minimize voxel size and,
therefore, improve 2PP resolution.’’*'*® For example, the
doughnut-shaped beam profile shown in Fig. 13d exhibits zero
intensity at the focal center and non-zero inhibition intensity at the
transversal edges. Accordingly, this donut-shaped configuration
can effectively reduce the voxel lateral size by photoinhibiting
polymerization in the x-y directions of the voxel. Gan et al®
reported the effectiveness of this doughnut-shaped inhibition
approach in 2PL by achieving deep sub-diffraction feature sizes
below 10 nm; comparable to those obtained with EBL and EUV.
First, they reduced the width of the printed nanowire from 152 nm
to 42 nm through laser power adjustment (threshold effect)
(Fig. 13a). Then, by using the donut-shaped inhibition beam, they
further reduced the feature size from 42 nm to 9 nm by increasing
the inhibition beam intensity (Fig. 13b and c).
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the polymerization threshold effect (linewidth reduction from 152 to 42 nm),

and by (b) increasing photoinhibition beam intensity (linewidth reduction from 42 nm to 9 nm). (c) Effect of increasing photoinhibition intensity on the
linewidth of printed nanowires (scale bar: 100 nm). (a)—(c) Reproduced under the terms of the Creative Commons License CC BY 4.0.%® Copyright 2013,
the Authors, Springer Nature. (c) Reproduced with modifications. (d) Schematic illustration of the doughnut-shaped beam inhibition mechanism.

Redrawn based on ref. 100, Springer Nature.
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STED and RAPID lithography have demonstrated significant
advantages over standard 2PP, typically enhancing resolution
nearly 2-fold by halving the voxel size to around 40-60
nm.>"'*>1%% However, this enhancement comes with notable
trade-offs. Both techniques, especially STED, require highly
sophisticated optical configurations, involving precise spatio-
temporal synchronization between excitation and depletion
beams within the focal volume. This added complexity can nearly
double the cost of a standard 2PP system while reducing printing
speed. Furthermore, these approaches are not compatible with
all photoresists, as they typically demand specially engineered PIs
and higher-powered lasers, thereby restricting the choice of
resins and increasing energy requirements.®'**'*” Unlike opti-
cal inhibition, chemical inhibition through incorporating radical
inhibitors into the resin mixture offers a highly effective and
economical alternative. Much like the action of oxygen quenchers
previously discussed, these inhibitor molecules help to control
the reaction process by lowering the 2PP threshold and limiting
radical diffusion, resulting in a dramatic reduction in voxel size
and a consequent resolution improvement."”®'*® Using this
approach, Farasi’s group'® successfully fabricated complex 3D
structures with feature sizes as small as 60 nm.

5.4. Surface smoothness accuracy in 2PL

Alongside the feature resolution, the surface smoothness of
fabricated microstructures is another critical aspect that
researchers are constantly trying to improve. This is particularly
important for microstructures requiring high-precision surfaces,
such as optical microlenses and photonics microdevices.?**6%16
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In addition to the size of individual polymerized voxels, the
spatial arrangement of voxels within the microstructures also
plays a crucial role in the accuracy and quality of 3D microstruc-
tures. The 3D stacking of voxels is characterized by their size,
defined by diameter (d) and length (I), and the distance between
them in the x and z directions (dx and dz, respectively). The voxel
overlap parameter () is given by the following equation:*’

d—dx -1z
= X

0 d [

(13)

Zhou et al>* numerically established the relationship between
the surface roughness of the printed structures, voxel size, and
voxel overlap. Their numerical findings demonstrated that higher
voxel overlap with finer voxel sizes are key factors in achieving
smooth surfaces. Takada et al."*® confirmed this demonstration
empirically and found that reducing the distance between adja-
cent voxels (high voxel’s overlapping) reduces surface roughness
significantly, and thereby improves the smoothness/surface
quality of microstructures (Fig. 14a). Sun’s group'®® further
demonstrated the effectiveness of small-sized voxels and their
spatial overlap in the fabrication of high-precision aspheric
microlens, achieving an estimated surface roughness of just
2.5 nm (Fig. 14bi). The parabolic profile of the aspheric printed
microlens was found to match very well with the theoretical
parabolic curve (0.2% error) (Fig. 14bii), which is considered far
better than any other high-precision fabrication techniques.'®® In
fact, when voxel overlap is sufficiently high, the surface rough-
ness becomes negligible due to the Gibbs free energy that favors
self-polymerization and self-smoothing effects at the concave
edges of the voxel ends (Fig. 14c).>"®!
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Fig. 14 Effect of voxel's overlap on the surface quality of the laser-printed microstructures. (a) Relationship between the roughness and voxel overlap
(voxel distance). The AFM images illustrate the evolution of surface roughness as the voxel distance decreases from 300 nm (micrograph A) to 100 nm (B)
and finally to 50 nm (C). Micrograph D is a spin-coated polymer surface that was taken as a reference. Reproduced (with modifications) with
permission.'>® Copyright 2005, AIP Publishing. (b) (i) Side view SEM micrograph of 2PP-printed aspheric parabolic microlens. (i) Measured profile of the
microlens shown in (b) (i) (red square) and the corresponding theoretical fit (solid black line). (c) An illustrative model showing how surface quality is
enhanced (reduced roughness) through the self-smoothing effect occurring at the concave edges of the overlapped voxels. (b) and (c) Reproduced with
permission.®> Copyright 2010, Elsevier. (b) Originally published in ref. 162, Copyright © 2009, IEEE.
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5.5. Optimizing resolution and throughput

While the aforementioned techniques enable achieving small
feature sizes, these dimensions must be evaluated within the
context of the entire manufacturing framework. In fact, the
high 2PP-resolution can become a bottleneck, as it inherently
restricts printing throughput (increases printing time), which is
a key parameter for industrial-scale manufacturing. A general-
ized empirical law for 3D lithography - adapted from Tennant’s
law originally formulated for 2D lithography'®® - provides a
relationship between the printing throughput, T5p (um® h™)
and the feature resolution, Res (nm) as follows:'®*
Res = C x T3 or Typ = C' x (Res)® (14)
where C (C' = 1/C%) is a constant that depends on the efficiency of
the process. The third power scaling in eqn (14) illustrates that
improving spatial resolution (i.e., finer features) drastically reduces
the processing throughput, while shortening fabrication time (ie.,
increasing throughput) comes at a severe resolution penalty. In
practical applications, optimizing one parameter often compro-
mises another, making it necessary to achieve an optimal trade-off.
Most commercially available 2PL systems are configured to offer
resolutions in the range of ~100 nm to over 1 pm, as a trade-off to
maintain reasonable printing speeds.’'>'*>'®® In recent years,
manufacturers have begun offering application-specific 2PL sys-
tems tailored for specialized tasks; applications that demand ultra-
high precision, such as micro-optics, require 2PL systems
equipped with high NA OL and operate at lower laser powers,"®
while large-scale or high-throughput applications that are less
sensitive to resolution can be efficiently fabricated using systems
that employ low-NA OL combined with higher irradiation laser
powers (e.g., NanoOne; g0, UpNano). %18

