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Film-Based Multi-Photon Lithography for Efficient Printing

of Electromagnetic Surface Structures

Gordon Zyla,* Savvas Papamakarios, Dimitrios C. Zografopoulos, Anna Christoforidou,

George Kenanakis, Maria Farsari, and Odysseas Tsilipakos*

This study introduces an approach, termed film-based multi-photon
lithography (MPL), for the efficient fabrication of electromagnetic surface
structures. Unlike conventional MPL, which utilizes droplet-shaped pho-
tosensitive volumes for the fabrication of 3D structures, this method employs
photosensitive thin films to minimize the influence of axial voxel dimensions.
This modification enables rapid printing of 2D surface structures over large
areas with dry objective lenses, achieving feature sizes as small as 250 nm.
The versatility of film-based MPL is demonstrated through the fabrication of
terahertz metasurfaces featuring metallized split-ring resonators on glass
substrates, as well as mid-infrared metasurfaces comprising dielectric pillars
on silicon-on-insulator substrates. These structures are successfully produced
over areas spanning cm? and mm? using a hybrid organic-inorganic
photoresist within a maximum processing time of 2 h. Particularly with hybrid
organic-inorganic photoresists, additional post-processing via calcination
shows significant potential for producing purely inorganic periodic structures
with reduced feature sizes. Moreover, film-based MPL enables the fabrication
of high-resolution 2.5D surface structures, which are challenging to achieve
using conventional lithographic methods. Experimental results are analyzed
through profilometry, scanning electron microscopy, Fourier transform
infrared spectroscopy, and energy- dispersive X-ray spectroscopy, while
simulations confirmed the electromagnetic responses of the metasurfaces.

1. Introduction

Surface structures at the micro- and
nanoscale exhibit remarkable poten-
tial for enabling diverse functionalities
across various fields. Nature itself offers
a prominent example, as organisms have
developed sophisticated systems that em-
ploy these structures to achieve advanced
optical and mechanical properties crucial
for survival.[2]

While nature has long inspired bio-
mimetic research and applications,>=!
modern engineering is increasingly har-
nessing surface structures as a whole,
driving innovative applications in fields
such as biomedicine,!°! optics,I’! and en-
ergy regulation.’! Additionally, a par-
ticularly exciting development in op-
tics and photonics is the emergence of
metasurfaces—periodically arranged elec-
tromagnetic structures at the micro-
and nanoscale.’! These structures fa-
cilitate strong light-matter interactions,
allowing precise manipulation of the
properties of electromagnetic radiation,
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including amplitude, phase, and polarization, solely through
their geometry, material composition, and size. Typically fab-
ricated from materials such as dielectrics or metals, though
not exclusively limited to these, metasurfaces provide unprece-
dented control over light-matter interactions, significantly ex-
panding possibilities for wavefront engineering.[1%1*! In this con-
text, metasurfaces have enabled new possibilities for creating flat
counterparts to traditional optical components,['*1%] as well as
perfect absorbers with selective electromagnetic responses, wave-
length conversion, and optical switching, among other advanced
applications.['721]

The fabrication of metasurfaces typically begins with the pat-
terning of a photoresist. Conventional lithographic techniques,
such as electron beam lithography, focused ion beam lithogra-
phy, photolithography, and nanoimprint lithography, are widely
utilized in this context due to their ability to achieve exceptionally
high-resolution structures.['>?22] Despite their precision, these
methods often require clean-room environments, vacuum con-
ditions, harsh chemicals, and the use of exposure masks. Thus,
they are associated with complex, costly, and time-intensive pro-
cesses, which also limit their flexibility in producing diverse
metasurface designs. For a comprehensive overview of the advan-
tages and limitations of these lithographic techniques in meta-
surface fabrication, see refs. [22, 24].

Additionally, direct laser writing (DLW) using continuous wave
(CW) diode lasers at 375 nm/405 nm provides a maskless, high-
throughput method for efficient metasurface fabrication, ad-
dressing many of the challenges associated with conventional
lithography.[2*25] However, the precision of DLW is inherently
limited by the linear nature of its fabrication process. These con-
straints are primarily due to the optical diffraction limit and
laser radiation scattering, which restrict both the achievable fea-
ture resolution and the minimum spacing between structures.
For instance, commercially available DLW systems can achieve
minimum feature sizes and spacings of 0.3 pm and 0.5 pm, re-
spectively, but only when operated in high-resolution mode.[26:?7]
Such settings, however, substantially reduce fabrication speed,
often restricting processing rates to a few mm?/min. At higher
writing speeds, the achievable feature resolution and minimum
feature spacing typically approach or exceed 1 pm.[2627]

A promising alternative to the aforementioned techniques for
metasurface fabrication is multi-photon lithography (MPL).[%8
Recent advancements have positioned MPL as an emerging
printing technique for advanced applications across multidisci-
plinary research fields.[?°! The significance of MPL extends be-
yond its role as a maskless, true 3D printing method; it relies
on nonlinear absorption induced by ultrafast laser radiation.>"’
This process enables the creation of ellipsoidally-shaped building
blocks, known as voxels, at arbitrary positions within photosensi-
tive materials upon threshold excitation. Notably, due to its non-
linear nature, MPL allows the generation of voxels smaller than
the focal volume, with their longer axis aligned along the focusing
direction, while their dimensions can be altered by adjusting the
laser intensity. Thus, MPL theoretically offers higher precision in
feature resolution and spacing compared to standard DLW, with
further improvements achievable through dynamic laser inten-
sity modulation.[31:32]

Nevertheless, when traditionally performed within a droplet-
shaped volume of photosensitive material, MPL encounters sig-
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nificant challenges in efficiently fabricating planar structures,
such as metasurfaces. While MPL has demonstrated remark-
able potential for creating electromagnetic structures with 3D
complexities,[**7] for 2D planar surface structures, its applica-
tions have largely been confined to the printing of small areas
designed for specific light-matter interactions.3** Extending
the fabrication of planar surface structures to the larger areas re-
quired for their practical use as a whole rather than for niche ap-
plications remains challenging, as these structures must exhibit
high uniformity in arrangement, geometry, and dimensions.

