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ABSTRACT
Two-photon grayscale lithography (2GL) is the latest evolution in two-photon polymerization laser 3D printing, combining
unmatched surface quality and throughput by continuous laser power modulation that dynamically controls the print feature
size (voxel) to smoothly blend contours despite coarse slicing. To reconstruct shapes, 2GL solves an inverse problem requiring
parametrization of the voxel size and their underlying print parameters, which is specific to a given feedstock resist and so far, only
available for a few commercial polymers. This paper establishes a 2GL 3D-printing route for the rapid manufacturing of complex
silica glass micro- and nanostructures of unprecedented quality and accuracy, substantially advancing glass micro-fabrication.
This is enabled by a pre-glass polyhedral oligomeric silsesquioxane (POSS) resist, engineered for high polymerization sensitivity
and dynamic range. Together with a routine to identify optimal grayscale parameters for such custom resists, we realize the use
of the 2GL process at maximal print speed while maintaining high loading of the silicon-oxygen POSS-cluster source. Mechanical
resonators with quality factors > 1 000, optical components with < 3 nm roughness and nanoscale diffractive patterns are
demonstrated, opening new pathways in photonics, precisionmechanics, andmetamaterials. The introduced grayscale parameter
identification routine provides a framework for extending 2GL-printing to a broader material range.
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Introduction

wo-photon polymerization (2PP) 3D-printing of micro- and
anostructures has become a routine and commercially available
anufacturing technology [1–4]. Herein, a laser focus is scanned
ith respect to a photosensitive material (resist), and the laser
ower is switched on and off as desired to locally polymerize
he resist. After exposure, the unpolymerizedmaterial is removed
y development in a solvent (developer). In this manner, a large
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range of organic architectures have been realized by researchers
around the globewith applications in optics [3, 5, 6], biology [7–9],
mechanics [10–12], and micro-robotics [13–15]. Lately, emerging
routes based on specialized resists enable the manufacturing
of a growing number of inorganic materials along the same
lines aswell [16–23]. Hybrid organic–inorganic resists incorporate
metal or metalloid elements into monomers with photocurable
organic ligands. After printing, the resulting hybrid preforms
are converted into inorganic structures via thermal treatments.
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esist design based on polyhedral oligomeric silsesquioxane
POSS) chemistry provides a facile platform tomanufacture silica
lass structures [23]. POSS molecules, with the general formula
SiO1.5), are composed of cage-like silicon-oxygen cores to which
large variety of functional groups can attach. Acrylate func-
ionalization enables the 2PP-printing of 3D pre-glass templates,
hich a simple baking step in air atmosphere above 650◦C
onverts to dense SiO2 glass. In this way, glass fabrication of
icroscopic 3D structures such as metamaterials or compound
ens systems [24], unrealizable by techniques such as conven-
ional top-down etching and 2.5D imprinting [25, 26], is now
ossible.

wo-photon grayscale lithography (2GL) [27] is a conceptual
efinement of 2PP 3D printing, which simultaneously enables
aster printing and improved quality with respect to standard
PP 3D printing by not only switching the laser on/off while
canning the laser focus but rather modulating the laser power
ontinuously between zero and some maximum value. With
igher laser power, the exposed material volume (voxel) at a
iven laser position increases, allowing rapid printing of interior
olumes, e.g., of optical microlenses. Conversely, lower laser
owers decrease the voxel size. Hence, coordinated modulation
f the voxel size continuously blends contours along surfaces,
educing or even eliminating staircasing ripples that otherwise
rise from layer-by-layer printing. As a result, unmatched surface
uality with nanometer roughness is achieved, alongside high
hroughput, using coarse slicing with layer spacings of 1 µm and
bove. However, such grayscale laser printing requires solving
n inverse problem: To reconstruct a targeted 3D micro- or
anostructure, one needs to identify the necessary laser power
t each focus position. The solution is presently only available
ia proprietary software or brute force methods. In essence,
he algorithm to solve the inverse problem needs informa-
ion as to how the volume and shape of the voxel exposed
t one laser-focus position depends on the laser power. This
nformation can be cast into the form of phenomenological
arameters – which depend on the resist system used and have
nly been demonstrated for proprietary polymeric resists so
ar [28–32].