In light-based 3D printing, throughput is usually defined as
the rate at which a volume is fabricated and is typically measured
in mm?® s~! or um® s~ . However, this volumetric measure does
not adequately reflect the impact of resolution, which is a critical
factor influencing manufacturing time. For instance, producing a
high-resolution structure with finer features can require consid-
erably more time than fabricating the same structure volume
composed of larger voxels (ie, low resolution). As a result,
modern formulations now express throughput in voxels
per second (voxel per s), which effectively accounts for variations
in resolution and provides a more meaningful comparison across
different 3D printing systems.®"'%

In recent years, considerable efforts have been made to
improve the 2PL throughput, making it among the fastest 3D
printing techniques while maintaining respectable resolution.
Fig. 15 provides a quantitative comparison of voxel size and
throughput (in voxel per s) for various 3D printing technologies,
highlighting the significant advancements in 2PL’s printing
speed, which now surpass many conventional additive manu-
facturing methods. Nevertheless, despite these improvements,
current 2PP printing speeds remain significantly lower, espe-
cially when compared to interference lithography and nanoim-
print lithography'’® (though they are not considered true 3D
printing techniques), which still limits 2PL’s competitiveness
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for industrial-scale applications. Additionally, the high cost of
2PL setup - especially when combined with advanced systems
like STED or expensive scanners — poses a major barrier to
widespread adoption. In response, recent developments have
extensively focused on system miniaturization, cost reduction,
and enhanced throughput (see Section 7). These innovations
have promise for establishing 2PL as a viable and leading
technology for industrial-scale 3D manufacturing.

6. Applications of 2PP-assisted 3D
nanoprinting

This section explores various applications of 2PP-assited 3D laser
lithography that significantly contribute to the advancement of
scientific and technological fields. Here, we highlight the transfor-
mative impact of 2PL in three key areas: micro-optics, where 2PL
revolutionizes the field by enabling the design of miniaturized and
complex optical systems suited for a wide range of applications;
microelectronics and micro-optoelectronics, where 2PL enables
the development of advanced opto-/electronics multifunctional
devices in high demand for a variety of applications; and biome-
dical engineering, which leverages 2PL for innovative soft micro-
robots and diagnostics, ie., functional micromachines. These
applications highlight the significant role of 2PL in shaping future
technologies.

6.1. Micro-optical components

Although still relatively new compared to other lithography
techniques, no other competing technology matches 2PL in
terms of performance and simplicity for fabricating micro-
optical components.’®'”" Indeed, 2PL offers promising solu-
tions to many challenges facing micro-optical component man-
ufacturing, enabling high precision, rapid prototyping, and high
quality in the fabrication of miniaturized and complex optical
systems."®'72717* Gissibl et al.** demonstrated the fabrication of
a complex aspheric triplet lens system that compensates for
chromatic aberrations and improves imaging quality (Fig. 16ai).
They also showcased the feasibility of 2PL for microscale endo-
scopic applications by fabricating an array of these triplet lenses
on the end facet of a 210 pm-diameter fiber, which exhibits
outstanding imaging performance (Fig. 16aii). In another work,
the same group'”” fabricated complex micro-optics by 3D print-
ing a range of aligned optical elements with specific function-
alities directly onto the top face of single-mode fibers (SMFs).
The fabricated optical fibers revealed excellent performance for
beam collimation, astigmatism correction, intensity shaping,
and polarization control simultaneously. Furthermore, 2PL has
shown great capabilities for the fabrication of complex, highly
miniaturized, high-quality multi-component imaging cameras
that mimic the natural vision of predators (e.g., eagle eye), where
the resolution of vision increases towards the center of the field
of view, i.e., foveated vision. Thiele et al.'”® demonstrated the 3D
printing of a set of multi-lens objective systems onto a comple-
mentary metal-oxide-semiconductor (CMOS) sensor, each sys-
tem combining four printed doublet lenses with different focal

J. Mater. Chem. C, 2025, 13,18597-18630 | 18615


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tc02037a

Open Access Article. Published on 03 September 2025. Downloaded on 6/12/2026 5:47:33 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

Voxel size [pm]

View Article Online

Journal of Materials Chemistry C

10? 10! 10° 10" 102
10% ! ! |
A A
5‘{ , PX-3
10" e AS L
2000
10'® 1 Ebit/s
8 R "
3 10 l/. W2023-3
g 107, 2020-4 ok 400 B
>, 2015-3 ) 20218 r 2005-2
o 10° o o e i o 1 Mbit/s
‘é 20193 20195 2018 2214
5| 20153 P gk 20202
> 10 20162 WS 2020-4 201-2
5 - i 2014-2 M [ |
£10% p 20192 I N
a 20.2 X (1+1)PA
© 103 2019* B 2PP 1 kbit/s
a @ 20122
= 102 20205 mm ®sia ||
g X ¢ sis
" 10! X O cup
20223 ! -‘
. ! == Ls3DpP
107 2 i & X207 Y TVAM | {-1 bit/s
10! oY S¥ . . [ IL
107 10 107 10° 10" 102

1/Voxel size [um™']

Fig. 15 Comparison of various 3D printing techniques based on their maximum printing speed (throughput) and achievable voxel resolution. The
reported voxel size reported represents the average of its lateral and longitude axial (longitudinal) dimensions. SLA: stereolithography; CLIP: continuous
liquid interface printing; SLS: selective laser sintering; (1 + 1) PA: (1 + 1)-photon absorption; LS3DP: light-sheet 3D printing; TVAM: tomographic
volumetric additive manufacturing; IL: interference lithography; 2PP: two-photon polymerization (two-photon 3-D laser printing). Adapted with
permission from ref. 156, Copyright © 2023, Springer Nature Limited. Originally published in ref. 81, CC BY 4.0. A more detailed and regularly updated

version of this figure is available at https://3dprintingspeed.com.

lengths (i.e., different fields of view) (Fig. 16bi), enabling a wide
viewing angle of 70° with a significant increase in angular
resolution at the center of the image (Fig. 16aii). The fabricated
micro-scale foveated camera can be used in microdrones,
comparable in size to an insect, to simultaneously capture a
wide-angle view and detailed images of specific areas.