The primary limitations in this context arise from MPL’s core
methodology—serially assembling individual voxels along prede-
fined exposure paths derived from computer-generated models.
This process requires precise control of voxel dimensions, both
lateral and axial, to match the desired structural features. Thus,
in most cases, traditional MPL involves a layer-by-layer fabri-
cation approach, with each layer necessitating numerous expo-
sure events. Achieving nanoscale precision further demands oil-
immersion objective lenses with high numerical apertures (NA)
while ensuring uniformity over larger areas requires autofocus
systems and high-precision axes. These factors collectively ren-
der the traditional MPL process for fabricating surface structures
both complex and relatively slow. Although recent advancements
have improved MPL throughput,!*?] they often involve trade-offs,
such as lower axial resolution or reduced flexibility.[*-#]

This work addresses the challenges of creating functional
electromagnetic surface structures by performing MPL in pho-
tosensitive thin films, referred to here as “film-based MPL.”
Recent studies have demonstrated the potential of film-based
MPL for fabricating high-resolution structures (down to sub-100
nm) rapidly across diverse materials,[*) including metal-oxide
semiconductors!*’! and biodegradable materials.[*®]

Building on this potential, the present study further highlights
the advantages of film-based MPL, particularly when using dry
objective lenses—including those with NA typically considered
less suitable for high-resolution tasks (NA < 0.5)-in combination
with hybrid organic-inorganic photoresists similar to SZ2080™,
a widely used standard for 3D structuring in MPL.

In this configuration, film-based MPL enables the periodic
polymerization of defined volumes into specific shapes opti-
mized for interaction with electromagnetic radiation. This makes
it a viable maskless fabrication method for producing functional
metasurfaces across broad spectral ranges, particularly from the
terahertz (THz) to mid-infrared (mid-IR) regime. Leveraging
MPL’s inherent adaptability, film-based MPL facilitates the rapid
structuring of large areas, covering mm? to cm? scales, on vari-
ous substrates, including those with reflective optical surfaces in
the visible wavelength range.

Notably, employing hybrid organic-inorganic photoresists in
film-based MPL enables the selective metallization of metasur-
faces through electroless plating—an essential capability for real-
izing THz metasurfaces. Furthermore, the combination of film-
based MPL and hybrid photoresists allows for the fabrication of
periodic surface structures with reduced feature sizes through
calcination, providing greater flexibility in designing and manu-
facturing complex metasurfaces.

Finally, this work expands the scope of film-based MPL be-
yond previous studies using photosensitive films by demonstrat-
ing its ability to create elevated features, such as micro-rings and
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Figure 1. Schematic illustration of manufacturing surface structures via film-based MPL. The manufacturing principle for fabricating surface structures
via film-based MPL involves processing a photosensitive thin film using fs laser radiation. The image on the left illustrates the MPL setup used, while a
close-up view of the process area is shown in the center image. The photosensitive thin films were produced through spin-coating (1). When these films
are considerably thin, the axial voxel dimension, as demonstrated in (I1), does not affect the structuring and allows the lateral voxel size to be precisely

adjusted to match the desired lateral feature size of the structure.

micro-disks residing on small pillars, without significantly com-
promising fabrication speed or precision. This capability extends
its applicability beyond planar 2D structures, enabling the pro-
duction of features with 2.5D complexities—an aspect particu-
larly challenging to achieve with conventional lithographic tech-
niques.

2. Methodologies of Film-Based MPL

2.1. Principle Method for Efficient Printing of Surface Structures
Using MPL

When targeting the printing of surface structures with 2D or 2.5D
complexity using MPL, employing photosensitive thin films in-
stead of droplet-shaped photosensitive volumes significantly en-
hances flexibility and productivity. Specifically, these films en-
sure consistent printing conditions across the surface of a sub-
strate, thereby broadening the practical applicability of MPL, par-
ticularly for non-transparent substrates like silicon-on-insulator
(SOI), which are crucial in photonics but less commonly utilized
in traditional MPL processes.

A key factor of film-based MPL for the efficient printing of sur-
face structures is minimizing the influence of MPL’s axial res-
olution, represented by the axial voxel dimension. As a result,
film-based MPL is less sensitive to mechanical errors, such as
substrate tilting, and enables rapid fabrication over large areas by
significantly reducing the number of exposure events required to
produce a structure. In particular, film-based MPL is highly effec-
tive for 2D surface structuring when the thickness of the photo-
sensitive film is much smaller than the voxel length (see Figure 1,
bottom right corner). Under these conditions, the number of ex-
posure events per structure can be reduced to a single one, as
the voxel width can be adjusted to match the feature size. Impor-
tantly, the minimum film thickness—typically ranging from sub-
pm to several pm-aligns with the targeted minimum structural
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feature size, considering that the voxel length is generally at least
three times greater than its width.[*!

Another key feature for improving printing efficiency with
film-based MPL is that it allows the use of dry objective lenses
with NAs below 1 while still achieving sub-pm lateral feature res-
olution, as detailed later. Compared to oil-immersion objectives,
dry objective lenses provide a larger field of view (FOV), which
is crucial for improving productivity by minimizing the need for
stitching in MPL printing processes that utilize a 2D galvo scan-
ner to address rapid fabrication requirements.

Notably, film-based MPL can be seamlessly realized with any
optical setup capable of performing MPL. This is due to the sim-
plicity of producing uniform photosensitive thin films via spin-
coating, which can then be processed using a standard MPL
setup, as illustrated in Figure 1. Specifically in this study, MPL
was performed using a focused ultrashort-pulsed laser system
operating at a central wavelength of 780 nm, with a pulse dura-
tion of 150 fs and a repetition rate of 80 MHz. Moreover, the ex-
periments involved printing individual arrays that were stitched
together to cover a large area. Individual arrays were fabricated
either by directly scanning the laser beam to create the desired
structural geometry or by selectively exposing specific areas for a
defined duration. A 2D galvo scanner and a shutter facilitated the
printing of individual arrays, while stitching was enabled by an
XYZ-axis system. Additional details about experimental methods
are provided in the Supporting Information.