erein, we identify these phenomenological parameters for a cus-
omized hybrid organic–inorganic POSS-resist system, demon-
trating a 2GL 3D-printing route for the facile manufacturing
f 3D silica glass micro- and nanostructures of unprecedented
uality. With respect to our previous work [23], the POSS-resist is
odified with a high-sensitivity photoinitiator. Based on identi-
ied optimum 2GL parameters, we fabricate a variety of complex
D silica-glass microstructures of high fidelity and demonstrate
xcellentmechanical and optical quality.Wemeasuremechanical
uality factors well exceeding 1 000, which is about two orders
f magnitude larger than for corresponding polymers [33], and
eport Young’s moduli of 71 GPa, closely matching pristine fused
ilica. We present microlenses with optical-grade surface finish
ith a root mean square (RMS) roughness below 3 nm and show-
ase optical performance with complex holographic diffractive
ptical elements (DOEs). Finally, we provide a general routine for
dentifying the phenomenological parameters required to solve
he inverse problem within 2GL, establishing a framework that
nables systematic parameter discovery for future inorganic and
rganic resist systems.
of 9
2 Two-Photon Grayscale Lithography (2GL) of
POSS-Glass Resists

Successful 2GL requires a resist design that is tailored to the
printer hardware to access a sufficient bandwidth of adjustable
voxel sizes, as well as the identification of a phenomenological
parametrization which correctly maps the input print parameters
to the voxel size. This parametrization generally depends on the
objective-lens point-spread function (PSF) and consequently, is
specific to each resist-objective-lens combination. Herin, 2GL
3D-printing was performed using a Quantum X lithography
system (Nanoscribe GmbH & Co. KG) with two different objec-
tive lenses, the so-called “medium-feature set” (25×/NA0.8 LCI
Plan-Neofluar, Zeiss) and the “small-feature set” (63×/NA1.4
Plan-Apochromat Oil DIC, Zeiss). The Quantum X platform
implements the inverse-design parametrization that underlies the
2GL approach, which maps the laser power to the voxel shape
and size, via the proprietary software nanoPrintX (v.4.17.3). This
parametrization generally depends on the objective-lens point-
spread function and the resist’s cross-linking behavior, with the
resist dynamic range, defined by the ratio of the damage and
polymerization thresholds, setting the usable print parameter
window and the accessible bandwidth of adjustable voxel sizes.
Consequently, the 2GL parametrization is specific to each resist-
objective-lens combination. Successful 2GL requires a resist
design with a dynamic range that is tailored to the printer
hardware, as well as identification of a parametrization that
correctly establishes the phenomenological correlation between
voxel geometry and the print parameters.

2.1 Resist Formulation

To best exploit 2GL, a resist requires two key characteristics: (i) a
high sensitivity, enabling it to reliably polymerize at low exposure
dose, allowing maximal print speeds at coarse slicing; and (ii)
a high dynamic range, which is the printing window between
the polymerization and the damage exposure dose thresholds,
respectively, in order to maximize the range of adjustable voxel
sizes accessible to the 2GL process. Both characteristics strongly
depend on the choice and the concentration ratios of the resist’s
photoinitiator-monomer-combination [1, 34]. In the context of
hybrid resists for fabricating inorganics via thermolysis, the
optimization of such is further subject to the additional constraint
to maximize the target inorganic constituent loading.