2PL has also shown great potential for manufacturing sub-
micrometer optics for X-ray manipulation over a wide energy
range. Sanli et al'”’ fabricated an achromatic X-ray optic
composed of a 2PP-printed defocusing refractive lens combin-
ing four parabolic p-lenses and an EBL-printed focusing dif-
fractive lens (Fig. 16ci). The printed achromatic system showed
superior correction of chromatic aberration over a wide range
of X-ray energies compared with the use of a single focusing
diffractive lens (Fig. 16ciii). The same team"’® also reported the
3D fabrication of a high-performance apochromatic X-ray lens
system comprising six specific defocusing lenses printed using
2PL. The printed apochromatic X-ray system improved the
range of chromatic aberration correction by four times com-
pared with the achromatic system, demonstrating the great
ability of 2PL for printing systems that efficiently manipulate
X-rays over a wide wavelength range, and thus enabling the
prospective use of X-rays in microscopy and imaging applica-
tions. Recently, 2PL has shown great potential for manufacturing
metalens systems that are more sophisticated than conventional
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refractive/diffractive lenses due to their ultra-compact, multi-
functional, and ultra-thin characteristics, as well as their higher
degree of light manipulation.*®'’?> Ren et al.'”® designed a 3D
achromatic metalens on the top surface of an SMF (i.e., meta-
fibers) (Fig. 16di), which enabled efficient light focusing over the
entire NIR telecommunication band (1.25-1.65 pm) without
color distortion and independently of polarization. They also
reported the potential of the 2PP-printed achromatic meta-
fibers for confocal fiber-optic imaging, producing brighter and
clearer images than their chromatic counterparts over a wide
range of wavelengths (Fig. 16dii). Meanwhile, Balli et al.'®
designed a hybrid 3D achromatic metalens, which combines a
phase plate and a nanohole-structured metalens, capable of
achieving excellent focusing efficiency and achromatic imaging
on ultra-broadband light illumination spanning from Vis light
to short-wave IR (450-1700 nm). Furthermore, 2PL has demon-
strated its exceptional ability to 3D print promising micro-
optical elements for spectroscopy and microscopy. Bogucki
et al."®" developed a 3D elliptical microlens system (Fig. 16ei)
that efficiently collects light from nano-sized light emitters and
reshapes its divergence, which enables a more than 70-fold
increase in the working distance (Fig. 16eii). The 2PP printed
aspheric p-lens arrays were used for spectroscopic measure-
ments on a variety of materials (e.g., quantum dots), demon-
strating significantly improved signal collection efficiency while

This journal is © The Royal Society of Chemistry 2025
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magnified image of the printed triplet lens located on the fiber tip, while the bottom inset displays the imaging performance of the fiber (scale bar: 20 um).
Reproduced with permission.** Copyright 2016, Springer Nature. (b) (i) Left: Optical image of an array of foveated (multi-aperture) optical systems printed on a CMOS
chip; Right: a magnified image of a single foveated optical system combining four different field of views (FOVs). (i) Comparison between foveated and non-foveated
imaging (resolution increases towards the center for foveated imaging). Reproduced under the terms of the Creative Commons CC-BY License.2”® Copyright 2017,
the Authors, The American Association for the Advancement of Science (AAAS). (c) (i) Schematic illustration of an achromatic X-ray lens system composed of a
defocusing lens and a focusing lens. (i) SEM micrograph of the printed defocusing refractive lens stack comprises four parabolic microlenses. (i) STXM (scanning
transmission X-ray microscopy) imaging at different energies using the achromat system (top) and the conventional focusing FZP (Fresnel zone plate) system
(bottom). The quality of achromatic imaging remained almost unchanged over the entire energy range compared with FZP imaging. Reproduced under the terms of
the Creative Commons License CC BY 4.0 Copyright 2022, the Authors, Springer Nature. (d) (i) SEM image (top) and schematic illustration (bottom) of a printed
achromatic metalens located on the top of an SMF; inset: an enlarged 3D nanopillar meta-atom. (i) Experimental confocal imaging performance of an achromatic
meta-fiber compared with its chromatic counterpart across the entire telecommunications wavelength range (1.25-1.65 pm). Reproduced under the terms of the
Creative Commons License CC BY 4.0.7° Copyright 2022, the Authors, Springer Nature. (e) (i) SEM micrograph of an array of 2PL-based 3D elliptical p-lenses printed
on a substrate containing light emitters, e.g., quantum dots, to be characterized. (i) Schematic illustration showing how elliptical p-lenses reshape light divergence and
increase working distance (WD). (iii) Photoluminescence spectra collected in a low-NA setup (no microscope objective) from semiconductor QD emitters with and
without (w/o) 3D elliptical p-lens. Reproduced under the terms of the Creative Commons License CC BY 4.0.18! Copyright 2020, the Authors, Springer Nature.
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utilizing extremely low NA optics over a wide range of spectral
bands (Fig. 16eiii). Thanks to 2PL, this finding effectively
addresses the experimental limitations imposed by bulky high-
NA microscope objectives and opens the way to a wide range of
modern optical measurements.

Since all the applications highlighted above are very recent,
and research in this field is still in its infancy, the major potential
of 2PL in micro/nano-optics has yet to be fully exploited. There-
fore, with the continued development and improvement of
photoprintable materials and the 2PL system, there will be
exciting new opportunities to develop micro-optical systems that
were previously unthinkable, opening up new prospects for more
advanced applications.