In the majority of experiments, two types of hybrid zir-
conium (Zr)-based photoresists were employed in the experi-
ments, with details of their synthesis (always in a total vol-
ume of 2 ml) provided in the SI. Both photoresists incorpo-
rated 2-(dimethylamino)ethyl methacrylate (DMAEMA) as an
organic photopolymerizable monomer, mixed in specific ratios
with zirconium n-propoxide (ZPO) to form an inorganic net-
work. Notably, the use of DMAEMA offered distinct advan-
tages in this context. For instance, previous studies showed that
incorporating 10% DMAEMA relative to ZPO enhances MPL
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Figure 2. Spin-coated films and lateral feature resolution in film-based MPL. A) The resulting film thicknesses are plotted against the angular velocity
Vag Used in the spin-coating process. The results are fitted according to const. - (Vag)_o's. B) Average widths of lines fabricated using different objective

lenses are plotted as dots against the focal intensity used in film-based MPL. The writing speed was consistently setto 5 mm s

~T across all experiments.

Theoretical approach to describe feature resolution in MPL was used as fit. C) SEM images of lines produced with different objective lenses and focal
intensities are shown. Each set of lines is labeled with Roman numerals to correspond with the feature width labeled similarly in (B).

resolution due to its quenching properties.’] In contrast, in-
creasing the DMAEMA content to 30% promotes the formation
of metal-binding moieties on MPL-printed structures via a post-
processing approach, enabling selective electroless silver plating
(SESP),5! as also demonstrated in this study.

2.2. Film Preparation and Feature Resolution in Film-Based MPL

To implement film-based MPL and achieve films with thick-
nesses ranging from sub-pm to several pm for surface struc-
turing, the relationship between spin-coating parameters—
particularly angular velocity—and film thickness was systemati-
cally studied for photoresist 1 containing 10% DMAEMA and
photoresist 2 containing 30% DMAEMA. Notably, throughout all
experiments, including the printing of metasurfaces discussed
later, spin-coating was consistently carried out using a fixed vol-
ume of 100 pl of these photoresists. Angular acceleration and
spin-coating duration were set to 1000 rpm s~! and 60 s, respec-
tively. Additionally, all substrates were silanized prior to spin-
coating, as detailed in the Supporting Information, to improve ad-
hesion.

For the initial studies on achievable film thicknesses, stan-
dard coverslips (130-160 pm thick) were used and processed
with angular velocity (v,,) varied between 1000 and 5000 rpm.
Tape masking was applied to small sections of the coverslips
to enable profilometer measurements. Following spin-coating,
the films were baked for 5 min at 40°C to evaporate resid-
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ual solvents and subsequently cured under UV light (see Sup-
porting Information for details). To confirm repeatability, three
films were prepared for each parameter set under identical
conditions.

The relationship between film thickness and angular veloc-
ity is depicted in Figure 2A, with error margins shown as verti-
cal lines capped horizontally. The results align with the expected
trend, demonstrating that film thickness decreases as angular ve-
locity increases during spin-coating. This behavior follows the
general relationship: film thickness cconst. - (v,,)"*°, where the
constant depends on the material’s properties.

At higher angular velocities, the small error margins empha-
size the process’s consistency and reproducibility. In contrast, at
lower angular velocities, the errors are more pronounced. While
imperfections in drop-casting the material onto the substrate’s
center may have contributed to these variations, the primary
cause is likely the material’s characteristics. Since the material
was not purely liquid, its properties significantly influenced the
spin-coating dynamics, leading to greater variability in the re-
sults. This explanation is further supported by the observation
that error margins are largest when the ratio between film thick-
ness and angular velocity is higher. In such cases, the film thick-
ness exhibited greater sensitivity to changes in angular velocity,
amplifying the effect of any variations in material properties or
process conditions.

When using the photoresists in their pure form, the minimum
achievable film thicknesses were limited to approximately 3.0 and
3.5 pm, respectively (circular markers in Figure 2A). To achieve

ag)
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thinner films, the photoresists were diluted with distilled wa-
ter during synthesis in proportions based on the total monomer
volume (see Supporting Information). As shown in Figure 24,
increasing the distilled water content in the photoresists enabled
thinner films through spin-coating. The optimal conditions for
producing thin films were achieved by adding five parts distilled
water. Under these conditions, at an angular velocity of 5000 rpm,
minimum film thicknesses of approximately 0.5 and 0.8 pm were
obtained, respectively.

Across all conditions, photoresist 2 consistently yielded thin-
ner films than photoresist 1 under identical spin-coating param-
eters. This behavior is likely due to the higher DMAEMA content
in photoresist 2, which presumably reduces viscosity.

To evaluate feature resolution as a function of laser intensity,
0.8 pm-thick films prepared using photoresist 1 were subjected
to film-based MPL. In these experiments, four parallel lines mea-
suring 50 pm in length and spaced 10 pm apart were fabri-
cated at a constant writing speed of 5 mm s~! using three dif-
ferent objective lenses (Plan-Apochromat, Zeiss, Germany) and
analyzed via scanning electron microscopy (SEM). The lenses
used were (1) 40x/0.95 (maximum FOV = 625 pm), (2) 20x/0.8
(maximum FOV = 1250 pm), and (3) 10x/0.45 (maximum
FOV = 2500 pm).

The average feature widths determined for each case by the
four lines are presented as dots in Figure 2B, with represen-
tative SEM images of the printed lines shown in Figure 2C.
Both the graph and SEM images illustrate that sub-micron
line widths are achievable with all three objective lenses. Ad-
ditionally, by adjusting the laser intensity at the focal plane,
the line widths can be precisely altered within the micrometer
range.

The growth behavior of the line width can generally be de-
scribed by w = 2r4/21In(I/1,,),*?! although w typically represents
the voxel width. However, since MPL is initiated upon thresh-
old excitation, the feature width may closely approximate that
of a single voxel under constant process parameters.>3! Thus,
w can refer to the feature width, with I representing the laser
peak intensity used for structuring and I,, as the threshold
laser peak intensity. Additionally, the beam radius r can be
expressed as 0.611/NA, where 4 is the central wavelength of
the laser. The laser peak intensity can be calculated as I =
2(TP,)/(nr*pgt), where Tis the transmission of the objective lens,
P, is the average laser power, p; is the repetition rate, and 7 is
the pulse duration. Further details on process parameters used
to calculate feature resolution are provided in the Supporting
Information.