We herein engineered a modified formulation of our previously
introduced pre-glass resist system based on POSS chemistry
[23], which is initiated with the highly efficient Norrish type
II photoinitiator, BDBuABnCHx (BBK) [34], demonstrating sub-
stantially increased sensitivity and dynamic range up to the 2GL
setup’s maximum speed while maintaining a high POSS-cluster
loading (Figure S1, S2 and Table S1). Our modified formulation
contains 90 wt.% of an acrylate-functionalized POSS monomer
as the cross-linkable silicon-oxygen nanocluster source, 9.5 wt.%
of a copolymerizing trifunctional acrylic monomer, and 0.5 wt.%
of the BBK photoinitiator. Measurements of single voxel-lines
printed across a range of laser power and scan speed combina-
tions demonstrated that our resist possesses extensive dynamic
range (Figure S2a–d). The resist achieves a multiphoton poly-
merization sensitivity figure of merit (FOM) [34] as high as 81.7,
Advanced Functional Materials, 2026
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arking an increase of more than an order of magnitude over
ur previous formulation with the Norrish type I photoinitiator
rgacure 369, and well exceeding the commercial resists IP-Dip,
P-S, and IP-L (Nanoscribe GmbH & Co. KG) (Figure S2e).

.2 2GL Parameter Optimization Routine

o establish the 2GL parametrization of custom-made resist
ystems, such as the POSS-glass resist, we introduce a systematic
outine based on iterative test prints of selected benchmark struc-
ures that enables the coordinated identification of the underlying
onventional 2PP parameters and dependent 2GL-specific param-
ters (Figure 1). We choose structures that challenge the 2GL
rocess in order to critically assess a given parameterization. We
tilize plano-convex microlenses as volumetric objects, whose
light curvature perpendicular to the build direction makes them
ighly sensitive to staircasing artifacts [3, 35, 36]; chiral metama-
erial unit cells with complex 3D layouts [37], which evaluate the
uality of curved features and sharp edges in all spatial directions;
nd simple cuboids to rapidly assess general shape accuracy and
ynamic range. Following the visualized workflow, the routine
ptimizes parameters based on the indicated quality criteria
s observed via in situ imaging, scanning-electron microscopy
SEM) and/or confocal microscopy. Beginning by setting a focus
scan speed” (at the “Start” in the figure), the routine works
hrough four sets of print tests, sweeping through combina-
ions of the indicated parameters. The initial “Dose Sweep”
apidly identifies the meaningful limits of the conventional 2PP
arameter space, which the subsequent “2PP Sweep” refines to
ombinations enabling well-resolved structures, which however
xhibit significant staircasing. The following “2GL Sweep” then
djusts the grayscale parameters controlling the dynamic voxel
ize modulation to identify a combination of 2PP and 2GL
arameters which removes the staircasing and related artifacts
or the coarsest possible slicing, and hence highest throughput. To
chievemaximal shape accuracy, the final “Voxel Compensation”
dentifies a correction factor which compensates for the vertically
longated ellipsoidal voxel shape by compressing vertical design
eatures. A detailed step-by-step description of the workflow and
valuated parameter sets for the POSS-glass resist are provided
n the Supporting Information (Section S2.5. 2GL Parameter
ptimization Routine, Table S7–S11).

y applying the routine to the POSS-glass resist, we achieved
oth rapid printing speed and high structure quality at the same
ime. Figure 1 compares metamaterial (Figure 1b) and microlens
Figure 1c) benchmark structures, each fabricated using either the
mall-feature set via 2GLor conventional 2PP. For both structures,
e demonstrate 2GL prints with a slicing as coarse as 0.6 µm,
hichmaintains smooth surfaces and sharply resolved edges. For
dentical hatching and slicing parameters, and hence the same
rint times, the conventional 2PP prints are subject to severe
taircasing. Reduced slicing to improve the quality of the 2PP
rints comes at the cost of increased print time. For the meta-
aterial test structure, print quality on par with 2GL at 0.6 µm
licing required a reduction of the 2PP slicing down to 0.05 µm.
or the volumetric microlenses, the same approach could not
chievemicrolenseswith surface qualities fullymatching the 2GL
ounterparts for any setting, as refined slicing to alleviate the
taircasing caused the emergence of localized surface artifacts
dvanced Functional Materials, 2026
[36]. Comparing best-quality structures, the ratio of the print
times of the 2GL and the 2PP structures with 0.6 and 0.05 µm
slicing, respectively, demonstrates that our 2GL POSS-glass route
realizes an up to sevenfold throughput improvement over the
corresponding conventional 2PP (Tables S4, S5). To probe that our
2GL routine translates across different resists, we have applied
the routine to our previous POSS resist formulation [23] whose
Norrish type I initiationmechanism significantly differs from our
current formulation, successfully demonstrating 2GL with the
medium-feature set (Section S2.5. 2GL Parameter Optimization
Routine, Figures S5–S7 and Tables S3, S6).

