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Micro-Optics 3D Printed via Multi-Photon Laser

Lithography

Diana Gonzalez-Hernandez, Simonas Varapnickas, Andrea Bertoncini, Carlo Liberale,*

and Mangirdas Malinauskas*

The field of 3D micro-optics is rapidly expanding, and essential advances

in femtosecond laser direct-write 3D multi-photon lithography (MPL, also
known as two-photon or multi-photon polymerization) are being made.
Micro-optics realized via MPL emerged a decade ago and the field has
exploded during the last five years. Impressive findings have revealed its
potential for beam shaping, advanced imaging, optical sensing, integrated
photonic circuits, and much more. This is supported by a game-changing and
increasing industrial interest from key established companies in this field.

In this review, the origin and the advancement of micro-optics fabrication
with MPL are detailed by describing the chronology, distinguishing discrete
application groups, providing generalized technical data on the processes and
available materials, and discussing the foreseen near-future advances.

1. Introduction

The rapid growth of laser applications has stimulated the
demand and supply for new optical components. At the same
time, devices are becoming miniaturized and highly integrated
to maximize functionality. Here, the field of laser technology
and industrial trends meet to create synergy.

While the first use of ultrafast lasers for 3D structuring was
proposed in 1991 for optical data storage,!l their use to create
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3D printed objects was first presented by
Maruo in a technology-opening article in
199721 where the use of this technology
to fabricate micro-optics was also envis-
aged. The serial writing method of this
technique offered flexibility for free-
form fabrication, but was limited by its
throughput.’l It took some years for the
technology to mature from proof-of-prin-
ciple level to additive manufacturing as a
tool for efficient and reliable fabrication
in the modern 1ab.® Though the first
micro-optical elements were demonstrated
as early as 2006, the major efforts and
results only started to emerge in 2010,
together with the development of hybrid
organic-inorganic materials,"*" and rap-
idly accelerated with the implementation of commercial 3D
lithography systems.'"™ By 2020, ultrafast laser 3D printing,
also known as two-photon polymerization (TPP or 2PP), multi-
photon lithography (MPL),>l or simply laser direct writing
(LDW), also in literature referenced as direct laser writing
(DLW),8)) was already an established technique for routine
fabrication of diverse micro-optical single elements, stacked
components, and integrated devices.'®2!l The latest advances
in the 3D printing of free-form micro-optics are enhanced by
optical grade materials of high refractive index (n) polymers,/2
high-performance hybrids,>}! and optically activel?! or pure
inorganic glasses.*’! Figure 1 shows the development of the
technique in terms of published papers and citations, defining
an “innovator stage” of the technology followed from 2015 by
the “early adopters stage.” Examples of micro-optical elements
fabricated using MPL and the growth in the complexity of
the structures that can be achieved by this technique are also
shown in Figure 1.

The advances in this scientific field attracted the attention
of the related laser-assisted precision additive manufacturing
industry. First, in 2007 Nanoscribe GmbH and in 2008 Work-
shop of Photonics established companies oriented toward com-
mercialization of this technology aimed at general wide angle
application fields. While in 2013, Multiphoton Optics GmbH
and Femtika UAB were established and made micro-optics a
significant part of their targeted applications. Finally, in 2017,
Vanguard Photonics GmbH manufactured dedicated MPL
equipment for micro-lenses and wire bond production. Other
companies targeting more diverse applications have continued
to emerge, such as UpNano established in 2018, and focusing
mostly on biomedical applications yet also offering solutions

© 2022 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 1. The dynamics of original papers published and citations over the last 25 years. The number of original papers corresponds to the references
included in the literature list of the review. The number of citations stands for the data retrieved from the Web of Science search for keywords “micro-
optics” + “laser lithography.” a) Schematic of an MPL system. b) Different fabrication strategies emerged, such as the implementation of UV lithography.
Single elements as c) spherical lenses fabricated as building-blocks for micro-optics, and d) post-processing techniques such as metallization applied
for particular functionalization of the micro-elements. MPL allowed fabrication on different substrates including glass cover slits and optical fibers of
e) stacked micro-lenses, and complex 3D structures such as f) wrinkled axicons, g) photonic crystal fiber-like structures, and h) a micro-lens array for
a hyper-telescope. b) Adapted with permission.l’l Copyright 2010, IOP Publishing. c) Adapted with permission.?l Copyright 2010, American Institute
of Physics. d) Adapted with permission.[/l Copyright 2011, American Institute of Physics. e) Adapted with permission.l?®l Copyright 2017, Elsevier Ltd.
f) Adapted with permission.?’l Copyright 2016, The Optical Society. g) Adapted with permission.?% Copyright 2020, The Optical Society. h) Adapted

with permission.B!l Copyright 2021, The Optical Society.

for production of micro-optics related components and mate-
rials. There are also now a number of MPL commercial setups
specifically for micro-optics, for example, Quantum X Align (by
NanoScribe).

Within the scope of this topical review, we will provide an
overview of the chronology and development of the field, fea-
turing the most prominent advances, and grouping the achieve-
ments by their operating principles or applications. A few
milestones showcasing the progress and advances in the com-
plexity of optical micro-structures created with MPL are shown
in chronological sequence in Figure 1 and will be described in
more detail in the following sections. The tendency was that
efforts were focused toward developing technology and proving
its feasibility for miniaturizing prototype micro-optics. Later,
this was followed by the coupling of several functionalities,
which was in principle possible only due to dense integration of
individual modalities. Finally, optical grade materials started to
be exploited for heavy duty applications in parallel to assemble
into established platforms (micro-chips). Further advances are
expected in establishing advanced metrology dedicated for 3D
micro-optics specifically, followed by standardization of the
protocols for comparison and repeatability. All of the afore-
mentioned is covered sequentially in the following sections: 1.
Introduction; 2. Principles and developments of ultrafast laser
3D micro-/nanolithography; 3. Fabrication modalities; 4. Single
micro-optical elements; 5. Applications; 6. Materials and post-
processing; 7 Summary and conclusions.
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2. Principles and Developments of Ultrafast Laser
3D Micro-/Nanolithography

The principle workflow of MPL is already well established
and currently predominantly operated as a standard proce-
dure.[*61532 Although there are still active debates regarding
the photo-physical/chemical initiation mechanisms in spa-
tiotemporally confined light conditions,” ultrashort pulsed
lasers are currently dominant,3 while longer pulse duration
(ps, ns)B43] or even CWPl operating light sources are also
suitable for this purpose. The details of the photoexcitation
mechanisms are not covered in this review, but for simplicity,
we accept it as a nonlinear light-matter interaction (whether
the nonlinearity is caused by thresholded excitation or material
response behavior). The typical setups employ 100-300 fs pulses
of 100 kHz-80 MHz repetition rates delivering approximately
TW cm? intensities at the focus. The used radiation should not
interact significantly in a linear manner; thus, it is chosen to be
of VIS (centered at 515-532 nm) or more commonly NIR (cen-
tered 780-800 nm) wavelengths. Some unconventional param-
eters like CW, 1 kHz, or 400 nm can also be used for true 3D
structuring inducing a localized thermal effect,l”! distinct ava-
lanche ionization,?¥ confined linear absorption,% or trigger a
two-step absorption mechanism.’ Diverse approaches enable
specific benefits, such as avoidance of the photo-initiator or
reduction of equipment costs and complexity. However, these
approaches are still not commonly used for the production of

© 2022 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

85U80|7 SUOWWOD 3A a1 8|qeo! [dde a3 Aq pausenob afe ssjolie YO ‘SN JO Se|n. 1oy ARIqIT8UIUO A8]IM UO (SUORIPUCO-PUB-SWR/W0d A3 M Afelq 1 [pU1|UO//:SANY) SUORIPUOD pUe SWie 1 8y} 89S *[£202/70/70] Uo ARiqiTauliuo (1M ‘AseAlun sniujiA Aq T0LT0ZZ02 Wope/z00T 0T/10p/wiod A8 i Areiqipul|uo//sdny woy papeojumod ‘T ‘€202 ‘TLOTS6TZ



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

micro-optical components via LDW technology. Finally, the fact
that ultrafast lasers are the dominant technology is reflected by
the commercialized laser setups which, almost all, exclusively
use femtosecond high pulse repetition rate laser oscillators
(Nanoscribe, Workshop of Photonics) or whole amplified sys-
tems (Femtika, MultiPhoton Optics).