As shown in Figure 2B, applying the theoretical approach
to fit the experimental data yields accurate results, supporting
two key assumptions: (I) the theoretical model describing fea-
ture resolution in traditional MPL is also valid for film-based
MPL, and (II) diluting the photoresist with distilled water to
achieve thinner films does not significantly impact the printing
process.

The threshold laser peak intensity at a writing speed of 5 mm
s~! was approximately 0.15 TW cm™2, as determined using the
camera in the MPL setup (see Figure 1). However, the smallest
solid lines that remained after the development process could be
fabricated at slightly higher peak intensity, around 0.19 TW cm~2.
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The minimum line widths achieved were approximately 250 nm
+ 12 nm (NA = 0.95), 350 + 11 nm (NA = 0.8), and 500 nm + 23
nm (NA = 0.45), respectively.

Particularly near the polymerization threshold, some deviation
was observed, mainly due to the lines tilting slightly during the
development process. At higher laser intensities, this deviation
became negligible, as the feature size was highly consistent. For
all sets of lines produced, the axial dimension-approximating the
length of a single voxel-exceeded the thickness of the film, as
theoretically demonstrated in the Supporting Information.

Notably, MPL was initiated at the same threshold intensity
when using photoresist 2, suggesting similar feature resolution
characteristics, as evidenced by the printed metasurfaces dis-
cussed later. The identical threshold intensity for both photore-
sists can be attributed to their similar composition, particularly
the use of the same photoinitiator, which is the primary factor
influencing the efficiency of MPL.5*]

3. Capabilities of Printing Electromagnetic Surface
Structures Via Film-Based MPL

3.1. THz Metasurfaces Via Silver Split-Ring Resonators

To demonstrate the potential of film-based MPL in fabricating
electromagnetic surface structures, the printing of a prototypical
metasurface consisting of split-ring resonators (SRRs) was tar-
geted, designed for operation at THz frequencies. At the same
time, this study simultaneously highlights the inherent flexibil-
ity of MPL, particularly for the use of post-processing techniques
such as SESP. The thickness of the SRRs was defined by the film
itself, while other SRR dimensions are depicted in Figure 3A.
SRRs were chosen due to their proven versatility across various
applications,®>~7] making them an excellent candidate for show-
casing the capabilities of film-based MPL. These structures are
particularly notable for supporting distinct electric or magnetic
resonances, depending on the orientation of the meta-atoms rel-
ative to the incident excitation (direction and polarization).l*®]

Utilizing dielectric SRRs for THz applications would require
materials with a very high refractive index (a property polymers
do not inherently provide) so as to achieve strong displacement
currents. Nonetheless, the incorporation of 30% DMAEMA as
an organic monomer into the photoresist 2 enabled SESP, al-
lowing a thin metallization layer to coat the polymer structures.
This approach enables the fabrication of metallized SRRs (see
Figure 3A). Consequently, strong conduction currents can be fos-
tered by the meta-atoms resulting in a resonant response for
the metasurface.

As a proof of concept for film-based MPL, an SRR-metasurface
with a minimum feature size of approximately 1 pm was fabri-
cated. To achieve this, a 1-pm-thick film was produced via spin-
coating at 1500 rpm using photoresist 2. Polymeric SRRs were
then printed in single arrays with a spacing of p = 10 pm be-
tween them, using a 10x objective lens (NA = 0.45). A total of
144 arrays were assembled into a 12x12 grid, with each array
written within a 1 mm X 1 mm effective field of view (FOV) at
a scanning speed of 5 mm s~! and focal intensity of approxi-
mately 0.2 TW/cm?, ultimately covering an area of approximately
1.2 cm x 1.2 cm (see Figure 3A). The specific SRR geometry was
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Figure 3. Silver SRRs printed by film-based MPL. A) The photo shows a metasurface (1.2 cm x 1.2 cm) printed by film-based MPL. The area contained
polymer SRRs designed as schematically shown in the upper left corner. These polymer SRRs were used as templates that were further processed by
SESP to selectively cover the structures with silver nanoparticles. B) SEM images at different magnifications (i-iii) show polymer SRRs, highlighted in
yellow. In case (iv), a metalized SRR, highlighted in red, is shown after SESP. The scale bar is 10 pm (i, iii), 5 pm (ii), and 1 um (iv). C) The graph illustrates
the response of a SRR-metasurface on soda-lime glass substrate analyzed using FTIR. The cropped SEM image provides a detailed view of one of the

corresponding SRR, with a scale bar indicating T um.

printed by scanning the beam with the galvo scanner. Notably, the
effective FOV of the objective lens was reduced compared to its
specifications due to optical aberrations when scanning the laser
beam with the galvo scanner. However, it remained larger than
the FOV of oil-immersion objective lenses, which are typically
used in traditional MPL for fabricating structures with similar
features, particularly those targeting a structure height at such
small scales. This advancement, coupled with the ability to fabri-
cate each structure in a single exposure, enabled the entire area
to be fabricated in approximately 120 min, accounting for device
delays and stage movements.

Following the film-based MPL process, the SRRs underwent
SESP to selectively coat the structures with silver nanoparti-
cles. The SESP procedure was based on the method described
in Ref. [37], with the plating step repeated twice instead of five
times. This adjustment is expected to result in a silver layer ap-
proximately 50 nm thick, ensuring that the SRRs functioned as
efficient conductors preventing field penetration into the poly-
meric templates.

A detailed view of the printed SRRs is presented through the
SEM images in Figure 3B. For enhanced visualization, the poly-
mer SRRs are highlighted in yellow (see Figure 3B, i-iii). Over-
all, the SRRs exhibited high printing quality, with uniform ge-
ometry, and consistent height across the array. Precise position-
ing was achieved within each individual array; however, some
non-consistent stitching errors were observed between arrays,
attributed to the precision limits of the axis system (see Sup-
porting Information). Furthermore, the quality of single SRRs
remained largely unaffected by the SESP process, as shown
in Figure 3B (iv), where a metallized SRR is highlighted in
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red. The selectivity of the process is also evident, with silver
nanoparticles confined to the surface of the SRR and absent from
the surrounding substrate, as further demonstrated by energy-
dispersive X-ray (EDX) analysis presented in the Supporting
Information.