3 Experimental Results

3.1 3D Silica Glass Microstructures

By applying the introduced 2GL routine (Figure 1) to the
modified POSS resist, we fabricated complex 3D silica glass
microstructures of unprecedented structural quality, with smooth
surfaces, free from staircasing artifacts, and with excellent shape
accuracy down to sharply resolved smallest details. Figure 2
depicts representative structures, printed with the 2GL small-
feature set and thermolyzed to glass at 700◦C in air (Figure S3),
which critically assess the capability of the 2GL glass fabrication
route across diverse and challenging geometries. This selection
includes the Benchy boat (Figure 2a,e) [38], a widely used 3D-
printing benchmark spanning a range of feature sizes and shapes
within a single object; a triply periodic minimal surface (TPMS)
shell, as a mathematically continuous 3D membrane structure
(Figure 2b,f) [39]; a Buckyball, which comprises large overhangs
of thin strut elements with various orientations (Figure 2c,g); and
aFresnel lens as a volumetric opticwith both smooth surfaces and
sharp edges (Figure 2d,h). All structures are printed in excellent
quality, with noteworthy details including well-resolved small
features, such as the Benchy boat’s steeringwheel inside the cabin
and the chimney on top (Figure 2a,e); the smooth 3D curvature
of the thin TPMS surface (Figure 2f); the near-ideally straight
Buckyball rods (Figure 2g) and the sharp Fresnel lens edges
(Figure 2h). A feature size down to 1 µm is obtainable for complex
3D structures with the utilized optical setup and is demonstrated
in Figure S10. Larger structures printed with the medium-feature
set for both the original and modified POSS formulations are
provided in Figures S8 and S9, respectively. Additional silica
glass microlenses and chiral metamaterial unit cells are shown
in Figure 4a and Figures S8–S10.