The principle fabrication MPL sequence is graphically depicted
in Figure 2. The photo-exposure strategy can be realized in the
following ways: 1) serial writing (point-by-point) in a raster or
vectorial mode;1 2) interference/holography;*° 3) paral-
leled writing;=% or 4) continuous volumetric printing.b52 All
of these have certain specific advantages in terms of flexibility for
the realization of complex shapes, speeding up production, or
allowing working with different resins. Although various methods
can be employed to create micro-optical elements, in addition to
the resolution (accuracy of the 3D printed objects), their exposure
dose and homogeneity, surface quality, and stitching artifacts may
influence the efficient refractive index and optical performance.
There is no single best method for the production of the whole
spectrum of micro-optical geometries as there are no sophisti-
cated and versatile characterization standards established so far.
However, original improvements from the scientific community
and specific solutions from industry are emerging to satisfy the
application-driven demand.

The photo-excitation beam is commonly focused using dry,?!
immersion oil” or dip-inP®3 approaches via microscope objec-
tives. Their numerical apertures (NA) and magnifications can be

(@)

(b)

(d)

|\
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chosen depending on the required precision (which is inversely
proportional to throughput), material used (liquid or sol-gel/
solid), and geometry (2.5D or complex free-form 3D) or platform
(e.g., glass, silicon or metal substrates, fiber facets, CMOS chips,
wire bonding, or hollow micro-fluidic cavities). After exposure, a
wet lithography development is carried out where most organic
solvents such as alcohols isopropanol, acetone, ethanol, or more
aggressive chemicals like 4-methyl-2-pentanone, 1-methoxy-2-
propyl acetate, tetrahydrofuran, and toluene can be applied. The
exact developer or their mixture depends on the resin and intended
etching rate. Additional rinsing in solvent and critical point drying
can be employed for cleaner removal of the unexposed matter
and retrieving the structures without distortions due to shrinkage
and capillary forces. Some post-processing solutions like metal
sputtering or atomic layer deposition can be further exploited to
increase the functionalities of the micro-optical components. The
produced templates can serve as master stamps or be used to
make replica molding masks for a well-established nano-imprint
and soft-lithography multiplication of nano-/microstructures
routes. Recently, heat treatment at elevated temperatures, known
as pyrolysis or calcination, was validated to sinter the microstruc-
tures by converting them into completely inorganic compounds.
Several parameters influence the resulting characteristics of
the micro-optical elements fabricated by MPL. Features are deter-
mined depending on the voxel size and the accuracy of the MPL
system. The roughness of the structure establishes its surface
quality, which impacts its optical performance. Additionally, MPL

Figure 2. Laser direct writing 3D multiphoton nanolithography processes: a) A femtosecond beam is tightly focused into the pre-polymer material
confining the light—matter interaction into a (sub-)wavelength scale; b) the beam focus is scanned or the work-piece is translated to materialize the
computer model and it is replicated into the corresponding photo-exposed volume; c) a wet chemical development is used to reveal the 3D object; d) a
free-form self-standing structure that can be used for a particular optical function or as a template for additional functionalization via post-processing.
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Table 1. Characteristics of optical structures and MPL technology
aspects in the context of micro-optics.

Voxel size Lateral—from 100127 to 500 nm®¥, and axial—from
100 nmB3 to 1.5 umb>, or even higher ones using low
NA objectives
Accuracy Sub-micron =100 nm[®¢l
Roughness From 3 nmP to order of 100 nm[]

Structure dimensions Micro-lens diameter—from few umb>® to 2 mml*)

Waveguides—core size down to 1 um

and lengths up to 150 umb>

Throughput (time/lens) From few minutes!® up to 23 h*’l per lens

Parallelization 4% 4 micro-structure arrayl*/]

technology has achieved dimensions from sub-micron to milli-
meter scale optical structures and fabrication speed down to a few
minutes per fabricated structure. Table 1 presents the different
values reported for the principal characteristics of the microstruc-
tures and aspects of MPL technology in the context of micro-optics.

3. Fabrication Modalities

In MPL fabrication, high control over design, fabrication,
and post-fabrication processes allows for ever-expanding
possibilities to create unprecedented and high-quality
micro-optics. To take advantage of this potential, several fab-
rication modalities have been developed, where different
degrees of freedom are controlled during the fabrication pro-
cesses, including laser scanning strategy and energy dose per
voxel. In this section, we summarize the most important MPL
fabrication modalities.

In the basic approach, a single dose per voxel is applied, typi-
cally by using constant laser-scanning speed and laser power (cor-
responding to incident light intensity), leading to a constant voxel
size and refractive index across the fabricated structure. Different
geometries require specific scanning strategies for the laser spot
tracing through the photoresist during fabrication to achieve

designed geometry
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smooth surfaces. Generally, the structure’s design is sliced into
layers and hatched with a specific distance between the parallel
lines; this method is favorable for flat surface structures.

Curved profiles are commonly present in micro-optics, and
the previously mentioned scanning method creates unwanted
steps on the surface, impacting their optical performance. As
a solution, the annular scanning mode was proposed as a fab-
rication method for micro-lenses, providing a better approxima-
tion to the curved profiles than the parallel lines, ensuring the
lens orbicular symmetry and radial consistency. This method,
together with the implementation of continuous variable layer
thickness, reduces the defects and improves the surface quality
as shown in Figure 3a. The height of the layers impacts the sur-
face smoothness, since the 3D structure is manufactured in a
layer-by-layer manner. A continuous variable layer thickness was
introduced as an optimization of the fabrication of curved sur-
faces. This method achieved high-quality and smooth-shaped
surfaces required in optical elements, such as Fresnel lenses.”]

Another scanning strategy presented is based on spiral paths
to polymerize the surface of conical micro-lenses (micro-axi-
cons), controlling the voxel overlap.l>*

To overcome the long fabrication time for micro-lenses, Mal-
inauskas (2010)! presented a different fabrication procedure
consisting of a shell-surface polymerization followed by UV
curing of the unexposed internal volume after removing the
nonfunctional external photoresist as shown in Figure 3b. This
method combines the high-resolution granted by MPL with
a uniform fast UV exposure to create micro-optical compo-
nents, speeding up the entire fabrication process by a factor of
approximately 200.

Nowadays, higher control of fabrication parameters in the MPL
process allows the introduction of new degrees of freedom, besides
the well-known 3D spatial parameters, permitting different fabri-
cation modalities. Generally, the refractive index and the dispersive
properties of the photopolymer material limit the microstructures
fabricated by MPL. An additional degree of freedom during fabri-
cation allows control of the refractive index of the photopolymer. A
controlled nonconstant fabrication laser intensity enables tuning
of the refractive index of the resultant structure up to a 0.3 change

s UV RADIATION
(B) b ———ova W

SOLID POLYMER

SOLID POLYMER

SOL-GEL MONOMER

Substrate

Polymerization = f[E(x.;'.z.t)]

Figure 3. a) Parallel linear, annular scanning with fixed layer spacing and, annular scanning with dynamic layer spacing scanning strategies. b) Shell-
surface polymerization followed by development, and UV curing of the inner volume. c) Refractive index controlled by dynamically changing the laser
power in the fabrication process. d) Comparison of voxel size definition of classic TPL versus 2GL. a) Adapted with permission.l Copyright 2016, The
Optical Society. b) Adapted with permission.I) Copyright 2010, IOP Publishing. c) Adapted with permission.[®? Copyright 2021, The Optical Society.

d) Adapted with permission.[®% Copyright 2021, The Optical Society.
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for visible light. This method has been demonstrated to be suit-
able for the fabrication of gradient refractive index (GRIN) micro-
lenses!®!l and waveguides!®? as presented in Figure 3d.0]

The same control over the laser intensity can result in a
different modality that significantly reduces the fabrication
time and improves the surface quality. A change in the fab-
rication laser intensity leads to a change in the focal volume,
changing the voxel size, hence enabling higher accuracy
for edges and borders of the 3D structures. This fabrication
modality is called two-photon grayscale lithography (2GL),
which allows higher resolution in fewer layers by adapting
the voxel size during the fabrication of the structure com-
pared to the equal-sized voxels by traditional MPL as com-
pared in Figure 3c. The implementation of this modality is
beneficial for micro-optical applications where high surface
quality is required for better optical performance, reducing
the manufacturing time.[6%

4. Single Micro-Optical Elements

Modern photonics technologies demand high-quality, high-
precision micro-optics elements that provide more freedom
for system design, enabling new functionalities and applica-
tions that are not possible with conventional optics. In the early
works proposing the fabrication of micro-elements via MPL,
researchers focused on creating a toolbox of known optical ele-
ments scaled down to the micro-scale. Special attention was
paid to the surface quality, as optical applications require ele-
ments with features smaller than 1/20.06%]

In this section, we summarize the primary refractive, reflec-
tive, and diffractive single micro-optical elements fabricated
with the MPL process. In addition, we further discuss MPL-fab-
ricated free-form optics, polarization, and waveguides. Most of
the presented structures will be recalled in the context of their
proposed applications in Section 5.