6.2. Microelectronic and micro-optoelectronic devices

The ever-increasing use of technology has rapidly increased the
need to manufacture miniaturized, high-precision, and multi-
functional 3D electronic microdevices, such as micro-energy
storage devices, bioelectronics, and photodetection microde-
vices. While conventional planar lithography techniques fall
short of meeting all these advanced requirements, 2PL offers
the promise of a true 3D manufacturing technique for the
fabrication of high-precision and high-performance conductive
electronic microstructures.'*"*#%'#3 However, the limitation of
precursor conductive photoresists poses a critical challenge for
printing highly functional microelectronic devices. This pro-
blem is being successfully addressed by integrating conductive
materials, such as CNTs and conductive polymers, into the
photoresists.’®>'8*185 A major challenge of this approach is
incorporating the maximum amount of conductive materials into
the resists without forming clumps and aggregates that dampen
the NL absorption and thus limit polymerization.'®® W. Xiong
et al.** utilized a CNT-embedded polymer photoresist to fabricate
conductive 3D microarchitectures using 2PL. They used the thiol
grafting method to functionalize multiwall carbon nanotubes
(MWNTs) and anchor them to the polymer resin. This enabled
them to develop MWNT-thiol-acrylate (MTA) composite resins
with high MWNT grafting concentrations, while maintaining
excellent stability, miscibility, and high MWNT dispersion in
the composite resin. To investigate the anisotropy effect on the
electrical conductivity of the printed microdevices, they fabri-
cated two bar-shaped channels for connecting two pairs of gold
(Au) electrodes, using two 2PP-scanning directions: one parallel
and the other perpendicular to the long bar axis (Fig. 17ai).
Interestingly, their investigation revealed that MWNTs are
strongly oriented in the direction of laser scanning, thus selec-
tively improving the electrical conductivity of the microstructures
(Fig. 17aii). This MWNTSs orientation feature is very important in
many electronics and optoelectronics applications, as it allows
rising electrical and optical anisotropic properties inside the
functional microdevices."®"'®® To showcase the potential of
MWNT-based resin in microelectronic applications, the same
team® used 2PP to fabricate two complex electronic arrays of
micro-capacitors (Fig. 17aiii) and micro-resistors (Fig. 17av). The
printed micro-capacitor array, consisting of ten capacitors con-
nected in parallel, exhibited a typical hysteresis loop with a high
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capacitance value of 50 pF, demonstrating relatively high storage
performance (Fig. 17aiv). The AC impedance of the printed
micro-resistor array exhibited stable and high resisting perfor-
mance at low-frequency range, which then dropped with increas-
ing frequency, demonstrating exceptionally high electrical
conductance at higher frequencies (Fig. 17avi). This high high-
frequency electrical conductance of printed CNT-based microde-
vices is promising for many high frequency electronic applica-
tions, such as radio-frequency (RF) electronics.'®*'*°

D-Toussi et al."®" reported the integration of organic semi-
conductor (OS) polymers for manufacturing highly conductive
functional microelectronics devices. They embedded the OS
of PEDOT:PSS (poly(3,4 ethylene-dioxy-thiophene):poly(styrene-
sulfonate)) into the photoresist matrix to fabricate a functional
micro-printed circuit board (p-PCB) that integrates various elec-
trical elements (Fig. 17bi). The fabricated u-PCB exhibited differ-
ent resistor/conductor behaviors of the wvarious -electrical
elements printed on it (Fig. 17bii). They also designed highly
functional microelectronic biosensors (Fig. 17biii) by incorporat-
ing biorecognition molecules (i.e., glucose oxidase enzyme (GOx)
for glucose sensing) into the OS composite material (OSCM).
Amperometry response measurements conducted on the p-
printed GOx/OSCM-based biosensor showed a significant current
response as a function of injected glucose concentrations,
demonstrating the high functionality of the printed microelec-
tronic biosensor (Fig. 17biv). This biosensor also demonstrated
excellent sensitivity for glucose (232.9 + 22.5 yA mm ™' ecm?)
(Fig. 17bv), which proved much higher than the majority of other
GOx immobilization reported methods.***

Furthermore, the p-printed biosensor revealed a response
time of only ~4 s and a reproducibility/precision (relative stan-
dard deviation, RSD) of ~4.02%, which is much lower than that
reported by the Food and Drug Administration (RSD; 15%).'"'*?
Consequently, these results highlighted the high capability of 2PL
to manufacture microelectronic biosensors with excellent func-
tionality, which are in high demand for detection and sensing
applications.

2PL also offers potential capabilities for fabricating highly
functional semiconductor optoelectronic devices. Liu et al.'®?
benefited from the high 2PL-structuring capabilities and high
uniformity of the metal-bound composite photoresin (metal-
organic framework (MOF)-based photoresin) to print a high-
precision, high-performant 3D metal oxide microarchitecture of
the ZnO UV p-photodetector. A schematic illustration of the
operating mechanism of the ZnO UV photodetector is shown in
Fig. 17ci. Its operating principle is based on the photoelectric
effect, where under UV illumination, electron-hole pairs are
generated, leading to the desorption of oxygen and then the
generation of an output current under an applied external
bias."***® The p-printed ZnO UV photodetector exhibited excel-
lent sensitivity for UV light detection, with a high ON/OFF ratio
of about 3000 under an external bias of 20 V (Fig. 17cii)."*?
Moreover, time-resolved photoresponse measurements showed
multiple symmetrical ON/OFF cycles with a rise and decay
photocurrent time of 31 s and 44 s respectively (Fig. 17ciii),
demonstrating the fast photo-responsivity and the high cycling
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Fig. 17 2PL-based 3D printed microelectronic and micro-optoelectronic devices. (a) (i) SEM micrographs of two bar-shaped channels connecting two
Au electrodes, printed using two laser scanning directions: (top) parallel and (bottom) perpendicular to the long bar axis. (ii) /-V curves of the two-
channel bars shown in (i); inset: optical micrograph of the channel bar connecting two Au electrodes. Optical and SEM (insets) micrographs of a p-printed
(iii) capacitor and (v) resistor arrays bridging two Au electrodes, and their corresponding (iv) capacitance and (vi) AC impedance characterizations,
respectively. Reproduced with permission.®* Copyright 2016, Wiley-VCH. (b) (i) Optical image of a p-PCB integrating various electrical elements, and
(i) represents the -V curves of the electrical elements on the p-PCB. (iii) Pseudo-colored SEM micrograph of a printed biosensor microelectrode (red
represents the OS composite polymer and green represents the bare polymer); inset: optical image of the p-biosensor. (iv) Amperometry response
measurements as a function of successive injected glucose concentrations for the p-printed OSCM- and GOx/OSCM-based biosensors. (v) Response
curve (calibration curve) of the p-printed GOx/OSCM biosensor. Reproduced with permission.*** Copyright 2022, Wiley-VCH. (c) (i) Schematic illustration
of the ZnO UV photodetector. (i) /-V curves of the printed ZnO UV p-photodetector in the dark and under 365 nm UV illumination; inset: SEM image of
the ZnO UV p-photodetector. (iii) Photo-response time of the ZnO UV p-photodetector under a 20 V bias voltage. Reproduced with permission.?®3
Copyright 2021, Wiley-VCH. (d) (i) (left) optical and (right) SEM micrographs of the aligned ZnO NWs bridging the pre-deposited interdigital Au electrodes.
(i) The ON/OFF ratio of the ZnO NW-based polarized p-photodetector with and without UV illumination. (i) Photocurrent response of the UV p-detector
as a function of the polarization angle of the UV light. § = 0° means the UV light polarization is parallel to the NW arrays, as shown in the inset, while 0 =
90° means the polarization is perpendicular. The red solid line represents the theoretical fit to the experimental data (black dots), following a cos20
function (malus law). Reproduced with permission.*®® Copyright 2020, American Chemical Society (ACS).
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stability of the printed ZnO p-photodetector."®* In parallel, Long
et al."*® successfully assembled ZnO NWs with precise orienta-
tion control and fabricated a polarization-resolved UV micro-
detector with excellent performance using 2PL. The optical and
SEM micrographs of the printed aligned ZnO NWs on the pre-
deposited interdigital Au electrodes are shown in Fig. 17di. The
photodetector exhibited a high ON/OFF ratio of 300 and excep-
tional photoresponsivity (4 x 10* A W), under 365 nm UV
illumination and 4.75 V external bias (Fig. 17dii). They'*® also
investigated the anisotropic characteristics of aligned ZnO NWs
by measuring the photocurrent response of the p-photodetector
as a function of the polarization angle of UV light (Fig. 17diii),
demonstrating the successful design and functionality of the
polarized UV p-detector printed using 2PL.