3.2 Static Mechanical Experiments

Quasi-static in situ uniaxial compression tests with cylin-
drical micropillars (Figure S11) demonstrated that our POSS
glass exhibits well-reproducible excellent mechanical properties.
Figure 3a,b shows a SEM image of a representative silica glass
micropillar prior to loading, alongside the corresponding mea-
sured stress-strain curve. In the experiments, the specimen strain
was quantified within a gauge section between two markers,
which were tracked via digital-image cross-correlation (DIC).
A total of 12 micropillars with SEM-measured diameters of
14.90 ± 0.09 µm and two different height-to-diameter aspect
ratios of 2.4 and 2.8 were characterized via two compression
3 of 9
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FIGURE 1 (a) General routine to determine 2GL printing parameters for custom resists via a series of four print tests. Green arrows indicate the
main route, red arrows denote reiterations. Dashed lines are optional tasks. Each print test systematically varies the listed parameters while all others
remain fixed. For structure evaluation, in situ imaging on the printer, SEM, and/or confocalmicroscopy are conducted. The image inset illustrates a result
of the ‘Dose Sweep’. Polymeric 3D chiral metamaterial microstructures (b) and microlenses (c) printed with the evaluated 2PP and 2GL parameters from
the POSS-based resist with BBK utilizing the small-feature set. For each structure, the used slicing and print time are indicated and compared for prints
with fine/coarse slicing (2GLOFF) and 2GL (2GLON). The circular inset on themicrolens demonstrates remaining surface artifacts, even at fine slicing,
while the 2GL-printed lens exhibits a smooth surface.
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oading cycles with a constant applied strain rate of 0.2% s−1
Movie S1). The first predominantly linear-elastic loading cycle
p to ∼2% strain served to extract Young’s modulus (E), found as
0.99± 3.95 GPa. This measurement closely matches the reported
alues for high-quality commercial fused silica glass [40, 41],
hich we attribute to the herein achieved high structural fidelity
ree from undesired artifacts. The second loading cycle until
ailure displayed elastic-plastic-type behavior with substantial
eformability up to a maximum strain (εmax) of 22.5 ± 4.0% and
6.4 ± 6.9% for aspect ratios of 2.4 and 2.8, respectively, as well as
ltra-high strength until brittle fracture. Our in situ image data
of 9
(Movie S1) suggest the observed extended deformation behavior
may largely stem from post-yield buckling while the intrinsic
material behavior remains predominantly brittle. In good agree-
mentwith our data, elastic Euler columnbuckling for a pillarwith
an aspect ratio (AR) of 2.4 is expected at an applied strain ( εel
= π2/(16k2AR2) ) of 11%, with the effective length factor (k = 1)
matching the observed fixed-sliding boundary condition behavior
[42]. Such extended buckling of silica glass requires resistance
to extreme stresses, which is enabled by harnessing substantial
material-strengthening size effects, where the population and
size of preexisting flaws is limited by the finite extrinsic size
Advanced Functional Materials, 2026
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FIGURE 2 SEM images gallery of high-quality POSS-glass microstructures made by means of the introduced 2GL printing routine and tailored
POSS resist formulation. (a–d) Top and oblique views of a Benchy boat, a triply periodic minimal surface (TPMS) shell, a Buckyball and a Fresnel lens.
(e–h) Close-up views demonstrating excellent surface quality and shape accuracy down to the smallest details. All structures were 2GL-printed with the
small-feature set and thermally converted to silica glass at 700◦C in air.
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43]. Additional contributions to the observed behaviors may be
ttributed to a certain extent of plastic shear flow [44–46], as
eported in similar micropillar experiments. The effect is widely
nderstood based on bond-switching events whose activation
ecomes increasingly favorable as the surface-to-volume ratio
ises, and which can be strongly enhanced by electron irradiation
46]. Contributions from pressure-induced densification effects
nd anisotropic structure have been discussed as well [45, 47]. We
easured yield strengths (σy) of 1.82 ± 0.24 GPa and compressive
trengths (σmax) of 5.46 ± 0.28 GPa, both in good agreement
ith our previously reported values [23] and comparable to
ther reported silica micropillars [44]. Notably, while our σmax
nder buckling influence can be considered a conservative
easurement, it is ∼1.5 GPa higher than previously.

.3 Dynamic Mechanical Experiments and
uality Factors (Q)

o determine the mechanical quality factor (Q) – a measure
f a structure’s damping behavior, where high Q indicates low
amping and energy loss, and vice versa – we adopted a dynamic
esonance measurement approach using piezo-excited micro-
uning-forks [33]. Tuning forks with a tip-to-tip distance of a =
200 µmwere 2GL-printed from our hybrid POSS resist, as well as
rom the commercial polymer 2GL resists IP-S and IP-DIP2 (Table
12). During the glass conversion, the silica forks isotropically
ontracted (Figure S4 and Table S2), yielding a final distance of
= 125 µm. Figure 3c,d shows that the glass forks exhibit excel-

ent structure quality, on par with the IP-S counterparts printed
dvanced Functional Materials, 2026
with themanufacturer 2GL-parameters. All sampleswere printed
with baseplates for mounting them into our previously described
home-built laser-scanning confocal microscope with integrated
laser-Doppler vibrometry [48, 49]. In the measurements, the
tuning forks were excited time-harmonically via a piezoelectric
actuator in ambient atmosphere. Amplitudes of the tips and
vertical excitation amplitudes at the fork base were measured
and extracted by DIC, while out-of-plane displacements were
collected by vibrometry. The tip amplitudes were normalized to
the excitation amplitudes of the fork handle.