4.1. Refractive Elements
4.1.1. Single Micro-Lenses

Spherical, aspherical, and Fresnel micro-lenses were among the
first types of micro-optical elements fabricated with MPL.=:%8]
The development of optimized scanning strategies (see
Section 3) allows for obtaining precise and easy tailoring of the
lens curvature, and high optical quality. An example of a micro-
lens printed by MPL is presented in Figure 4a. The obtained
relative error of the lens profile can be less than 0.2%.1°8]
Interestingly, Xu,® leveraging the unique shaping capabili-
ties enabled by MPL fabrication, proposed a concave-convex
micro-lens consisting of two different high-curvature surfaces
that offer more design freedom and minimizes aberrations.
Ristokl”l demonstrated the largest singlet lens to date,
exhibiting the versatility of fabrication by MPL for optical ele-
ments up to the millimetric scale. Components at such a scale
require dividing the design into smaller sections of the entire
structure, potentially resulting in visible stitches on its sur-
face. Free-of-stitching-defect optical components result from a

Adv. Optical Mater. 2023, 11, 2201701 2201701 (5 of 19)
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single-step exposure fabrication and exhibit a molded glass-like
clear appearance.

4.1.2. Free-Form Elements

The versatility of 3D fabrication via MPL permits the fabrica-
tion of complex free-form structures. It is possible to manu-
facture, not only single structures or a combination of known
optical elements but innovative and nonconventional free-form
components for sophisticated optical applications.

For instance, the logarithmic axicon (LA) is a single optical
element that differs from the basic spherical-like lenses, exhib-
iting large focal depth. The resulting beam can be well approxi-
mated to a Besselian transverse intensity distribution and is
almost unchanged along its optical axis.[®]

More arbitrary structures for light collimation can take
advantage of the degree of freedom offered by MPL during
fabrication. A structure composed of a dielectric total internal
reflecting (TIR) concentrator, with an aspherical lens on top
of an LED presented high collimation efficiency of light. Such
elements demonstrate that efficient primary optics play a cru-
cial role in the miniaturization of illumination systems[®l as
the one presented in Figure 4c. Similarly, a monolithic bifocal
eight-level zone plate by Jiangl®’! used its double focus property
to collimate light from a laser diode with high spatial coher-
ence, presenting an efficiency higher than 92%.

The ability to control the directivity of light is of interest
for several optical applications and is achieved by complex
free-form micro-optics. A single double-axial hyperboloidal
micro-lens with an asymmetrically divergent output beam
takes advantage of its two adjustable focal spots for beam
shaping of edge-emitting diode lasers in two directions.[®®l
Likewise, Johlin!® proposed a dielectric micro-lens achieving
high directivities for point-sources and nano-wire emitters
taking advantage of the flexible 3D design and compatibility
of MPL.

4.1.3. Micro-Lens Array

The signal-to-noise ratio of the micro-lens array depends on
the area filling factor of the elements. Different patterns for
the micro-lens array, such as quadratic,®® hexagonal,>*>%>8l
horizontal, and vertical slicing strategies have been pre-
sented.” One of the main goals is to achieve a fullfilling
factor; 100% was reached by Wul?®l as presented in Figure 4b.
MPL flexibility permits a nonuniform curvature? and
height?”?! on the micro-lens arrays, as well as multi-lens objec-
tives,?8] as presented in Figure 4i, in a single-step fabrication.

4.2. Reflective Elements

The advantages of reflective compared to refractive optical
designs are the intrinsic achromaticity and compactness. If
the designed reflection angle satisfies the condition for TIR
with the used photopolymer, then it is possible to obtain an
all-dielectric reflector in a single-step fabrication. Alternatively,

© 2022 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

85U80|7 SUOWWOD 3A a1 8|qeo! [dde a3 Aq pausenob afe ssjolie YO ‘SN JO Se|n. 1oy ARIqIT8UIUO A8]IM UO (SUORIPUCO-PUB-SWR/W0d A3 M Afelq 1 [pU1|UO//:SANY) SUORIPUOD pUe SWie 1 8y} 89S *[£202/70/70] Uo ARiqiTauliuo (1M ‘AseAlun sniujiA Aq T0LT0ZZ02 Wope/z00T 0T/10p/wiod A8 i Areiqipul|uo//sdny woy papeojumod ‘T ‘€202 ‘TLOTS6TZ



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

www.advopticalmat.de

LY ¥ W
o
S~
f,f’»».-
\f,,/,‘» .

rrree

10 um Aperture
—

“10 pm

Figure 4. a) Single micro-lens and b) close-packed high NA hexagonal micro-lens array. ¢) On-chip free-form collimator lens. d) (Oblique view) Para-
bolic reflector coated with Ag and e) (top view) close-up of light aperture etched with a focused ion beam. f) Micro-prism of photosensitive silicon-
based composite, highly loaded with Ge isopropoxide. g) Parabolic micro-reflector covering the core of a multimode fiber. h) Central part of kinoform
lens. i) Array of a compound micro-lens system for foveated imaging on-chip. a,b) Adapted with permission.[?®l Copyright 2010, American Institute of
Physics. c) Adapted with permission.[®l Copyright 2016, The Optical Society. d,e) Adapted with permission.[?’l Copyright 2011, American Institute of
Physics. f) Adapted with permission.?’l Copyright 2012, Elsevier Ltd. g) Adapted with permission.’® Copyright 2013, The Optical Society. h) Adapted
with permission.’l Copyright 2018, Wiley-VCH. i) Adapted with permission.?®l Copyright 2017, Elsevier Ltd.

in a second fabrication step, a metallic coating can be depos-
ited on top of the 3D printed micro-optical element to create
reflective-like components.

4.2.1. TIR Reflectors

For a polymerized material with an n of 1.5, the TIR condition at
the interface with the air is satisfied for incidence angles above 41
deg, which includes 45 deg that is relevant for many applications
as it allows right-angle steering of the beam. For instance, 45 deg
prisms can be fabricated from hybrid materials,’?* as presented
in Figure 4f, and TIR mirrors combined with micro-lenses
were used for out-of-plane coupling between optical fibers and
photonic circuits, exhibiting low coupling losses.”>”* A minia-
ture Otto prism was presented as an alternative for out-of-plane
coupling via TIR, to excite Bloch surface waves in 1D photonic
crystals.”®) TIR beam deflectors were implemented in a fully inte-
grated system on fiber, achieving stable 3D-trapping optimized
for single cells.””) On the other hand, Bianchi”® used a parabolic
reflective design, shown in Figure 4g, to increase the NA of mul-
timode fibers and achieve a focusing power independent of the
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immersion medium. In another example, free-form focusing
TIR reflectors were used for on-chip optical trapping./’)

Optical designs which feature both refractive and reflective
components are called catadioptric designs. They are of par-
ticular interest because they can collect light with high-NA.
One example is a design with light coming from isotropic point
emitters.®% A high NA thin lens presented by Bertoncini,!’]
based on this catadioptric design, can replace a bulky high-NA
aperture microscope objective for forwarding signal collection
in point-scanning microscopies.