Consequently, through the design of conductive, anisotropic,
and homogeneous 2PA materials, 2PP printing has demon-
strated superior potential in fabricating arbitrary 2D/3D con-
ductive microdevices that exhibit exceptional performance and
are highly desirable for various electronic and optoelectronic
applications. By pursuing the development of highly conductive,
anisotropic, and photoconductive photoresist materials, 2PL
promises to open up new prospects for manufacturing advanced
3D electronic and optoelectronic microdevices with high levels
of miniaturization and superior functionality.

6.3. Soft microrobots for biomedical applications

Multi-functional and mobile microrobots, comparable to human
blood cells (~10 pm in size), are now achievable thanks to
advances in 2PL."*" % Various types of these microscale printed
robots have been evaluated both in vitro and in vivo, notably for
their motion capabilities as micromachines capable of moving
and performing complex tasks on the pm-scale.?**?% Magnetic
microswimmers (MSs), 3D printed using 2PP with user-defined
geometries and magnetic responsiveness, have shown potential
promise for a variety of biomedical applications, including
targeted drug delivery,®*?%°2% sensing/diagnosis,>*>*'°® and
microsurgery.>'' ' Fabricated from non-toxic and biodegrad-
able materials such as hydrogel gelatin methacryloyl (GelMA),
these helical micromachines offer improved tissue interaction,
reduced immune reactions, and adaptability to biologically rele-
vant environments.*'*'® Wang et al.>'> demonstrated 3D print-
ing of movable MSs on GelMA-based resin, followed by magnetic
decoration with Fe,O; NPs (10 mg mL ") for actuation (Fig. 18ai
and ii). Wireless swimming tests of MSs, carried out under a
rotating magnetic field, revealed variations in their swimming
speed as a function of magnetic field frequency (Fig. 18aiii). The
wobbling motion of MSs was observed at low frequencies (<6
Hz), with increased forward velocity of motion at higher frequen-
cies, and then stabilizing into a corkscrew motion pattern (see
Fig. 18aiii).>** Therefore, the motion of the printed MSs was
clearly demonstrated, enabling them to function as movable and
remotely controlled microrobots. The mechanical softness of
MSs was evaluated by measuring the storage modulus (E') of
GelMA during 2PP-assisted crosslinking, demonstrating the high
flexibility of the GelMA-based MSs under strong magnetic tor-
ques. The cytotoxicity and biocompatibility (Fig. 18aiv) of Ge]MA
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precursors were also investigated, showing negligible cytotoxicity
and minimal impact of GelMA-based MSs on cell metabolic
activity. Furthermore, the biodegradation of GelMA MSs was
evaluated, revealing their rapid degradation in a collagenase
solution (Fig. 18av). Biodegradation studies in human cell culture
media also showed efficient GelMA MS deformation (3 days for
3T3 cells, 36 hours for HDFs cells). Control studies in cell-free
culture medium demonstrated that GeIMA MSs maintained their
structural stability for over 16 days, highlighting the cell-
mediated degradation mechanism. Consequently, these findings
demonstrate the efficacy of gelatin-coated iron oxide NPs as
stable and effective drug carriers, offering significant potential
in biomedical applications by enabling minimally invasive pro-
cedures and precision therapies.

Biohybrid micromotors powered by sperm cells offer a promis-
ing solution for treating male infertility, especially oligospermia.***
With external magnetic control, these micromotors can enhance
sperm navigation in viscous environments, improving the like-
lihood of successful fertilization.?** Striggow’s group®*! fabri-
cated a sperm-driven MS, aka spermbot, using 2PL (Fig. 18b).
The spermbot demonstrated functionality in vitro within bovine
oviduct fluid (BOF). Passive micro-rheology characterized BOF’s
viscoelastic properties, developing an artificial fluid with similar
characteristics. Sperm motion parameters remained consistent
in both fluids. However, the added load from magnetic micro-
tubes caused an ON-OFF flagellar beat. To improve perfor-
mance, a novel microcap (Fig. 18bi) with a parabolic outer
wall and hollow beam-supported structure was introduced,
enhancing tail movement while reducing mass (Fig. 18bii).
The fabrication via 3D 2PL facilitated finer structural details
and thinner walls compared to 2D maskless lithography, effec-
tively reducing the mechanical load on sperm cells and improv-
ing functionality in realistic environments. The authors®*"
observed that attaching a microcap to sperm disrupts its natural
flagellar beat, causing a shift from a perpendicular to a parallel
pattern (Fig. 18biii). They also found that viscosity affects
flagellar motion, with cargo attachment leading to intermittent
disruptions. The results in Fig. 18b demonstrate the effective-
ness of the streamlined cap design, showcasing its successful
fabrication, sperm cell integration, and magnetic guidance in
BOF-EL. These findings highlight the cap’s potential for precise,
controlled movement in complex biological fluids, enhancing
spermbot performance for biomedical applications. The study
reported in ref. 221 also underscores the importance of stimuli-
responsive, biodegradable materials for controlled cell release
and the role of fluid dynamics and surface functionalization in
optimizing micromotor performance. Addressing biological
obstacles and improving navigation in viscous environments
will further enhance their in vivo applicability.