Figure 3e–h shows the measured amplitudes and phase lags
around the resonance of the fundamental vibrationmodes (Movie
S2) of the forks from the POSS resist, both in the as-printed
state and the final glass, along with comparison specimens
from the commercial IP-S and IP-DIP2. Q values were obtained
by a least-squares Lorentzian fit of the squared amplitudes.
For IP-S and IP-DIP2, we found Q = 21.97 ± 0.40 and Q =
28.75 ± 0.50, respectively. With respect to the commercial IP
resists, the as-printed POSS had lower values of Q = 11.60 ±
0.23. However, after the glass conversion, these values increased
to Q = 1479.95 ± 7.53 along with a more than 100-fold
higher amplitude, exceeding the commercial polymers by two
orders of magnitude, as expected for silica glass. Experiments
in vacuum, which eliminate the air friction, can be expected to
further increase Q by another order of magnitude [33]. These
high Q values correspond to very low losses, which our 2GL
glass fabrication route makes accessible within high-precision
free-form microstructures for research fields that require low
mechanical damping, such as topological phononic systems and
5 of 9
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FIGURE 3 Static and dynamic mechanical properties of the POSS-glass. (a) SEM image of a representative silica-glass micropillar for quasi-static
compression, markers for digital image correlation (DIC) strain measurement are highlighted in green. (b) Corresponding stress-strain curve comprised
of two loading cycles,measuringYoung’smodulus and strength, respectively. (c–d) SEM images of a POSS-glassmicro-tuning-fork for dynamic resonance
measurements and comparison specimens from the commercial polymer IP-S, markers for DIC analysis are highlighted in color. (e–f) Measured
resonance curves and derived quality factors (Q) extracted by least-squares Lorentzian fits overlayed as black lines. (g–h) Corresponding phase lags
of the fundamental vibration mode for each resonance curve.

FIGURE 4 Optical quality of the 2GL POSS-glass. (a) SEM image and optical profilometry section of a microlens; (b) surface roughness map of
the microlens center area and extracted profile; (c) SEM images of a diffractive optical element (DOE) designed to create a holographic projection of a
KIT logo; (d) optical profilometry data of the DOE, along with a 2D height profile through the DOE center; (e) simulated and experimentally obtained
holographic images.

6 of 9 Advanced Functional Materials, 2026
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echanical metamaterials. Measurements for the POSS resist
ormulation with Irgacure 369 as the photoinitiator and details
bout conducting the experiments are provided in the Sections
3, S4 (Figures S12 and S13).

.4 Optical Experiments

urface profilometry measurements demonstrate that our 2GL
OSS-glass achieves an optically smooth finish up to the most
hallenging print geometries (Figure 4a). As a benchmark, we
anufactured aspherical microlenses printed with their optical
xis oriented perpendicular to the build direction, where the
lightly curved center area is notorious for staircasing artifacts [3,
5]. Our lenses, with a base diameter of 114 µm and a sagittal (sag)
eight of 32 µm, exhibited a peak-to-valley deviation of ± 130 nm
ith respect to an ideal asphere. From the 25 × 25 µm2-size center
rea, wemeasured a rootmean square (RMS) roughness of 2.4 nm
Figure 4b), corresponding to an RMS-to-sag ratio of merely
.0075%, which outperforms our previously reported results [23]
y a factor of more than six. Optics fabricated with this below
𝜆∕100 roughness, where λ refers to visible wavelengths, will
ave very low surface-scattering induced losses and aberrations
hich would otherwise contribute to a reduced-quality point
pread function (PSF) of an optical system. High-quality PSFs are
ritical for high resolution imaging in visible light applications
50, 51]. The surface quality of our optics is competitive with
hat of commercial silica microlenses produced by reactive ion
tching or ion-exchange processes [52] and rivals state-of-the-
rt 2GL-printed polymer lenses, for which RMS roughnesses of
–17 nm were reported, and peak-to-valley deviations without
terative correction were within 70 nm–1.2 µm [29, 32].

