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ABSTRACT. Background: Two-photon polymerization (TPP) is one of the most promising
methods for the fabrication of metasurfaces due to its ability to create complex,
high-resolution nanostructures. However, fabricating these structures using TPP is
complex, and predicting the results of the fabrication process is challenging.

Aim: We aim to address these challenges by demonstrating how different mod-
eling techniques can be employed to support the fabrication-aware design of
metasurfaces.

Approach: We introduce and explore three modeling techniques: a simple thresh-
old model, a compact model, and a full model of polymerization. Each model offers
different levels of complexity and accuracy. We assess how well each model per-
forms and what limitations they have, using practical examples to show how they
can guide the fabrication process.

Results: Our comparison highlights the advantages and limitations of each model-
ing approach. The basic threshold model provides a general overview, focusing
solely on the optical aspects and using a simple threshold for the photoresist. Thus,
it lacks detailed descriptions of resist behavior. The compact model is semi-empiri-
cal, focusing on simplified chemical dynamics of a single species while including
essential photochemical processes. By contrast, the full model of polymerization
is the most advanced, offering a detailed description of various species involved
in the process, such as monomers, polymers, and quenchers. Although it provides
the most accurate predictions, it is also the most complex and computationally
demanding.

Conclusions: By comparing these modeling approaches, we show that the deci-
sion on the most appropriate model depends on the specific requirements of the
metasurface fabrication process. This analysis helps researchers and engineers
determine the most suitable modeling approach for their work.
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1 Introduction
Metalenses and planar optics are gaining significant attention due to their potential to minia-
turize and optimize optical systems.1 These technologies enable reduced assembly sizes, novel
functionalities, and enhanced performance of optical components. This is achieved through
metasurfaces—arrays of sub-wavelength structures that modulate incident light at a very fine
scale. The creation of a metasurface involves engineering meta-atoms on a surface to create
structures with dimensions (pitch and thickness) smaller than the incident light’s wavelength.2

A critical challenge in metasurface technology lies in the fabrication of these components,
which is essential for both laboratory research and high-volume production. The field is experi-
encing rapid advancements in fabrication techniques, each with its unique advantages and
limitations. These are significantly influenced by application requirements, material selection,
and the available production infrastructure.3–5

In contrast to traditional lithographic and pattern transfer methods such as nanoimprint
lithography, deep ultraviolet (DUV) projection lithography, and electron beam lithography,
two-photon polymerization (TPP) presents an alternative approach with significant advantages.
TPP, a form of microscale 3D printing, utilizes a focused laser to induce polymerization in a
photosensitive material. Recent progress in materials and processes for additive manufacturing
has significantly increased interest in TPP, promoting an improved understanding of its capa-
bilities and applications.6,7 Moreover, accurate computational modeling is key to using these
advancements effectively, helping to better understand TPP processes and guide fabrication-
aware design. This method enables the creation of structures with high aspect ratios due to the
nonlinear interaction of the laser with the material.8 This interaction allows for unmatched pre-
cision in the three-dimensional shaping of materials, as demonstrated by Malinauskas et al., who
utilized TPP to achieve highly precise fabrication of microlenses with minimal feature sizes and
high reproducibility, showcasing its versatility for optical applications.9 Such capabilities make
TPP particularly valuable for applications that require intricate control over material structure.
TPP is distinguished by its ability to directly “write” sub-wavelength structures into the material,
offering significant versatility in three-dimensional design. The process, which has seen substan-
tial growth in recent years, enables the construction of complex geometries that were previously
challenging or even impossible to achieve with conventional lithographic methods. However, this
method is not without trade-offs. Fabrication of larger patterns via serial voxel-by-voxel writing
can indeed be highly time-consuming, a limitation common to most 3D additive manufacturing
methods compared with traditional lithography techniques that pattern large areas simultane-
ously. This inherent slowness significantly limits throughput and scalability for large-scale
production. In addition, polymers commonly employed in TPP typically exhibit relatively low
refractive indices, generally in the range of ∼1.5 to 1.6, such as commercially available IP resins
(e.g., IP-Dip and IP-S from nanoscribe). Although higher-index materials reaching indices up to
about 2.6, such as chalcogenide glasses (e.g., AsS and AsSe), have been demonstrated exper-
imentally, most standard TPP materials still yield weaker optical index contrast compared with
these specialized materials. This limited contrast poses challenges for achieving strong confine-
ment of light, requiring precise control over the aspect ratios of structures to overcome material
limitations and achieve the desired optical performance. Moreover, optical and chemical phe-
nomena in TPP can lead to proximity effects and deviations from the intended design.10–12

These effects make it harder to reproduce the target structures accurately. Careful adjustments
to process parameters are needed to minimize these issues.