Miniaturized, functional devices are key to advancing micro-
and nanotechnologies. Light manipulation, particularly through
optical tweezers (OTs), enables non-invasive micro-assembly and
control, with applications in fluid transport and microfluidic
systems.*>>*** 2PL further enhances microfluidic technology with
its high resolution and design flexibility. Kohler et al.>*® pre-
sented a bottom-up assembly technique for fabricating complex

This journal is © The Royal Society of Chemistry 2025
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Fig. 18 2PL-based 3D printed soft microrobots for biomedical applications. (a) Mobile enzymatically microswimmers. (i) 2PP manufacturing process. (ii)
Optical micrograph of MSs decorated with FesO4 NPs, and cryo-SEM, and EDX mapping of iron NPs corresponding to hydrated MSs. (iii) Swimming
velocities of MSs versus the rotational frequency. (iv) Compatibility of MSs printed on GelMA: (left) Cell viability after one day of incubation in the mixture
of GelMA and PEGDA solution, (right) Cytotoxicity of GelMA and PEGDA solutions after one day of incubation; PEGDA was used as a reference test.
(v) Degradation of a GelMA-based helical MS when exposed to a 0.1 mg mL™* collagenase solution. The enzymatic degradation of GelMA enables rapid
breakdown in minutes (3.5 min), showing promise for transient body applications. Reproduced with permission.?'> Copyright 2018, Wiley-VCH. (b) (i) (left)
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The architectural design of a hydrodynamic cap, accompanied by an optical micrograph depicting its post-release state, (right) microscopic visualization
showing bovine spermatozoa successfully encapsulated within the hydrodynamic cap structure. (i) (left) SEM micrograph revealing the detailed surface
features of the hydrodynamic cap, and (right) demonstration of magnetic control capabilities for directing the hydrodynamic cap movement within BOF-
EL medium. (iii) Dark-field micrographs demonstrate the mechanical influence of microcap coupling on flagellar movement, where the standard
perpendicular beating transitions to a constrained parallel motion. Reproduced with permission.??* Copyright 2020, Wiley-VCH. (c) Sequential
microscope images showing the optical assembly, fixation, and actuation of the micro-rotor. (i) The rotor is trapped, aligned, and lowered onto the
axis. (i) The nut is positioned for screwing. (iii) The nut is secured, stabilizing the rotor. (iv) Optical traps rotate the rotor at ~25 rpm rotational speed. The
yellow arrows indicate the rotation direction. Reproduced under the terms of the Creative Commons License CC BY 4.0.22° Copyright 2017, the Authors,
Springer Nature. (d) (i) Optical images of an SMMF and SMMC demonstrating the pH-induced opening of fins and closing of claws, respectively. Scale bar:
25 pm. (i) and (iii) DOX loading into an SMMF via mouth morphing. The SMMF's mouth remains open at pH < 7 and closes in PBS, with the red
fluorescence signal indicating DOX encapsulation within the fish body. Reproduced with permission.??” Copyright 2021, American Chemical Society
(ACS). (e) Optical control of the articulated microrobot. (i) The fully mobile microrobot undergoes in-plane rotational movement of the head component
by 180°, while the base remains stationary, held by two optical traps. (ii) The fully mobile microrobot performs out-of-plane rotational motion, with the

head component rotating by 40°, while the base is constrained using optical traps. Reproduced with permission.?2® Copyright 2020, Wiley-VCH.

microsystems using optical methods. Their work utilized 2PL to
create functional microdevices, which were then manipulated
and assembled using holographic OTs (Fig. 18¢c). A key achieve-
ment was the development of interlocking micro-components,
such as screw and nut structures, enabling stable but releasable
joints. OTs served as an optical screw wrench to precisely position
and assemble these microstructures at the pm-scale. This
approach was validated in a microfluidic system, where a
micro-rotor was assembled, secured, and actuated using optical
forces. The rotor was positioned (Fig. 18ci), aligned (Fig. 18cii),
fixed (Fig. 18ciii), and actuated with optical torque, achieving a
rotational speed of 25 RPM for microfluidic applications
(Fig. 18civ). Despite achieving lower speeds compared to other
optically driven micropumps, such as those by Maruo et al.>*®
performance enhancements could be realized by optimizing laser
power and trapping configurations. This microscale screw con-
nection system represents a significant advancement in micro-
system integration, offering potential applications in biological
research for non-toxic fixation and controlled release of cells or
bacteria, as well as in microrobotics and micromechanics for
force and motion transmission. Further improvements in rota-
tional speed and system optimization are required to enhance its
applicability across various microfluidic and micromechanical
domains. Microassembly plays a crucial role in advancing device
integration, enabling miniaturization, and expanding the bound-
aries of microscale technologies. Additionally, it offers significant
potential in micromechanics and microbotics, particularly in
applications involving biological cells, as it supports a minimally
invasive control approach for various operations.