4.2.2. Metal-Coated Reflectors

Some applications demand an incident angle on the optical
component that does not satisfy the TIR condition. This can
happen if the incidence angles are close to normal or if the sur-
rounding material has an » higher than air (e.g., water). One
solution is to apply a metallic coating on the micro-structures to
provide the required reflective condition. The leading technique
to achieve a smooth metallic coating is physical vapor deposi-
tion, such as sputtering by evaporation.
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Atwater!”’] proposed a micro-photonic parabolic Ag-coated
structure as a light director to produce collimated beams pre-
sented in Figure 4d,e. Likewise, a micromirror together with
a microlens creates a counter-propagating system to enhance
fluorescence signal collection.B! Similarly, a parabolic micro-
mirror is created by depositing an Au layer structure using
thermal evaporation-assisted deposition onto a photoresist
mold and is used to focus light for sensing applications.®2

In some cases, a metallic coating is required only in a spe-
cific area of the micro-structure, to retain both transparent and
reflective parts in the final device. Bertoncinil®3l developed a
dual-step 3D printing strategy to achieve selective metalliza-
tion of the slated face of a 45 deg mirror for the realization of
a counter-propagating optical trapping device. Another chal-
lenge for mirror-like structures is to achieve uniform metallic
deposition on shadowed surfaces or inside cavities. Williams/®4
addressed this challenge while creating a resonant cavity with
metal-coated mirrors by printing one part of the structure con-
nected with a hinge. In this way, the two surfaces that are to
be metal coated were exposed and facing the same direction
during the metallic deposition. After the deposition process, the
hinged mirror was closed with a micro-manipulator to form the
resonant cavity.

4.3. Diffractive Elements

Novel optical systems take advantage of the properties of dif-
fractive optical elements (DOE) to create efficient light trans-
formation devices. Unlike their refractive counterparts, DOEs
consist of different zones. These zones in the optical element
diffract light, resulting in an interference effect that creates
the final image by a coherent superposition of light. DOEs are
typically fabricated by 2D lithography techniques that limit
their topographies. The 3D flexibility and submicron preci-
sion in the fabrication of the MPL technique overcomes this
limitation.[®°]

This fabrication technology allows for the creation of micro-
structures encoded with gray-level information®® as well as
kinoforms,®”! which are phase-type diffractive lenses with high
diffraction efficiency. Phase-type and multi-level structures,
for example, have been shown to enhance the diffractive effi-
ciency of fractal zone plates and demonstrate multiple foci
along the optical axis.®® Another example is Dammann grat-
ings, a binary-phase Fourier hologram that generates an array
of coherent spot sources.l®”) Binary radial DOEs are also used
to create the so-called “light bottles” starting from a Gaussian
beam.P®l Similarly, the fabrication of four-level micro-relief
DOE exhibits the capability of multi-level fabrication with sub-
micrometer precision by MPL required for DOEs.[*%

Similarly, Figure 4h shows a kinoform lens that presents a
challenging parabolic profile which has been achieved by MPL.
Such elements allow high performance in focusing and high
control of X-ray wavefronts.’! Additionally, an inverse-designed
thin circular grating-like structure was fabricated on top of a fiber
for wavefront modifications. The metal-lens element has the
capability of transforming the wavefront from parabolic to spher-
ical at the near-infrared wavelengths.’””) Recently, stacked DOEs
appeared as a solution to correct field-dependent aberrations
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presented in planar lenses, taking advantage of the 3D fabrica-
tion capabilities of MPL.?!

Fabrication of a micro-lens array of DOEs is also possible via
MPL. An array of continuous surface Fresnel micro-lenses by
3D focal field engineering has been presented. To improve fab-
rication speed, the fabrication was performed on the Y-Z plane
and along the X-direction to have higher control of the struc-
ture height.*

4.4. Polarization Elements

Conventional optical devices for polarization control are based
upon intrinsic material properties. Examples include birefrin-
gent crystals (e.g., waveplates) or conductive materials (e.g.,
wire-grid polarizers). However, in the context of 3D printed
micro-optics, the material is typically dielectric and non-bire-
fringent. Thus, the main strategies to control the polariza-
tion are not based on the material’s properties but instead on
three out of the four optical phenomena we previously covered:
refraction, reflection, and diffraction.

Figure 5a shows an example of a refractive configuration is
an integrated micro-optical component on a fiber facet formed
by a prism and a grating, proposed by Hahn.[”! The refractive
element deflects the output of the single-mode fiber by TIR to
a polarization-dependent sub-wavelength grating that splits the
polarization components. !

On the other hand, a diffractive element works as a free-
form polarization beam splitter for in-plane light manipulation
shown in Figure 5b. It functions as free space broadband in the
near-infrared beam splitter, splitting the parallel and perpendic-
ular polarizations into different diffraction orders.P¢l

Another micro-size diffractive element used for polariza-
tion control is a grating fabricated through a liquid crystalline
polymer by Zanotto (2019).”1 The device achieves a photonic
response by a refractive index change and the shape of the
grating elements by a molecular rearrangement, resulting in a
nontrivial polarization state management over multiple beams
due to the material anisotropy. With polarization modulation
of the diffracted beam, the transmitted beam also experiences
a polarization modulation simultaneously, achieving inde-
pendent control over the polarization and amplitude of dif-
ferent beam channels.

Birefringent optical retarders, instead, are made of dielec-
tric metasurfaces, for which polarization conversion was
reported.’® Their efficiency can be improved more than ten
times by stacking multiple individual layers into an assembled
3D optical component.?% It is possible to obtain multimodal
interference from a 3D printed birefringent dual-core based
on a photonic crystal fiber (PCF) design to create a wave-
guided polarization splitting device.””! Alternatively, highly
birefringent channel waveguides can rotate the polarization
by adiabatically twisting them. By controlling the twisting
angle of the waveguide, the polarization state changes to an
arbitrary or intended state,1% allowing the creation of polari-
zation rotator®! as presented in Figure 5c. A polarization
rotator based on the same operation mode has been demon-
strated on fiber-to-chip connections, in order to convert TM to
TE polarization mode.[10%
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Figure 5. a) Polarizer beam splitter composed of a prism highlighted in blue, the lamellar grating in red, and the supporting structure in green.
b) Free-form inverse-designed PBS in the near-infrared range with ten periods and 30 um length. c) Polarization router via twisted waveguide based on
adiabatic mode conversion. d) Anti-resonant hollow-core, and e) fractal ring-core PCF designs. f) Cross section, and g) top view of hollow-core light
cage with six strands of 1 cm length.%] a) Adapted with permission.>®l Copyright 2018, The Optical Society. b) Adapted with permission.®® Copyright
2019, Wiley-VCH. c) Adapted with permission.'% Copyright 2019, Wiley-VCH. d,e) Adapted with permission.l®> Copyright 2020, The Optical Society.
f,g) Adapted with permission.[% Copyright 2019, American Chemical Society.

Another relevant operation in polarization control is the con-
version of the polarized light into different polarization states.
Bertoncinil'®¥l created a linear to circular broadband polariza-
tion converter based on a miniaturized Fresnel Rhomb. Here,
two reflections at a precise angle create a quarter-wave phase
delay between two orthogonal polarization, generating a circu-
larly polarized state. Staking two Fresnel Rhombs achieves half-
wave retardation, hence rotating the polarization by 90 deg.

4.5. Waveguides

The unprecedented degree of freedom offered by MPL fabri-
cation has been harnessed to fabricate complex optical wave-
guide configurations based on different approaches. In the first
approach, the waveguide cores are MPL fabricated with the
capability to create 2D/3D trajectories. The printed cores typi-
cally have lateral dimensions in the order of the wavelength to
obtain single-mode waveguides and are eventually embedded
in a low-index cladding material added in a second step. This
has contributed to compelling applications in optical intercon-
nects, which is reviewed in Section 5.5.