Given these considerations, modeling becomes a crucial tool in supporting the optimization
of complex fabrication processes. By enabling fabrication-aware design, modeling can help
predict and control the outcomes of TPP, thereby improving the efficiency and reliability of pro-
ducing high-quality metasurfaces. Furthermore, transferring modeling techniques from semicon-
ductor fabrication to the fabrication of three-dimensional metasurfaces presents an opportunity to
leverage established methodologies for new applications. Although TPP is gaining traction in
research and industry, one of the key challenges is modeling the process. Few mathematical
models exist that can predict the diameter, length, and overall shape of the voxel, the fundamental
building block in TPP. Several notable contributions have been made toward modeling the TPP
process. Optical models, which describe the correct superposition of polarized field components
in the image plane and the impact of the polarization of the used light on the PSF are well
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established in the literature.13,14 DeVoe et al.’s research on voxel shapes in two-photon micro-
fabrication highlights the complexities involved. Their work demonstrates the nonlinear relation-
ship between laser dose and voxel shape, where higher doses result in highly asymmetric voxels
and lower doses yield nearly spherical ones.15 These experimental observations underscore the
complexity of voxel formation, demanding a deeper understanding of the underlying polymeri-
zation kinetics to explain how voxels grow over different time scales. Although threshold behav-
ior has been proposed by various researchers working on the TPP process, the precise mechanism
behind thresholding remains unclear due to experimental limitations.16–18 Kiefer et al. expanded
on the threshold concept by introducing a threshold model with an accumulation approach,
describing polymerization as the result of the cumulative integration of exposure dose over time
and space. The model’s sensitivity figure-of-merit (FOM) provides a practical framework for
comparing photoresist performance under varying experimental conditions, offering insights into
the interplay between scanning speed, laser power, and photoinitiator properties for optimizing
TPP processes.19 By contrast, Johnson et al. developed a more comprehensive compact model,
incorporating reaction-diffusion dynamics of photoinitiators and oxygen inhibitors, as well as the
self-deactivation phenomenon. Their model simulates the temporal and spatial evolution of
chemical species, demonstrating how diffusion and self-deactivation dominate voxel formation
and polymerization thresholds in two-photon nanolithography.20 Somers et al. provide a com-
prehensive overview of the physics governing TPP, covering the fundamental interactions of light
and material properties that drive three-dimensional printing at the nanoscale.21 This work pro-
vides essential insights into the parameters affecting voxel shape and stability, laying the ground-
work for applied modeling techniques. Serbin et al., for example, developed a model predicting
changes in radical concentration during polymerization, both spatially and temporally, though
this approach did not account for factors such as molecular diffusion, polymerization kinetics, or
temperature variations that can significantly affect voxel formation and resolution.22 Further
refining these approaches, recent studies have focused on enhancing practical control over voxel
dynamics. Fourkas et al. delved into critical aspects of TPP, including the nonlinear behavior of
photoresist materials and threshold effects that impact voxel geometry and quality, emphasizing
the importance of laser exposure conditions and photoresist properties in effectively achieving
high-resolution structures.23 Mueller et al. extend these findings by exploring specific reaction
mechanisms, demonstrating how laser parameters and photoresist composition can be optimized
to control polymerization onset and voxel stability under diverse conditions.24 In addition,
Pingali and Saha introduce a machine learning-based surrogate model, addressing the computa-
tional challenges in traditional finite element modeling by predicting printability in projection
TPP.25 This model enables the rapid exploration of parameter spaces for optimal printing con-
ditions, marking a significant advancement in scaling TPP processes without sacrificing print
fidelity. Finally, Xing et al. incorporated radical kinetics into their time-integrated model, offering
valuable insights into polymerization dynamics, although this model simplifies TPP as a steady-
state process, excluding key thermal effects that are crucial in controlling voxel size and shape
during prolonged laser exposure.26

In light of these efforts, this paper compares three models of varying complexity that aim to
enhance the understanding and control of the TPP process. These models include the threshold
model, the compact model, and the full model of polymerization.27 The threshold model focuses
solely on the optical aspects of TPP, determining the minimum conditions required for initiating
the polymerization process. By contrast, the compact and full models incorporate considerations
of the photoresist’s behavior, detailing the chemical reactions and physical changes that occur
during and after exposure to light. Following the detailed model descriptions, we transition to
model applications. This section showcases how modifications of the models’ parameters influ-
ence the geometry of the resulting voxels—the fundamental units of structure in TPP. Using
experimental data provided by our partners, we demonstrate the calibration of our models against
measured voxel dimensions achieved under various exposure conditions. This validation shows
how different models can handle the experimental data and their potential utility in optimizing
the TPP process. Subsequently, we explore the adaptation of these models for different TPP
setups, illustrating their ability to adapt to various fabrication scenarios. An initial exploration
into the application of these models for creating metasurfaces is then presented, marking a first
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step toward using TPP modeling in the development of advanced optical devices. The article
concludes with a summary of our findings and an outlook on future research directions.