Reversible shape-morphing in nature enables self-locomotion
and cargo handling,>* Inspired by these mechanisms, millimeter-
scale robots, such as artificial helix robots and magnetically
actuated devices, have been developed for adaptive movement,
drug delivery,”*® and cargo transport.>*’ On the microscale,
2PP-fabricated robots under 100 pm size can manipulate
microparticles,®* cells,>*> and bacteria,>** demonstrating signif-
icant potential for biomedical applications. By replicating bio-
logical principles, bionics has facilitated the advancement of
printed microrobots as versatile tools for micro-object manip-
ulation and targeted drug delivery.”>”>** To enable complex
micro-/nanocargo tasks such as encapsulation and release,
Xin’s group®”’ developed shape-morphing microrobots (SMMRs)
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using pH-responsive hydrogels with programmed expansion
rates (Fig. 18d). These magnetic microrobots include a shape-
morphing microcrab (SMMC) (Fig. 18di) for gripping, transport-
ing, and releasing microparticles, and a microfish (SMMF)
(Fig. 18dii and iii) designed to encapsulate and release doxor-
ubicin (DOX) in response to pH changes. A proof-of-concept
study demonstrated localized HeLa cell treatment within an
artificial vascular network, showcasing the potential of SMMRs
for drug delivery. Zhu et al.>**> employed microscale continuous
optical printing (LWCOP) to fabricate a biomimetic microfish
capable of encapsulating NPs, biomolecules, and living cells.
Meanwhile, Xin et al**’ developed adaptive microrobots by
programming differential swelling rates in pH-responsive hydro-
gels, enabling pH-triggered opening and closing of claws in crab-
shaped microrobots and controlled DOX release in fish-shaped
microrobots. Smart millimeter-scale SMMRs offer adaptive shape
transformation and remote motion control for customizable
micro- and nanocargo manipulation in vitro. Their design sup-
ports applications in targeted cancer treatment, stem cell deliv-
ery, and biosensing.*****° Advances in size optimization,
magnetic actuation, and real-time imaging could further enhance
their in vivo functionality. Proof-of-concept studies have shown
their potential in drug encapsulation and controlled release
within artificial vascular networks, highlighting their biomedical
applicability.

OTs have gained significant traction in biomedical research
due to their advantages of dynamic adjustability and the ability
to precisely manipulate particles in confined spaces.****> Several
studies have explored the concept of utilizing a rigid body as an
intermediary tool in optical trapping to indirectly manipulate
biological particles.>**>** These rigid bodies typically include
simple microspheres, which are cost-effective and easy to control,
or nonspherical objects with spherical trapping points.>*">%% The
use of rigid bodies, e.g., microrobots printed by 2PL, for indirect
manipulation is a practical method for reducing the potential
damage caused by direct photon irradiation. Avci et al.**® utilized
2PL to fabricate articulated microrobots designed for the indirect
manipulation of cellular structures under laser illumination
(Fig. 18e). They demonstrated a methodology for fabricating
and controlling untethered articulated microrobots using light
force, achieving the first optical manipulation of a floating, multi-
component micro-mechanism. This breakthrough is expected to
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have great promise for advanced biomedical applications requir-
ing precise 3D control, including single-cell analysis, embryo
injection, polar-body biopsy, nuclear transplantation, and micro-
surgery imaging. Avci’s group®?® also explored the design, fabrica-
tion, and control of a mobile articulated microrobot for dexterous
cell handling using laser beam manipulation. The microrobot was
designed to convert in-plane laser trap motion into out-of-plane
rotation (Fig. 18e). A simple articulated mechanism with a single
joint and minimal contact points addressed adhesion challenges
at the microscale. The untethered microrobot demonstrated 180°
in-plane motion (Fig. 18ei) and up to 40° out-of-plane rotations
(Fig. 18eii) using two optical trap points to immobilize the base
and rotate the mobile head. This represents a significant advance-
ment in optical manipulation. The articulated microrobots have
the potential to be applied in advanced biomedical fields that
demand precise 3D control, such as single-cell analysis, embryo
injection, polar-body biopsy, nuclear transplantation, and multi-
dimensional microsurgical imaging.

2PP-assisted 3D lithography has proven to be a powerful
technique for fabricating complex microstructures with sub-
micron precision, enabling the creation of soft, functional micro-
robots for various biomedical applications. These microrobots
demonstrated exceptional biocompatibility, responsiveness, and
adaptability, making them ideal for targeted drug delivery, mini-
mally invasive surgery, and tissue engineering. Future advance-
ments in materials, including stimuli-responsive polymers, will
further enhance their actuation and sensing capabilities. Integra-
tion with wireless control systems and real-time imaging will
further improve their navigation and operational efficiency. While
scalability and mass production remain challenges, interdisciplin-
ary efforts in nanophotonics, bioengineering, and robotics will
drive innovations. Ultimately, 2PP-printed soft microrobots are
promising to revolutionize personalized and precision medicine.

7. Challenges and opportunities

2PL is widely recognized for its unique ability to fabricate
complex 3D micro- and nanostructures with SDL resolution.
However, several technical and practical limitations currently
hinder its widespread industrial deployment. One major challenge
is the inherently serial nature of voxel-by-voxel printing, which
restricts throughput and makes the process time-intensive for
large-scale structures and high-volume production. This limitation
becomes even more pronounced when high-resolution printing is
required over complex or centimeter-scale areas. This is due to the
imposed relationship between resolution and throughput, which
follows a third-power law in 3D systems.'®* Another significant
constraint lies in the limited working volume, dictated by the use
of high NA OL, which reduces the effective print field and
complicates the fabrication of macroscale devices. While stitching
techniques can extend the working area, they often introduce
alignment errors and structural discontinuities. Moreover, the
high cost of 2PP printing systems, primarily driven by the price
of the Fs lasers, adds to the economic barrier of deploying 2PP for
commercial production. Material compatibility also remains a
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concern. The available photoresists that exhibit both strong 2PA
and desirable mechanical, optical, or biofunctional properties are
limited, which narrows the range of application-specific materials.
Additionally, long design-to-print cycles, driven by the need for
manual optimization and lack of real-time feedback, reduce
efficiency and increase the trial-and-error workload. These chal-
lenges highlight the need for modern technological advances,
including improved laser sources, optical systems, materials, and
automation tools. These advances are discussed below in this
section.

In the past five years, considerable research efforts have
been devoted to enhancing throughput, reducing the size and cost
of 2PL systems, and developing advanced multifunctional materi-
als. Notable improvements in throughput have been achieved
through the integration of parallelized optical systems, such as
microlens arrays (MLAs) and more recently, diffractive optical
elements (DOESs), which facilitate the simultaneous generation of
multiple focal points.>*®' However, while these parallelization
strategies substantially accelerate the fabrication process, their
inherent static nature prevents individual control of each focus,
thus confining their use to the fabrication of periodic structures.
To overcome this limitation, dynamic beam modulation strate-
gies, such as those based on spatial light modulators (SLMs)>*°
and digital micromirror devices (DMDs),>*° have emerged as
promising alternatives. These holography-based approaches
allow the fabrication of complex and arbitrary 3D architectures,
by enabling real-time control over the position and intensity of
individual foci. A recent advancement in this area demonstrated
the use of a holography-assisted DMD scanner capable of
generating up to 2000 dynamically programmable foci, enabling
the high-throughput fabrication of complex 3D microstructures
and large-scale areas (up to 4 cm?) with fine resolution down to
90 nm.>*" More recently, some studies have raised the possibi-
lity of using holography-based single spatiotemporally shaped
pulse approaches to print macroscopic 3D structures with
nanoscale features at the speed of light, typically in the order
of 10%°-10>" voxels per s.”%*** This cutting-edge approach could
revolutionize 2PL, positioning it as a transformative technology
for ultra-fast, high-resolution 3D nanomanufacturing.