Inasecondapproach, MPLwas used for the fabrication of wave-
guides with PCF geometries as presented in Figure 5d,e.?%104
This approach takes advantage of the single-material configura-
tion of PCF fibers and of the vast catalog of waveguide optical
properties obtainable by varying the geometry of their longitu-
dinal holes. In a third approach, Jainl' proposed the so-called
“light cage” hollow-core waveguides shown in Figure S5fg.
Here, the anti-resonant properties of the longitudinal bars
arranged in a circular pattern allow light to be confined in a
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hollow waveguide that is highly permeable, with clear advan-
tages for sensing applications.l'! In the last approach, MPL is
used to fabricate solid-core waveguides by polymerizing mate-
rials with two different n for the core and the cladding areas.
This can be performed in two ways: 1) using two different
photoresists, one for the core and one for the cladding,”) or
2) by controlling the degree of polymerization (cross-linking),
hence its n, of a single photoresist.[62108-111]

5. Applications

5.1. Structured Beams—Vortex Beam Generators

A particular beam shape that differs from the classical Gaussian
beam may be required for certain applications. One example is
the so-called vortex beam that carry orbital angular momentum
(OAM), which typically has a ring-shape. The light field is
endowed with an on-axis phase singularity, corresponding to
a local azimuthal phase dependence of the electric field in an
exponential form depending on the topological charge and the
azimuthal angle.

Various strategies are used to generate OAM beams in
optical applications, several of which have been scaled to micro-
size with the help of the MPL process. The most common
vortex beam generator architecture is the spiral phase plate
(SPP), characterized by a helically increasing optical thickness
designed for a specific wavelength. Micro-size single SPPs over
a glass substrate," and on a single-mode fiber,"®l have been
presented. OAM beams have the potential to become a platform
for optical communication systems since these beams give
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access to an infinite number of states and due to the orthogo-
nality of distinct azimuthal modes. Therefore, the purity of
the OAM modes is of high importance. Stegenburgs! dem-
onstrated the fabrication of SPP to generate high-purity OAM
beams, measured through modal decomposition, and tested
them in an optical communication setup to convey data signals.

More recently, DOEs have been incorporated to realize com-
plex illumination patterns, for example to generate structured
light from purely geometrical phase transformations. Spin-to-
orbital optical angular momentum converters with space-var-
iant grating have been demonstrated by Wang,®! as well as a
diffractive phase plate for spatial intensity beam shaping with
sub-micrometer features by Gissibl.'?l Schmidt™ proposed
a free-form hologram with a design methodology for smooth
and uniform phase profiles, and Oliveiral'®l proposed a DOE
to generate a superposition of high-order Bessel beams with a
controlled number of rings, showing the incorporation of dif-
fractive elements to complex designs.

A combination of different elements can generate vortex
beams with unusual characteristics. Zukauskas!"” combined a
generic SPP with an axicon to produce pseudo-nondiffracting
high-order optical vortex beams, and Tian!""®l combined an SPP
with a lens for high-order focused vortex beams. Unconven-
tional structures can also generate OAM beams, for example,
the wrinkled axicons presented in Figure 6a,b by Sanchez-
Padilla.?”! The structures can generate optical vortices from
spin—orbit interactions associated with nonparaxiality by using
hypocycloid and epicycloid curves on axicons.

On the other hand, alternative flat optics methods can gen-
erate high-order OAM beams. Balcytis!''®) demonstrated tightly
focused vortex beams in a single wavefront transformation by a
binary spiral zone pattern based on a high numerical aperture

www.advopticalmat.de

micro-lens fabricated with a combination of MPL and focused
ion beam (FIB) milling. Wang®® proposed a spin-to-OAM cou-
pler from a space-variant birefringent structure. Simultane-
ously, wavelength and OAM multiplexing/demultiplexing were
possible using a new on-chip micro-component consisting of
a tunable MEMS-based Fabry-Perot filter, together with an
SPP.[12% Another example is an optical vortex generator called a
mirror-rotation-symmetrical single-focus spiral zone plate (MS-
SZP). This element is a combination of an SPP with a Gabor
zone plate and generates single-focus optical vortex beam with
OAM.[121

Multiple OAM beams can be generated simultaneously
with a single device. Hul'?? proposed a multifocal logarithmic
axicon, together with a multizone spiral phase plate, for inde-
pendent control of phase division of multiple OAM output
beams. Optical vortex beams can be carriers of informa-
tion in optical communications; due to their spatial orthogo-
nality; these beams can be multiplexed and demultiplexed.
Lightman! proposed a vortex mode sorter with optimized
profiles and distance between the elements handling both pure
and mixed vortex beams, for low-order OAM. On the other
hand, inspired by the concept of lab-on-fiber, Xiel'??l demon-
strated the integration of a fork-type polymer vortex grating for
(de)multiplexing on facets of a few-mode fiber. Such an OAM
(de)multiplexer enables the direct conversion of multiple OAM
states of different orders within the optical fiber back to Gauss-
ian-like beams in a different direction in the output facet.

Alternatively, taking advantage of a hybrid micro-optical com-
ponent, an increase of five times the propagation of a Bessel
beam was employed by mode field expansion.[124l

Furthermore, Sokolovskiil'”’! developed a solution to the
beam-quality problem presented in diode laser by fabricating

P4

@ _100um

Figure 6. Hypocycloidal and epicycloidal axicons for Bessel beam generation: a) oblique incident view and b) top view. c) Microlens array and d) entire
hyper-telescope on a multi-core fiber bundle for two-photon imaging. €) 20 um diameter micro-ring resonators on optical fiber taper, and f) optical
microscope image of a micro-ring being excited using white light. Diffractive Fresnel lenses on single-mode fibers for dual-fiber optical trapping with
g) NA=0.5and h) NA = 0.7. a,b) Adapted with permission.[?l Copyright 2016, The Optical Society. c,d) Adapted with permission.Bl Copyright 2021,
The Optical Society. e,f) From the Authors Dr. V. Melissinaki and Dr. M. Farsari with their kind permission to reuse it for this review.* g h) Adapted
with permission.[™”] Copyright 2019, American Chemical Society.
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an axicon for Bessel beam generation with super focusing and
high-M2. This approach achieved an order of magnitude reduc-
tion in the size of the focal spot and performed the optical
trapping of red blood cells. Meanwhile, Reddy!"?®! recently pre-
sented a unified approach to generate zeroth and high-order
Bessel beams from single-mode optical fibers.

5.2. Imaging Systems

The use of bulky optical elements, due to the limitations of
traditional optics manufacturing methods, has long hindered
the miniaturization of imaging systems and the realization of
ultra-thin micro-endoscopes.

As presented in the previous sections, MPL can fabricate
micro-size optics with high precision; thus, the realization of
high-performance complex micro-optical systems and micro-
lens arrays!'l for imaging has become possible. Moreover, the
unprecedented capability of MPL to create arbitrary shapes pro-
vides substantial potential for aberration correction. Gissibl['?8l
presented singlet, doublet, and triplet lenses optimized to cor-
rect for monochromatic aberrations during the design phase.
The authors showed the use of these multi-lens objectives
directly printed on CMOS sensors and the facet of a multicore
optical imaging fiber. On the other hand, a combination of dif-
fractive and refractive elements and two different photoresists
has been used to correct chromatic aberrations to realize achro-
matic and apochromatic microlenses.?"

An endoscopic probe composed of a cascade of microlenses
with aspheric profiles allowed to achieve high numerical aper-
tures and control aberrations resulting in high spatial resolution
(1 um).1291 Wangl3% presented another application of aspherical
microlenses, fabricating a high-NA singlet lens on a fiber-
facet to collect the fluorescence signal of an analyzed sample.
Aspheric microlenses were also presented for correcting optical
aberrations of minimally invasive GRIN micro-objectives,
obtaining an extended field of view and demonstrating its use
for imaging deep brain regions.!3!l In another application for
endoscopy, a miniaturized coherent beam combiner presented
in Figure 6¢,d, including a 120-micro-lens array at the tip of an
ultra-thin multicore fiber, demonstrated an efficiency increase
of x35 in performing two-photon imaging.!l

For application in optical coherence tomography, a fiber
probe was realized by fabricating a miniaturized optical
system containing an off-axis paraboloidal TIR surface.'3%
More recently, Lil'*¥l developed novel side-facing free-form
micro-optics on single-mode fibers, resulting in an aberration-
corrected optical coherence tomography probe. In this study,
the use of this structure was demonstrated in mouse thoracic
arteries, where biologically relevant microstructures were visu-
alized up to 500 um deep into the tissue.