howcasing optical performance with complex micro-parts, we
resent a 160 µm-size holographic diffractive optical element
DOE) comprised of a 3D nanostructured continuous-relief pat-
ern (Figure 4c). The DOE pattern manipulates the wavefront of
ight traveling through the structure to create a holographic pro-
ection of our target design, the Karlsruhe Institute of Technology
KIT) logo, via concerted constructive and destructive interfer-
nce. Fabrication of the DOE pattern atop a flat base support
nabled controlled geometric contraction during glass conversion
hile preserving the free-form relief. The general contraction
ehavior of thematerial system is characterized in Figure S4. This
idesteps the challenges of controlling anisotropic contractions
f such thin structures, an approach that enables large-area
atterns but imposes design constraints [53]. Optical profilometry
onfirmed that our 2GL POSS-glass routine achieved near-ideal
niformity, with the DOE pattern atop a flat base support being
ree from undesired process-induced deformations (Figure 4d).
polynomial fit of the measured height map confirmed global

latness within ± 198 nm across the entire pattern. The height
ariation of the DOE pattern was within ± 600 nm, only slightly
ess than the designed height profile of ± 690 nm. The optical
erformance is experimentally verified (Figures S14), with the
cquired holographic images showing good agreement with
he ideal simulation predictions (Figure 4e). The experimental
mages are well resolved with legible small text features and little
istortion and noise, demonstrating the projection quality of our
lass DOE on par with reported 2PP printed polymeric DOEs [5].
eyond optical performance, silica glass micro-optics also offer
dvanced Functional Materials, 2026
improved thermal stability and higher laser damage thresholds,
which are advantageous for high-power applications [54]. The
visible brighter zero-order spot in the center originates from
undiffracted light, a characteristic feature of diffraction optics
that can be circumvented through off-axis projection designs
[5]. The presented overall quality demonstrates our 2GL POSS-
glass route as viable for the rapid manufacturing of compact
and robust glassmicro-optics featuring complex 3Dnanopatterns,
whichmay hardly be achieved via conventional top-down etching
techniques.

4 Conclusion

Multiphoton 3D laser printing of 3D micro- and nanostruc-
tures composed of organic materials, such as polymers and
hydrogels, has already enabled numerous applications. However,
other applications may require temperature stability at high
temperatures, chemical inertness, or purely elastic rather than
viscoelastic behavior, i.e., large mechanical quality factors. In
this regard, the printing of inorganic materials has recently been
steadily advancing, with silica glass being a prominent important
example.

Here, we have established a route for the grayscale multiphoton
3D laser printing of silica glass using a POSS-based resist with
focus scan velocities as high as 250 mm⋅s−1, which substantially
advances glass manufacturing beyond conventional multiphoton
printing approaches. This advance was enabled by the devel-
opment of a tailored resist composition compatible with the
commercial 2GL process, and an optimization routine to identify
suitable grayscale parameters of the proprietary technique for
such a custom resist. As a result, we have demonstrated complex
glass microstructures with unprecedented surface finish and
shape accuracy, including high-quality optical components, such
asmicrolenseswith< 3 nmRMS roughness and diffractive optical
elements comprised of nanoscale patterns, as well as mechan-
ical micro-tuning-fork resonators with quality factors beyond
1 000 – values that have previously only been achieved with
significantly more involved manufacturing processes [33]. The
ability to print complex, low-loss 3D glass architectures with high
throughput opens new opportunities in optics and photonics,
precision mechanics, and emerging classes of micro- and nano-
metamaterials. Users from other groups may simply apply the
herein presented resist and print parameters tomanufacture parts
with the same ease and efficiency previously available only for a
limited set of commercial polymer resists.

Finally, this work presents the first demonstration of 2GL-
printing using a custom hybrid organic–inorganic resist, estab-
lishing a routine for identifying resist-specific print parameters.
We anticipate it to provide a practical tool for extending high-
quality 2GL printing to a yet broader range of materials.
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