To further validate the functionality of these metasurfaces in
the THz electromagnetic spectrum, film-based MPL and SESP
were again employed to fabricate another metasurface with
slightly modified SRR dimensions while maintaining the same
total area. This metasurface was subsequently analyzed using
Fourier-transform infrared (FTIR) spectroscopy. In this case, the
target SRR dimensions were set as follows: W = L = 5 pm,
g=2pum, w=05pm, p = 10 pm, and a SRR height of
600 nm.

For improved handling during post-processing and optical
analysis, a photosensitive film was processed this time on stan-
dard microscope slide made of soda-lime glass. In this case, a
film with a thickness of 600 nm was achieved by using pho-
toresist 2 and applying a spin-coating process at an angular ve-
locity of 4500 rpm. The minimum feature size of w = 0.5 pm
was obtained by setting the laser peak intensity to approximately
0.19 TW cm™ at a writing speed of 5 mm s~'. The specific SRR
geometry was realized by scanning the beam with the galvo
scanner.

FTIR measurements were conducted in reflection mode in the
range of 7-18 THz with a measurement resolution of 4 cm™
and further details presented in the Supporting Information.
The THz beam had a diameter of approximately 1 cm and was
directed onto the SRRs at incident and reflected angles of 13°
relative to the yz incidence plane (see coordinate system in
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Figure 4. Pillars on SOI substrate fabricated by film-based MPL. A) The schematic illustrates the disk structures on top of a SOI wafer, including the

dimensions of the pillar and the unit cell. The photo depicts a printed surface (5 mm x 5 mm) on an SOI substrate in comparison to the size of a
1-eurocent coin. B) SEM images at different magnifications (i-iii) display the pillars, highlighted in yellow, on the SOI wafer, which is highlighted in
blue-gray. The scale bars measure 10 um (i, i) and 2 pm (ii, iv). C) The graph shows the response of the processed SOI device as analyzed by FTIR. The

results are supported by simulations.

Figure 3A). Two polarizers were employed to excite and analyze
the fabricated SRRs under the two orthogonal linear polariza-
tions: Transverse Electric (TE), which corresponds to nonzero E,
component, and Transverse Magnetic (TM) which corresponds
to nonzero E, (and E,). The measured response of the metasur-
face for both linear polarization states as well a detailed view on
one of the corresponding unit cells is depicted in Figure 3C. As
anticipated, the fundamental SRR resonance was observed only
with the E, polarization, resulting in a spectral feature (reflection
peak) at approximately 9 THz. However, both curves also exhibit
a pronounced spectral feature around 14 THz, which can be at-
tributed to the material properties of the soda-lime glass substrate
(see Supporting Information). Taking into account SRR dimen-
sions and material properties of the substrate, full-wave simula-
tions closely matched the FTIR measurements, as presented in
the Supporting Information.

3.2. Mid-IR Metasurfaces Via Polymer Pillars on SOI Substrates

A second case study was conducted to further demonstrate
the potential of film-based MPL, focusing on dielectric sur-
face structures designed to provide a corrugation at the
surface of an SOI substrate. More specifically, these struc-
tures typically enable the coupling of incident electromag-
netic waves to leaky photonic modes guided mainly within
the silicon device layer of the substrate. Thanks to its strong
frequency selectivity, this phenomenon, commonly referred
to as guided-mode resonances (GMRs), is particularly in-
teresting for applications such as spectroscopy,®®! sensing
or short-cavity lasing.®¥l In this context, the conditions for
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the appearance of GMRs can be described by the following
equation:

. mires : : nj’res
sin 6 cos ¢ — » x+ | sinfsing¢ — » Y| = Peg (1)

Here, 0 and ¢ represent the angles of incidence and polariza-
tion of a plane wave, respectively, while m and n are integers. 4,.,
refers to the wavelengths of the resonance, and n.4 denotes the
effective index of the propagating mode.[®'] However, when the
incident electromagnetic wave is orthogonal to the substrate sur-

face, the equation can be simplified to: \/m? + n?4,,, = png.

To practically excite the GMRs, polymer pillars were fabricated
on a commercially available, double-polished SOI substrate, as
schematically shown in Figure 4A. The SOI substrate was spec-
ified by a silicon device layer (Si), buried silica oxide (SiO,), and
bulk silicon substrate (BSi), with thicknesses of ty; = 2.2 pm,
tsi0, = 1.09 pm, and ty; = 725 pm, respectively.®”] The designed
periodicity, diameter, and height of the polymer pillars were p =
3 pm, d = 1.8 pm, and h = 5.8 pm, respectively.

To fabricate these pillars, a photosensitive film was spin-coated
onto an SOI substrate at 1900 rpm using photoresist 1. The spin-
coating parameters were selected based on those optimized in
earlier experiments conducted on coverslips. Subsequently, the
film was processed using film-based MPL with a 10x objective
lens (NA = 0.45), enabling the creation of a 5 mm x 5 mm area
(see photo in Figure 4A). The total fabrication time, including de-
vice delays and stage movements, was approximately 55 min. No-
tably, for the experiment, the optical setup illustrated in Figure 1
remained effective and did not require optimization, even though
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the LED could not be used due to the optical properties of the sub-
strate. Instead, the back reflection of the SOI substrate was used
to identify the substrate’s surface with the camera.

The large area comprised individual 0.5 mm X 0.5 mm arrays
stitched together, while each array contained approximately 27
500 pillars. This smaller array size, compared to those used in
SRR experiments, was chosen to minimize potential structural
imperfections arising from interactions between incident and re-
flected laser radiation at larger scanning angles. Within individ-
ual arrays, each pillar was fabricated by exposing the film to a
laser peak intensity of approximately 0.37 TW cm~ for 0.4 ms
at precise locations, resulting in features with a width of approx-
imately 1.8 pm. The fabrication parameters were derived from
previous studies, ensuring the same number of laser pulses per
exposed position as those used in experiments that produced
50 pm-long lines at a writing speed of 5 mm s! (see Figure 1B).