However, different modalities have conflicting optical
requirements; for example, the NA required for high sen-
sitivity fluorescence measurements is higher than that
required for optical coherence tomography. An optimized
lens-in-lens design contains optical surfaces that address the
need for optical design for both modalities, a combination of
TIR mirrors and lenses whose fabrication is only possible via
MPL.[134
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Yanny!'3] fabricated a phase mask consisting of an array of

multi-focal nonuniformly spaced microlenses for single-shot
3D fluorescence microscopy. The phase mask was placed in the
Fourier plane of the GRIN objective lens of a miniature wide-
field fluorescence microscope to encode the 3D fluorescence
intensity distribution into a single 2D measurement.

Light-blocking features are also important in multi-element
imaging systems, as they integrate apertures that maximize
imaging quality. Toulousel’*®! proposed a new method to create
nontransparent micro-optics components by integrating super-
fine inject printing into the optical systems. However, an aperture
stop created with this method cannot be integrated into all optical
systems, as it requires enough space to incorporate the ink mold.

More recently, Weber®*"l proposed an alternative approach
to creating thin and completely nontransparent aperture stops
based on shadow evaporation and used it to demonstrate a
multi-element wide-angle Hypergon micro-objective.

A miniature direct spectrometer for visible light, including
MPL-fabricated imaging, diffractive, and light-blocking micro-
optical elements, was recently presented, featuring a volume of
100 x 100 x 300 pum3.1% This footprint is at least two orders
of magnitude smaller than currently available direct spectrom-
eters. This presented miniaturized optical system illustrates the
strengths of MPL: the possibility of creating multiple free-form
surfaces, including asymmetrical and highly tilted surfaces,
their inherent near-perfect alignment, and the integration of
optical apertures.

A combination of free-form stacked lens systems and light-
blocking elements has also been used to implement an ultra-
compact multi-aperture wide-angle (180° x 360°) camera.['*!]

5.3. Optical Manipulation—Optical Tweezers

Optical tweezers (OT) are contactless tools that trap and manip-
ulate microparticles using light beams.*? Implementing OT
generally requires special light fields, constituted of either a
single high NA beam or by low NA counter-propagating beams,
which are created with complex and bulky setups. MPL fabri-
cation has proved to be a powerful method to create complex
light fields at the microscale, allowing the miniaturization of
those optical setups. Liberalel””l used MPL to fabricated a set of
micro-prisms on a four-fiber bundle, in which cores were dis-
tributed according to an annular geometry. The output beams
were deflected by TIR to converge with high NA at a common
spot, creating a fiber-based 3D optical trap. The system was
integrated into a microfluidic system for stably trapping tumor
cells while simultaneously recording their Raman signature.

More recently, Plidschun™ proposed a high NA meta-lens
to tightly focus the expanded Gaussian beam from a single-
mode fiber and demonstrated efficient 3D trapping of micro-
beads and bacteria.

In another fiber-based approach, Asadollahbaik!®! used
MPL-fabricated diffractive Fresnel lenses on the facets of a pair
of optical fibers to create counter-propagating beam optical
traps presented in Figure 6gh. The converging beams resulted
in strong trapping efficiency in both the axial and transverse
directions, allowing the stable trapping of particles as small as
500 nm at low laser power. Using this dual-fiber configuration,
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the same research group studied the emission of trapped photo-
luminescent nanorods!™ and the vitality of single algal cells.*]
A miniaturized on-chip dual-beam trapping configuration
was also proposed by Yu.”! Their approach was based on the
MPL fabrication of free-form micro-optics on the end faces of
optical waveguides and was designed to trap and manipulate
suspended particles in an integrated chip-scale platform.

5.4. Optical Sensing

Uncommon micro-optical elements designed for sensing appli-
cations take advantage of the flexibility of the MPL process for
its implementation in optical fiber facets and multiple devices.
Microcavities integrated with different optics have been imple-
mented on optical fibers for lab-on-fiber sensing applications.
For example, the architecture of a Fabry—Perot optical reso-
nator is exploited for sensing applications, since it allows the
formation of a small cavity where gases are trapped. The cavity
detects the n, or absorption changes, allowing its use as a vapor
sensor.M*¥] Due to the thermal expansion and thermoelastic
effect, the n of the sensing material changes by altering the
background temperature. It results in a wavelength shift of the
flat Fabry—Perot resonant, permitting its use as a thermal radia-
tion sensor.'* This temperature-dependent optical response
was improved by using a reflective and curved surface, as pre-
sented by Williams.) On the other hand, a magnetic field
sensor can result from bounding nano iron particles to an FP
resonator, as reported by Goraus.®® Some well-known optical
phenomena like Moiré patterns were realized at the microscale
by forming a grating-like deformable and rigid polymeric struc-
ture.™ This was shown to serve as a passive fluidic micro-
sensor with an all-optical readout.

Moreover, other particular geometries are possible for
various fiber tip sensing applications. A whispering gal-
lery microcavity with high-quality factors investigates volatile
organic compounds showing high sensitivity and a fast time
response.>? Subsequently, Liul">¥l presented integrated micro-
ring resonators in 3D space for sensing organic vapors, dem-
onstrating satisfactory reversibility since there is no chemical
reaction between the volatile organic compounds and the pho-
toresist.”3 Similarly, Figure Ge,f shows microrings on fiber
tapers which were used as ethanol vapor sensors based on
reversible physisorption effects. The results support a new type
of photonic platform exhibiting unique guiding performance
and modal interaction characteristics.3% In another example,
Zhang!™ introduced an optofluidic Mach-Zehnder interferom-
eter with a hollow cavity. This microsystem resulted in a prom-
ising platform for refractive index measurements of analytes.
Alternatively, a combination of a parabolic mirror and a sur-
face-enhanced Raman scattering was realized on a fiber facet
as a radar-like design sensor, exhibiting a higher SERS effect
for excitation in the visible spectral range.®?l Furthermore, an
optical force sensor was created from four polymer plates in a
force-sensitive micro-gripper. The optical force from the fiber
displaces the sensing plates, and the differences in path length
between the light reflected from different plates leads to inter-
ference effects used to predict the axial compression of the
monolithic micro-gripper.[>!
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On the other hand, the confinement and diffusion capabilities
in the hollow cores of microstructured waveguides are of interest
for sensing applications. A PCF-like structure was shown to track
and analyze individual diffusion of nanoscale objects in a water
medium. This was done by studying the particle’s Brownian
motion as retrieved by analyzing the elastically scattered light from
the core mode and using standard tracking algorithms and mean
squared displacement analysis with fair accuracy."® Another pos-
sibility is the integration of the hollow-core light cage interfacing
optical fibers for on-chip waveguides for sensing applications.
The system’s sensing ability was demonstrated by examining
ammonia using a tunable diode laser absorption spectroscopy.l%l

5.4.1. Scanning Probe Microscopy

The potential of 3D printed micro-optics was presented by
Dietrich,™ who engineered a 3D printed scanning probe
microscope on top of a four-fiber array. In this work, the can-
tilever’s actuation is performed optically by the opto-thermal
expansion of a portion of the cantilever thanks to a beam
coming from the first fiber, and is deflected by two TIR mirrors
that are part of the cantilever. The position is interferometri-
cally read through a cavity formed by a free-form mirror on the
bottom of the cantilever and the facet of a second fiber. The
near field probe’s optical excitation comes from the fourth fiber,
whose beam is focused and deflected with a free-form metallic
mirror. Finally, the signal coming from the metallic tip is col-
lected into the third fiber with a free-form micro-lens.

Zoul™® presented a novel fiber-tip polymer clamped-beam
probe for micro-force sensor. The force-sensing probe exhibits
high force sensitivity with the smallest force-detection limit in
direct contact mode reported until now.

5.5. Optical Communications—Photonic Circuits

Harnessing the full potential of integrated photonic circuits
requires the availability of 3D intra-chip and chip-to-chip optical
interconnects, easy coupling between out-of-plane elements
and planar elements fabricated with 2D lithographic technolo-
gies, and efficient coupling between optical fibers and on-chip
photonic systems, to name just a few.