Recent developments in scanning systems have significantly
progressed 2PL speed capabilities. The integration of synchronized
linear stages with galvanometric scanners has enabled continuous,
stitch-free fabrication over extended areas (up to tens-of-cm) at high
translation speeds up to cm s ', while preserving nanoscale
positioning accuracy and print integrity.'®" In parallel, the use of
state-of-the-art polygon scanners has facilitated ultrafast scanning
at 10 m s~ * velocities, considerably enhancing processing speed.?*®
In addition, two-photon grayscale lithography (2GL) has emerged
as a transformative method, leveraging rapid laser intensity mod-
ulation through acousto-optic modulators (AOMs) to dynamically
adjust voxel dimensions. This has enabled 3D microfabrication of
precise, distortion-free complex geometries with substantially ele-
vated throughput, eliminating the need for traditional layer-by-layer
slicing,>**>

Unlike costly Fs lasers, more affordable and compact pico-
second pulsed sources, such as microchip lasers and monolithic
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laser diodes, offer a cost-effective alternative while maintaining
sufficient performance for a range of applications.>*®**” More
recently, researchers have demonstrated the fabrication of 2D/3D
microstructures using a CW laser diode, surpassing prior bench-
marks typically achieved with Fs laser systems.®” This was made
possible through a two-step absorption mechanism that replaces
the traditional virtual state (lifetime ~ 100 fs) with a long-lived
real state (~100 ms), allowing the efficient sequential absorption
of two photons using only ~100 pW CW-laser power. This
innovative strategy enables the development of highly compact
and cost-efficient 2PP printing systems, with footprints under 50
cm and costs reduced to just tens of US dollars. Current devel-
opment efforts focus on leveraging this technique to reach
ultrafast printing speeds by integrating principles from light
sheet microscopy.>*®

Advancements in materials science, such as the develop-
ment of ultrasensitive photoresists, stimuli-responsive smart
materials, and hybrid or nanocomposite formulations - are
significantly broadening the functional versatility of 2PL across
a wide range of applications.”®'% In addition, the emergence
of multi-material printing further enables the fabrication of
intricate heterogeneous microdevices tailored to diverse appli-
cation fields.”>***°

Parallel to these advances, the recent integration of machine
learning (ML) and Al is revolutionizing 2PP manufacturing by
accelerating process optimization and minimizing manufactur-
ing errors. Al-driven algorithms now can efficiently determine
optimal printing parameters, such as exposure protocols, scan
overlap and model pre-compensation, for diverse materials and
geometries. This significantly minimizes manual calibration
and reduces the need for trial-and-error iterations, thereby
shortening the overall fabrication time and mitigating manu-
facturing errors associated with materials and laser processing
conditions.®®**'%* In addition, integrating AI with in situ
characterization and other advanced techniques promises
enhanced spatial precision and quality, real-time defect correc-
tion, and precise modulation of exposure levels.>®* As these
computational methods mature, they are expected to push 2PL
toward its theoretical manufacturing frontiers, improving scal-
ability, reproducibility, and resolution, which will ultimately
revolutionize industrial 2PL nanomanufacturing.

Collectively, these emerging advancements, though still in
early stages of development, have significant potential to
transition 2PL from a laboratory prototyping technique to a
robust industrial-scale manufacturing platform.

8. Conclusion and perspectives

Two photon 3D printing is a branch of nanophotonics that has
emerged as a transformative technology, enabling the manu-
facture of intricate, multifunctional microdevices that offer
revolutionary applications in a variety of sectors. It stands out
for its ability to create complex 3D microstructures with resolu-
tions well below the optical diffraction limit, leveraged by the
NL 2PA effect. Unlike traditional photolithography, 2PL offers
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the advantage of precise fabrication in 3D, without the use of
masks and under ambient conditions, enabling the manufac-
ture of complex microdevices that were previously unfeasible.
This review has provided a comprehensive overview of 2PL,
covering its basic principles, experimental aspects, and various
functional 2PA photosensitive materials. It also highlighted the
extensive applications of 2PL, including its role in developing
multifunctional microdevices for applications in micro-optics
and imaging, microelectronics/micro-optoelectronics, and bio-
medicine. In addition, the theoretical aspects underlying the
exceptional feature resolution of the printed microstructures,
as well as various innovative strategies for enhancing through-
put, resolution and accuracy of 2PL, were reviewed.

Despite the progress made in 2PL, several challenges remain.
Fundamental physical limitations, such as optical diffraction and
material response, continue to constrain further miniaturization
and resolution. Slow printing speeds limit the overall throughput,
especially for fabricating highly complex 3D microstructures.
Additionally, achieving consistent manufacturing on a large scale
remains a bottleneck, particularly for commercial applications.
However, collaborative research efforts and the development of
innovative functional materials, advanced scanning systems,
adaptive optics, and optimized exposure strategies show promise
for overcoming these challenges. Hybridization of 2PL with other
lithography methods, such as UV, nanoimprint, and interference
lithography, also promises to further enhance 2PL performance
by increasing design flexibility, reducing processing time, and
enabling multi-scale manufacturing. Furthermore, the integra-
tion of machine learning algorithms (e.g., Al-automated para-
meter optimization and prediction of optimized material
properties) and innovative strategies, such as parallel processing
(multi-beam printing) and RAPID/STED techniques, are expected
to significantly improve the processing speed, reproducibility and
resolution of 2PL. Looking forward, the future of 2PL is bright,
with the potential to revolutionize sectors such as optoelectro-
nics, biomedicine, micro-optics, and medical microrobotics.
Ongoing improvements in resolution, throughput, scalability,
and material versatility will further expand the range of feasible
applications. In conclusion, although 2PL has made significant
strides, its full potential has yet to be realized. By addressing
current challenges and pushing the boundaries of nanoscale
manufacturing, 2PL will play a crucial role as a platform technol-
ogy for the development of the next generation of micro- and
nanoscale devices that will offer transformative solutions in
various scientific and industrial fields.
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