The printed pillars are shown in Figure 4B. The arrays exhib-
ited high printing quality, with no defects between the pillars that
might have resulted from interactions between reflected laser ra-
diation and material pre-excited below the polymerization thresh-
old. However, structural imperfections along the pillars’ vertical
axes resulted from interference between incident and reflected
laser radiation, modulating the printed structure at specific axial
positions according to the equation kA/(4n), where k is a positive
integer, 4 the central wavelength of the laser radiation, and »n is
the refractive index of the photoresist.

To further investigate the excitation of GMRs, the fabricated
sample was characterized in the mid-IR range using FTIR in
transmission mode (2-20 pm, resolution of 2 cm™!). Measure-
ments were conducted using a 15x IR objective lens (NA = 0.4)
and a fixed aperture of 0.9 mm, focusing on a single printed array
to avoid potential errors of stitched areas (detailed in the Support-
ing Information) that could affect the GMR detection.

FTIR analysis was initially performed on the bare SOI sub-
strate, followed by the evaluation of a printed array. The corre-
sponding results for both cases are shown in Figure 4C(i). The
transmission spectrum was further compared with simulations
conducted using rigorous coupled-wave analysis (RCWA),[63:64]
starting with the bare SOI substrate. For simplicity in the RCWA
analysis, normal incidence of the electromagnetic wave on the
substrate surface was assumed. The refractive indices and dis-
persion parameters for silicon and silica used in the simulations
were sourced from refs. [65, 66].

The good agreement between the experimental and simulated
results for the bare SOI substrate validates the accuracy of the
silicon device dimensions and and the SiO, buffer layer thick-
ness. Consequently, RCWA analysis can also be reliably applied
to printed pillars on the SOI substrate.

Examining the spectral response of the printed pillars (see
Figure 4C(i)), a prominent transmittance dip is observed at
5.8 pm. This dip, however, is not attributed to a GMR but rather to
the absorption band of the photoresist.[”] Nonetheless, GMR ex-
citation was identified within the spectral region around 3.5 pm,
which is highlighted in yellow in Figure 4C(i) and detailed fur-
ther in Figure 4C (ii) in the graph on the left-hand side. Notably,
RCWA simulations confirmed the correlation of the experimen-
tally observed resonant feature with GMRs. These simulations
were performed with a spectral resolution of 0.1 nm, incorporat-
ing the resist’s refractive index, assumed to be n = 1.45-j0.013.1]
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In the simulated spectrum (see Figure 4C (ii), graph on the
right-hand side), a few sharp resonances were observed, at-
tributed to GMRs. The narrow linewidth of these resonances is a
consequence of the low refractive index of the polymer, which is
significantly lower than that of the guiding layer. This results in
weak index modulation and minimal radiative losses. In contrast,
sharp resonances were absent in the experimental data, primarily
due to factors that broaden the resonance. One possible factor is
the angular content of the probe beam used in FTIR analysis; as
indicated by the aforementioned equation, GMRs are highly sen-
sitive to the angle of incidence. However, imperfections in the
pillars’ geometry, particularly their wavy cross-section, are likely
the primary contributors to resonance broadening and other de-
viations from the simulated results, such as a slight blue shift.

While the height of the pillars in a single array should theo-
retically be uniform—profilometer measurements of polymerized
films over the same length as the array did not show significant
deviations beyond the axial resolution of the profilometer—the
wavy contour makes the structures more susceptible to slight tilts
during development, when the unexposed material is removed
(see Supporting Information). These small geometric variations
compromise overall uniformity.

Additionally, the interference of partially reflected laser radia-
tion with the incident beam occurs only within a specific length
due to the focused nature of the laser. As a result, the upper
parts of the structures are often more polymerized than the lower
parts, which, in turn, causes the effective diameter to vary along
the length of a single structure (see Supporting Information)
and, consequently, the effective refractive index as well. Never-
theless, the imperfections resulting from the wavy-shaped cross-
section are generally uniform, as the optical properties measured
by FTIR for the arrays produced at each corner of the sample re-
mained similar. (see Supporting Information, Figure S3).

As such, despite the resonance broadening and a slight blue
shift relative to the simulated spectrum, the resonant feature can
be associated with GMRs induced by the printed pillars. These
findings further underscore the versatility of film-based MPL,
highlighting its potential for applications across various spectral
regimes and its capability for large-area printing, even on chal-
lenging substrates.

3.3. Further Potential of Film-Based MPL for Printing Surface
Structures

Two additional proof-of-concept studies were conducted to fur-
ther explore the potential of film-based MPL for fabricating sur-
face structures. These studies aimed to demonstrate the versa-
tility of the technique, showcasing its ability to produce surface
structures with (1) modified material properties, (2) enhanced
feature resolution, and (3) extended printing capabilities beyond
the creation of planar 2D structures.

Focusing on electromagnetic surface structures, MPL print-
ing processes typically rely on polymers. However, their appli-
cations, particularly in photonics, are often constrained by the
material’s refractive index. To overcome these limitations, spe-
cific approaches, such as SESP, allow for the selective metal-
lization of surface structures, enabling effective manipulation
of electromagnetic radiation at lower frequencies. Despite their
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Figure 5. Feature reduction, inorganic structures and structures with 2.5D complexities. A) Schematic illustration of film-based MPL for fabricating
pillars in a TiO,-based photoresist, followed by post-processing via calcination. B) Pillars produced directly after film-based MPL and the resulting TiO,
pillars post-calcination. The scale bars in the insets are 200 nm. C) Principle for printing structures with 2.5D complexities using film-based MPL. D) SEM

images of 2.5D micro-disks and micro-rings captured at a 45° tilt view. The scale bars in the insets are 1 pm.

advantages, metals become less effective at higher frequencies,
such as those in the visible and near-infrared spectra, due to sig-
nificant ohmic losses. In such cases, dielectric materials are pre-
ferred for their superior performance.