The first proposal of MPL-made suspended-core (or free-
standing) optical waveguides as an interconnect between dif-
ferent optical fibers was presented in 2005.0°°! More recently,
this approach was used in the so-called “photonic wire bonding”
paradigm, allowing the creation of chip-to-chip optical intercon-
nects and between different types of conventional waveguides,
such as optical fibers and photonic chips,[1#160-162] 35 the example
presented in Figure 7a. Schumann®l introduced a hybrid device
with 2D and 3D elements fabricated by MPL, which dem-
onstrated the efficient coupling from a planar to a 3D bridge
waveguide and a whispering gallery mode resonator, as well as
a broadband mode-evolution-based polarization rotator. Free-
standing MPL-fabricated single-mode waveguides were used
to obtain out-of-plane couplers, for coupling light into and out
of on-chip planar waveguides,’1%3] as well as waveguide over-
passes for nonplanar topologies.'* Nocentini 19! introduced
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Figure 7. a) Fiber-to-chip connection using photonic wire bonding. b) 3D quantum optical assembly of waveguides, couplers, and micro-disk resona-
tors for single-photon generation. c) Full view and d) close-up of array of pixels with radius 850 nm and height between 0.4 and 0.5 um for support
of ANN. a) Adapted with permission.l®4 Copyright 2018, The Optical Society. b) Adapted with permission.® Copyright 2013, Nature Publishing.
c,d) From the Author Dr. E. Goi with her permission to reuse it for this review.["?l

dynamic control of spectral properties of optical elements by
using a combination of both rigid and tunable elastic polymers.
They integrated waveguides, grating couplers, and whispering
gallery mode resonators on a photonic chip that can be actuated
and controlled by a remote and noninvasive light stimulus.

Integration of photonic chips into hybrid photonic devices
requires high-precision alignment and adaptation of optical
mode profiles. To overcome these challenges, Dietrich”! pre-
sented free-form, TIR, and multi-lens optics printed on the facet
of photonic chips and optical fibers reducing alignment toler-
ances in passive assembly and efficient adaptation of different
beam profiles. The integration of a microlens and an out-of-plane
bent polymer waveguide was also presented to create a low-loss
fiber-to-chip broadband and a near-adiabatic coupler.[6°!

Alternatively, optical tapers with PCF-like segments fab-
ricated on top of optical fibers were used to rescale the fiber
mode size to allow efficient direct coupling between different
elements,?% as mode expanding tapered waveguides to relax
coupling alignment tolerances between fibers,!'”l and to maxi-
mize the coupling efficiency to chip connections.!%4

Trappen”! addressed waferlevel probing of edge-coupled
photonic integrated circuits by presenting MPL-fabricated free-
form coupling elements that fit into deep-etched dicing trenches
on the wafer surface. In this case, the coupling element comprises
a TIR mirror for redirecting light from an out-of-plane to an in-

Adv. Optical Mater. 2023, 11, 2201701 2201701 (12 0f19)

plane direction and uses an aspherical lens for a mode-field match
with the waveguide. Several different combinations of waveguide
facets and coupling elements proved the high reproducibility
of the low coupling loss of the devices. 3D-printed fiber sockets
were proposed for plug-and-play micro-optics, exploiting the LDW
fabrication flexibility and reducing the alignment issuel'®®! This
was proven for telecom wavelengths, but it is likely that it will be
extended to different platforms and for various applications.

5.6. Quantum Technology

On-chip photonic circuits working at a single-quantum level
play an important role in future quantum information pro-
cessing. Photonic elements like photonic crystals, resonators,
and waveguides are fundamental photonics entities required
to assemble quantum photonic devices. Schelll’®! fabricated
a combined structure with interconnects and functional ele-
ments, such as resonators and emitters as presented in Figure
7b, from a photoresist containing nanodiamonds including
nitrogen vacancy-centers. The device evidenced active quantum
functionality for single-photon generation, as well as subse-
quent collection and routing via a waveguide.

Single-photon sources with high photon-extraction efficiency
are crucial building blocks for photonic quantum applications.
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Self-assembled semiconductor quantum dot (QD) sources are
of interest because they allow the generation of single-photon
states with suppression of multiphoton events. With these
sources, broadband extraction and shaping of their output to
match acceptance angles of different light-collecting optics are
required. To address these challenges, Fischbach!" proposed
a quantum light source with a broadband extraction efficiency
of up to 40% and excellent single-photon purity and the capa-
bility to transfer quantum light to external optics. The device
was fabricated by combining 3D electron-beam lithography to
realize a QD micro-lens and MPL to create an optimized high-
NA micro-objective integrated with the single-photon source.

This approach was further developed toward an efficient
coupling (up to 26%) of single-photon sources to single-mode
fibers by fabricating a TIR solid immersion lens and a coupling
lens on the fiber facet.[8%171]

On the other hand, quantum emitters can be directly
embedded in MPL-fabricated polymer waveguides.7>73] The
advantage of this is that it simplifies the configuration for exci-
tation and efficient collection of single photons.

Additionally, electromagnetically-induced transparency (EIT)
was observed on “light cage” structures, proving it to be a basis
for a manifold of quantum-storage and quantum-nonlinear
applications as a vapor-based photon delay.l”4l

5.7. Machine Learning

The use of machine learning in different optical applications
has led to new tools for the optimization of optical devices. One
demonstration of artificial intelligence in optics is that of Goi,””!
who proposed a nano-imager for a multilayered artificial network
(ANN) formed by passive diffractive layers that work in collabo-
ration to perform handwritten digit classification. Furthermore,
Ren!”®l implemented multi-layer perceptron artificial neural net-
works (MANN) for time-efficient and accurate reconstruction of
a 3D vectorial holographic image. The trained MANN produced
a pair of phase patterns used to generate the 2D vector fields and
a digital phase hologram embedded with a large-angle Fourier
transform holographic lens with a 0.8 NA. This approach pro-
vides unprecedented wavefront manipulation capabilities of 3D
vectorial fields thanks to the design of micro-optical elements by
machine learning techniques and their fabrication by MPL.
Nowadays, the demand for communication technology of
encrypted information has increased, presenting the need for
rigid authentication schemes for a specific decryption key. In
large-scale communication systems, the data transfer through
optical signals, while the decryption is carried out in the elec-
tronic domain. This decryption methodology costs speed in
the conversion of information. For this reason, the decryption
should be performed directly in the optical domain to fully take
advantage of the characteristics of the optical signals, which are
the propagation speed and the direct information processing.
Considerable effort has focused on developing in optical secu-
rity schemes, but the encryption and decryption require multiple
passes through different bulky optical elements. As an alternative
solution for this limitation, Goil”! proposed to employ machine
learning based on error back-propagation methods for the gener-
ation of compact optical decryptors integrated on complementary
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metal-oxide-semiconductor (CMOS) chips. These single-layer
holographic perceptrons train to perform decryption of single
or whole classes of images and operate in NIR communication
wavelengths. Such elements can reach over 500 million neurons
per square centimeter while controlling the neuron height pre-
cision down to 10 nm, which is allowed by the fabrication via
MPL."7I Similarly, interference of optical signals and imperfect
optical components are subject to aberrations. Optical neural
networks are proposed for aberration detection by retrieving
information on phase and light amplitude directly in the optical
domain. Figure 7c-d shows multilayered perceptrons printed by
MPL are presented as aberration detectors.[’®!

Moughames!”? presented photonic interconnects as com-
plex 3D waveguides for discrete spatial filters as convolutional
neural networks for efficient multiplexing of multiple input
and output channels. The use of deep neural networks (DNN)
can be advantageous for optimizing the designs of optical
elements. Panusa (2022)8% designed a tool based on DNN
trained with a large synthetic database to reduce the core-to-
core spacing of the imaging bundles of rectangular step-index
optical waveguides according to the highest reconstruction
accuracy. The DNN can improve the imaging resolution of the
step-index waveguide by undoing the scrambling due to cross-
talk and removing noise from the data. This tool establishes an
efficient technique taking advantage of DNN not only for post-
processing but also as a design tool.