In this context, film-based MPL facilitates the efficient fabri-
cation of dielectric structures using an organic-inorganic hybrid
photoresist with adjustable inorganic content. Post-processing
through calcination can remove the organic component via
heat treatment,[®] resulting in a purely inorganic structure (see
Figure 5A). Interestingly, this process also induces volumetric
shrinkage, enhancing feature resolution and potentially improv-
ing the suitability of these structures for metasurface applications
in the visible and near-infrared spectra.

To demonstrate this approach, a hybrid photoresist incorpo-
rating titanium dioxide (TiO,) as the inorganic component was
synthesized, as detailed in ref. [70]. The resist was not diluted
and spin-coated onto a quartz substrate at 4000 rpm, resulting in
a film thickness of approximately 4 pm. Following spin-coating,
pillars separated by 5 pm were printed using a 20x objective lens
(NA = 0.8) with a laser peak intensity of about 0.25 TW cm™2. In
this case, three exposures separated by 1.5 pm along the z-axis,
each lasting 0.4 ms, were applied. This approach aimed to achieve
high lateral resolution while ensuring that the entire film thick-
ness was exposed, as the theoretical voxel length was smaller than
the film thickness (see Supporting Information). Calcination was
then performed following the protocol described in Ref. [70].

The pillars, both before and after calcination, are shown in
Figure 5B. Remarkably, no structural delamination was observed
post-calcination, preserving the periodicity of the structures. Ini-
tially, each pillar measured approximately 800 nm in diameter
and 4 pm in height. After calcination, the features shrank later-
ally to around 250 nm and axially to 1.25 pm, corresponding to a
consistent volumetric shrinkage factor of about 3.2, while main-
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taining an aspect ratio of 1:5. Notably, even higher aspect ratios
might be achievable, as the highest aspect ratio observed for the
pillars prior to calcination was 1:10 (see Supporting Information).

Furthermore, to explore film-based MPL for applications be-
yond 2D, the concept illustrated in Figure 5C was used to fab-
ricate 2.5D structures. In this process, a 3 pm-thick film was
spin-coated at 3000 rpm onto standard coverslips using pho-
toresist 1. Subsequently, multiple exposure events produced
micro-disks and micro-rings, each connected by a small pillar
that elevates the structure from the substrate. Fabrication was
conducted in an array format: each pillar was initially created
by localized resist exposure, followed by the specific geome-
try atop, achieved by deflecting the laser beam with a galvo
scanner.

Each pillar was fabricated by two exposures of the resist at axial
positions separated by 1.5 pm, with each exposure lasting 0.4 ms.
This process resulted in pillars approximately 900 nm in diam-
eter. The stage was then shifted further downward along the ax-
ial direction, enabling partial voxel regions to be used for subse-
quent printing. During this step, circular scans of the resist were
executed at a writing speed of 5 mm s~!. The diameter of each
circular scan progressively decreased, with a spacing of 0.2 pm
between successive circles. Repeating this decrement for 20 cy-
cles resulted in a fully polymerized disk with a total diameter of
4.5 pm and a thickness of 1 pm. In contrast, micro-ring structures
were printed by performing two circular scans per ring, spaced
0.2 pm apart. This process produced rings with radial and axial
feature sizes of approximately 1 pm.

The resulting 2.5D micro-disks and micro-rings are shown in
Figure 5D, with high-magnification SEM images of the side views
provided in the Supporting Information. For all experiments, the
40x objective lens (NA = 0.95) was employed at a peak intensity
of approximately 0.35 TW cm™2.
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4. Discussion and Conclusion

The research presented in this work introduced an optimized ap-
proach for efficiently printing surface structures using MPL, with
a particular focus on electromagnetic surface structures. The op-
timization was based on employing a thin film of photosensitive
material instead of the conventional droplet-shaped volume. This
simple modification of the MPL process, referred to here as film-
based MPL, significantly accelerated the fabrication process by
reducing the required number of exposure events—ideally down
to a single exposure event per structure while maintaining high-
resolution printing capabilities even with objective lenses having
NAs below 1.

The key to these improvements was to minimize the influence
of MPL’s axial resolution, represented by the voxel lengths. As a
result, by limiting the film thickness to a few pm or even sub-pm,
film-based MPL was particularly well-suited for large-area struc-
turing of planar 2D structures, where laser peak intensity can be
precisely tuned to match the desired feature size of a single struc-
ture, thanks to the nonlinear characteristics of MPL. Large-area
printing was further supported since film-based MPL provided
robustness against sample tilt errors.

To demonstrate the potential of film-based MPL, the fabrica-
tion process focused on metasurfaces relevant to mid-IR and
THz spectral applications, as these spectral ranges align well with
MPL’s resolution capabilities for manufacturing suitable struc-
tures. Thin films of appropriate thickness were primarily pro-
duced by spin-coating two different hybrid photoresists diluted
with distilled water. Importantly, this dilution did not compro-
mise MPL processability, and the spin-coating process enabled
the generation of films with uniform thickness.

The feature resolution achievable with film-based MPL was
evaluated using dry objective lenses with three different NAs. Us-
ing a 40x objective lens (NA = 0.95), a minimum lateral feature
resolution of approximately 250 nm was achieved. Remarkably,
even with a 10x objective lens (NA = 0.45), sub-micron features
were successfully fabricated, achieving minimum feature sizes
around 500 nm-adequate for realizing mid-IR and THz meta-
surfaces.

Rapid large-area fabrication at scales of cm? and mm? was
demonstrated using the 10 X objective lens. Specifically, SRRs
were successfully printed on a 1.2 cm X 1.2 cm area within 120
min, and pillars were fabricated on a 5 mm X 5 mm area within
55 min. The SRRs exhibited a minimum feature size of 550 nm
with a height of 600 nm, while the pillars displayed diameters
and heights of 1.8 and 5.8 pm, respectively, with a minimum
spacing of 1 pm. Achieving these dimensions within such short
timeframes—particularly with an objective lens with NA of 0.45—
presents significant challenges for traditional MPL, where struc-
ture printing typically relies on a layer-by-layer approach.

Alongside advancements in fabrication speed compared to tra-
ditional MPL, this study further demonstrated the versatility of
film-based MPL in creating diverse surface structures with en-
hanced flexibility. For example, film-based MPL could be com-
bined with SESP, enabling the metallization of SRRs across a
large area for THz applications. Additionally, pillars were fab-
ricated on an SOI substrate to manipulate mid-IR electromag-
netic radiation. Here, the use of a thin film addressed chal-
lenges in large-area manufacturing, particularly those posed by
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the substrate—s optical properties, which usually complicate ac-
curate interface detection. Notably, these two cases are just ex-
amples of the potential applications of film-based MPL. Func-
tionalization of structures may also be achievable through vari-
ous other approaches.I”*! Furthermore, MPL supports the fabri-
cation of structures on a wide range of substrates, including their
transfer onto complex surfaces with arbitrary curvature.”?!

In conclusion, while the primary strength of MPL lies in its
maskless 3D printing capabilities, this study demonstrates that,
with a carefully optimized printing process, MPL can also be
highly effective for 2D printing jobs. Notably, it offers flexibility in
structural geometry and orientation, as detailed in the Support-
ing Information. Additionally, film-based MPL even facilitates
2.5D structuring, which may enable the isolation of planar elec-
tromagnetic surface structures from the substrate, thereby reduc-
ing radiation leakage and enhancing resonant electromagnetic
fields. Nevertheless, it is worth noting that achieving 2.5D struc-
turing over larger areas introduces additional challenges, particu-
larly due to the higher precision required for stage movementand
interface detection. Despite these challenges, film-based MPL of-
fers greater flexibility and improved speed compared to the tradi-
tional MPL approach.

With this, the study demonstrated that MPL can perform 2D,
2.5D, and 3D structuring within a single device. This versatility
offers significant advantages over conventional lithographic tech-
niques, particularly since MPL does not require a vacuum atmo-
sphere or exposure masks. Moreover, based on the results of this
study, considering fabrication time, achievable dimensions, and
minimum feature resolution, film-based MPL is emerging as a
viable competitor to commercially available DLW systems using
CW diode lasers at 375 nm/405 nm, especially those operating in
high-resolution modes.??] Additionally, it offers greater manus-
facturing capabilities, which are far from trivial to achieve using
DLW with CW lasers or any other comparable lithographic tech-
nique.

For example, film-based MPL enables the fabrication of
densely-packed, high-aspect-ratio structures, with the maximum
aspect ratio presented in this study being 1:10. In addition, film-
based MPL even allows for the realization of 2.5D structures,
as mentioned earlier, with features theoretically compatible with
mid-IR applications (see Figure 5C).

Interestingly, as MPL itself is an emerging technology, film-
based MPL still offers substantial room for optimization, as out-
lined below. As such, film-based MPL may further establish MPL
as an advanced and superior fabrication tool compared to con-
ventional DLW for future flat optical and photonic device manu-
facturing, including electromagnetic surfaces, extending beyond
mid-IR to THz frequencies and covering even broader spec-
tral regimes.

Specifically, the fabrication speed of film-based MPL can be
further enhanced through photosensitive materials with im-
proved sensitivityl*®’3] as well as parallelization!***7*73] or pro-
jection writing techniques;!**7%! these approaches are direct out-
comes of recent advancements in MPL printing detailed in refs.
[29,42]. The use of diffractive optical elements or spatial light
modulators may also facilitate beam profile shaping, such as gen-
erating Bessel beams, which could be advantageous for fabri-
cating high-resolution structures with even higher aspect ratios
than 1:10. Additionally, dynamic voxel refinement-achievable

© 2025 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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with devices such as acousto-optical modulators or digital mir-
ror devices—enables grayscale-based printing,**}] allowing for
greater precision in structural features and the fabrication of sur-
faces with gradient-index structures.

Furthermore, although the feature resolution in this work
was limited to 250 nm-comparable to the physical limit achiev-
able with diode laser-based DLW-MPL offers several options
for further enhancement, making it highly versatile for sur-
face structuring. For instance, feature resolution can be im-
proved through etching!””) or, as demonstrated, via calcination,®!
though such post-processing techniques could also be applied to
other DLW processes.

Additionally, while the experiments in this work were
conducted at 780 nm, modern fs-oscillators now allow for
wavelength-independent MPL, enabling processing at various
wavelengths.[”®! This, in turn, may facilitate tighter focusing to
reduce the feature size. Even more interestingly, feature resolu-
tion may be further enhanced using annihilation processes [7°!
or stimulated emission depletion,[®81] which not only enable
higher feature resolution but also significantly reduce the spacing
between structures—a critical aspect in CW laser-based DLW due
to scattering of laser radiation into surrounding areas of the ma-
terial.

While annihilation processes and stimulated emission deple-
tion techniques typically face challenges in efficient application
to MPL for 3D printing, they may be particularly well-suited for
integration with film-based MPL, especially for 2D and even 2.5D
structuring, where ideally only a single or two planes of the pho-
tosensitive material are exposed, respectively. Furthermore, these
methods can be effectively combined with etching and calcina-
tion to optimize results further.

Notably, calcination is particularly promising-not only for en-
hancing feature resolution but also for enabling the fabrication
of structures from various inorganic materials. Interestingly, for
3D structures, calcination often causes delamination from sub-
strates due to thermal stress.”082) However, in this work, ther-
mal stress did not affect the printed pillars, thus preserving their
periodic arrangement. Although the relationship between ther-
mal stress-induced delamination and critical structural parame-
ters requires further investigation, these findings suggest a path-
way for large-area fabrication of dielectric surface structures via
film-based MPL, potentially enabling the realization of printed
NIR and even VIS metasurfaces with (deeply) subwavelength fea-
tures.

Finally, while this study primarily focused on manufacturing
electromagnetic surface structures, the approach is not limited
to this application alone. The capabilities film-based MPL offers
can be highly valuable for diverse fields such as biomimetic,!®3]
optics,® and biomedicine,[®) where future research on 2D struc-
tures can inspire 2.5D and 3D designs, all achievable with a
single technology-MPL-and, consequently, a single device. In
this context, film-based MPL proves useful not only for rapid
prototyping but also for creating blueprints and real-world
applications.
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