Alternatively, the machine-assisted deep learning can be
exploited for the optimization of the MPL performance itself,
for instance, automated detection of part quality while moni-
toring the LDW process. Light dosage adjustment can be
achieved of up to 95% with <2 ms response time.['®! This issue
is emerging as the fabrication throughput of the technology is
increasing, but the users’ experience and knowledge are rela-
tively low, especially as novel materials are being introduced.

6. Materials and Post-Processing

Historically, acrylate”® and epoxy*>8-based materials were
employed for the first fabrication of micro-optics, mainly due to
their established ease of use and straightforward applications.
Later, hybrid organic—inorganic polymers(?3182 were used, which
offered more practical structuring, mechanical, n, and transpar-
ency properties required for photonics, while still being con-
venient for processing. Finally, some distinct high » (up to 1.62)
or high transparency materials for the VIS spectrum were devel-
oped for specific optical applications.'®3 Polymers are useful
substances that offer a mix of different monomers and inor-
ganic compounds, thus allowing their properties to be modified
by changing their ratios.>*! Doping with organic and inorganic
ingredients also allows further enhancement of their functionali-
ties, including optically active functions.'#+18 Precise incorpora-
tion of quantum dots (QD) as a nanoscale integration has also
been successfully demonstrated.”! For micro-optics, negative
tone resists are most commonly used as they are applied to create
free-form complex geometries; however, positive tone resists can
also be exploited for concave lenses as well as templating and
replication applications. Many of the aforementioned materials
optimized for MPL are available commercially: Microresits,
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Microchemicals, FORTH-IESL (Nonlinear Lithography Group,
Dr. M. Farsari), Nanoscribe, Glassomer, UpNano, and Laser
nanoFab. More details on the materials’ chemistry, the photopoly-
merization process, and the properties of the printed substances
can be found in the literature.[01115-1]

6.1. Post-Processing

Metal deposition is the most straightforward approach to make
fabricated polymer microstructures reflective. This can be per-
formed nonselectively by direct metal sputtering,”! via selec-
tive wet chemistry,'® or using a sacrificial mask.'®) Polymer
3D micro-optics were shown to be compatible with atomic layer
deposition (ALD) coating technology to dramatically increase their
transparency by up to 99%, which is the essential breakthrough
toward manufacturing stacked multi-layer components.'*¥ The
latest advance in the material front is a high-temperature post-
treatment known as pyrolysis or calcination of hybrid materials.!*!
After MPL fabrication and development, evaporation of organic
substances (C and H converting into CO, and H,0) occurs, and
the remaining inorganic fraction is sintered while maintaining the
predefined geometry. This is a game-changing option, enabling 3D
additive manufacturing of inorganic substances at nanoscales,?!
including fused silica glass.'”¥ Recent reports showed this to be
an efficient route toward the generation of pure crystalline sub-
stances of various phases!'® as well as the production of glassy
micro-optical components.?! This approach achieves sub-100 nm
feature dimensions due to isotropic shrinkage of the substance
during the calcination/pyrolysis process, which enables additive
manufacturing of deep sub-wavelength 3D structures.®>%4 When
combined with doping of inorganic luminescent compounds (for
instance, Eu), free-form architectures for optically active 3D micro-
devices can be achieved.81%]

6.2. Replication

Nanoimprint lithography and soft-lithography methods are
applied to increase the production rate of MPL-based micro-
optical components,’®® predominantly for arrays of micro-
lenses which are time-consuming to fabricate using LDW
serial writing and are simple to multiply using various replica-
tion means.'”] The initial template can be made of organic or
hybrid material and transferred via polydimethylsiloxane mold
to virtually any photo- or thermo-crosslinking polymer."””] Even
though this method is well known among researchers, in the
field and is of crucial importance for the industry, there are only
a few dedicated research reports in the literature.[?131196.17]

6.3. Characterization of Performance

The MPL enables rapid, flexible, and scalable production of 3D
micro-optics, and the demand for their accurate characterization
is growing steadily. Yet, this is hindered by the fact that most of
the established characterization techniques are for 2D surfaces
or bulky 3D macroscale objects. There is no standard method
for proper characterization of n at the microscale as all of the
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approaches have limitations at this scale with free-form shapes.
The exposure dose, the developing procedures, and the drying
and aging of the structure, contribute to the local n, which in
turn modulates the efficient n of the functional 3D optical ele-
ment. 21981 Some solutions of thermal (moderate temperature) or
high-temperature post-treatments have been suggested to make n
uniform across the polymerized volume so that the material “for-
gets” the exact local exposure.?>'® Although these protocols are
helpful for repeatability, the exact n and potential induced birefrin-
gence (tensions arising due to shrinkage) are still open questions.

For photoresists, the degree of polymerization (cross-linking)
influencing the n increases with the UV duration and the aging
process. Even using mild heat treatment for 1 h at 60 °C is suf-
ficient to noticeably increase the refractive index.!!83]

6.4. Optical Resiliency—Laser-Induced Damage Threshold

A laser-induced damage threshold (LIDT) is typically used
to evaluate the optical resiliency of optical components. Thin
films, bulky 3D micro-structures, and 3D nano-lattices can have
significantly different optical damage thresholds for the same
material due to their dramatically different surface, geometry,
and surface-to-volume ratios. Studies have compared the var-
ious materials that can be structuralized as films by MPL,!*]
as well as the influence of the presence of photoinitiators, 2%
observation of micro-lens damage,*™l measurement of bulky
3D micro-structures and 3D lattice nano-structures,?°d and
approval of novel high resilience material.?)l However, this is
still an evolving research trajectory driven by the demand for
calibrated and tested micro-optical devices.

The performance and physical characteristics of micro-optical
structures depend mainly on the material properties and the MPL
technology employed for their fabrication. Prior knowledge of the
refractive index of different photopolymers under exposure to
MPL allows greater control over the design for the desired perfor-
mance of an optical element, as well as the impact on the trans-
parency of the structure. Similarly, knowing the damage threshold
and mechanical properties of the fabricated elements can be
important for particular applications. Finally, the implementa-
tion of active and tunable materials in micro-optical elements has
been proposed for novel optical applications. Reported values of
the previous properties discussed are presented in Table 2.

Table 2. Microstructure properties and materials reported in the context
of micro-optics.

1.463-1.620'83
90%[2001-99 9%[1%0 for vis—NIR

Refractive index
Transparency

Damage threshold Thin films, = 1-10 ) cm™2 for fs and ns pulses(200.203]

Woodpiles, = 0.1 ) cm~2(202]
Organic—Disperse Red,[?%4 R6G,®4 Fluorescein,
DCM, Coumarin 152
Inorganic—Eu, %]

Er, Yb, Tm, 24 Nd[1%%)

Active optical materials

Tunable materials Protein bovine serum albumin (BSA) for up to =40%

length changel20%]

Mechanical properties 0.44 MPal?%l t0 4.9 GPal2”]
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7. Summary and Conclusions

Since its emergence 25 years ago, the field of micro-optics has
been rapidly expanding, accelerated by the contribution of MPL
as a tool for rapid prototyping. Micro-optics has quickly scaled-
up with the appearance of dedicated commercial LDW setups,
and it is still the most versatile technique for designing, cre-
ating, and testing novel materials. It is also a unique tool for
complex free-form geometries for 3D micro-optics. In com-
parison with electron beam lithography or ink-jet printers, MPL
ensures a higher-throughput and wider variety of architectures,
especially photonic integrated circuits. Most recent advances
in active optical compounds, high #, and high resilience sub-
stances enable the additive manufacturing of heavy-duty micro-
devices compatible with current existing platforms. Scaling up
throughput toward industrial demands is being pushed forward
by advancing parallelization and beam-shaping techniques.
Combined with replication and post-processing solutions,
MPL offers not only polymer micro-optics but also glassy and
optically active elements. Methodologies for characterization
and new standards for microscale 3D optical components will
be an active field of technological research in the near future,
which will significantly contribute to the widespread use of
laser lithography-made micro-optical elements and assembled
components. In summary, the field of micro-optics currently
appears to be where MPL finds immediate industrial applica-
tions as a mature additive manufacturing technology.
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