2 Two-Photon Polymerization for 3D Fabrication
Before going into the detailed modeling of TPP, we will describe the fundamental mechanisms
behind this process, which enable the fabrication of complex 3D structures. TPP is a technique
for creating micro- and nanostructures by selectively solidifying photoresist materials, which can
be liquid or semi-solid prior to exposure. It relies on the nonlinear absorption of two photons by a
photosensitive material, typically a mixture of monomer and photoinitiator. Although most TPP
resins require a photoinitiator, recent studies have shown that multi-photon polymerization can
also occur in pure monomers, as demonstrated by Ladika et al.28 When an ultrashort laser pulse is
tightly focused inside the resin, two photons are absorbed almost simultaneously at the focal
point, generating radicals. These radicals initiate a chain polymerization reaction, converting the
exposed regions into a stable polymer network. Although under idealized conditions polymeri-
zation is confined to the focal volume, in practice, subsequent exposures can lead to polymeri-
zation outside the nominal focal volume due to proximity and memory effects of the material. In
a negative-tone resist, regions outside the focus remain unexposed and can be easily washed
away after processing. The localized polymerization ensures high resolution and enables the
creation of intricate 3D geometries that would be difficult to achieve using traditional lithography
techniques. The number of photons absorbed per molecule per pulse, na, can be described by the
following equation:29

EQ-TARGET;temp:intralink-;e001;114;475na ≈
δ2P2

avg

τpf2p

�
NA2

2ℏcλ

�
2

; (1)

where δ2 is the two-photon absorption cross-section of the photoinitiator, Pavg is the average laser
power, NA is the numerical aperture of the focusing lens, τp is the pulse width, fp is the pulse
repetition rate, ℏ is the reduced Planck’s constant, c is the speed of light in vacuum, and λ is the
laser wavelength in vacuum. This equation highlights the quadratic dependence of photon
absorption on the input laser power, in contrast to single-photon processes that exhibit a linear
dependence as can be seen in Fig. 1. This nonlinearity confines polymerization to a highly local-
ized volume, enabling feature sizes smaller than the diffraction-limited focal spot achievable with
single-photon absorption. After the laser initiates polymerization, a gradual transformation of the
monomers into a high molecular weight polymer occurs, solidifying the material in the irradiated
region. Controlling the spread of the polymerization reaction is critical and can be controlled
using quenchers or oxygen to limit radical diffusion. Through precise scanning of the laser focus,
complex 3D structures can be constructed voxel by voxel (volumetric pixel). The size and shape
of these voxels depend on multiple factors, including laser power, exposure time, material prop-
erties, and the polarization of the incident light. This voxel-based approach is the fundamental
building block of the TPP process and understanding its evolution is key to achieving high res-
olution and control over the final structure.

Fig. 1 Point spread functions: (a) single-photon absorption (SPA) and (b) two-photon absorption
(TPA).
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3 Model Description
Modeling the TPP process differs fundamentally from single-photon polymerization due to its
spatial confinement, nonlinear polymerization dynamics, and the pulsed nature of the laser
source.17 These factors are crucial for accurately predicting the behavior of photopolymers.
Here, we present three distinct models that range from simple to complex, capturing various
aspects of TPP with different degrees of detail. Typically, these models consist of two parts:
the optical part that simulates the image formation and the light interaction with the resist, and
the resist part that delves into the material’s response. This approach allows for a thorough
understanding of the TPP process, from light-matter interaction to the final structure, guiding
the fabrication of microstructures in TPP.

3.1 Optical Model
In optical modeling, our goal is to compute what is known as the bulk image or 3D representation
of light intensity within the photoresist, which is obtained for a specific optical setup. Here, we
will focus on the image of a point object—the so-called—point spread function (PSF). The PSF
is computed using Dr. LiTHO,30 a tool specifically designed for lithography simulation. The
Dr.Image module within Dr. LiTHO has methods to calculate aerial and bulk images in partial
coherent image projection systems, which are used in lithography scanners for semiconductor
lithography. It employs the Abbe method tailored for image simulation.31 Dr. LiTHO employs a
vector imaging algorithm, which takes all polarization effects, including the correct superposi-
tion of electromagnetic field components and a Jones pupil formulation, which incorporates
polarization-dependent aberration and apodization. For the simulations in this work, an ideal
pupil function corresponding to an aberration-free lens is assumed. The impact of the immersion
fluid, coverslip, and photoresist on image formation is included via thin-film transfer matrices.
Moreover, we employed unpolarized illumination, which inherently reduces polarization-
induced voxel asymmetries. As a result, the generated voxels exhibit nearly circular cross-
sections, consistent with experimental observations reported by Sun et al.32 The shape of the
PSF depends on the wavelength (λ) of light, numerical aperture (NA) of the system, and the
refractive index of the immersion fluid (nimmers). In addition, the shape of the PSF is significantly
determined by the defocus level (defocus) and system reduction (reduction), alongside the prop-
erties of the wafer stack, particularly the photoresist’s thickness and refractive index (nres). In our
model, these refractive indices (nimmers and nres) are chosen to match the experimental conditions.
The illumination geometry is assumed to be a Dip-In configuration. Together, these parameters
define the light distribution within the photoresist, referred to as the bulk image, shown in Fig. 2.
This distribution is crucial for understanding how the photoresist behaves during exposure
and plays a key role in accurately modeling the lithography process. Although the intensity
distribution (I) within the resist fundamentally controls the two-photon absorption process,

Fig. 2 This figure presents two representations of a point spread function (PSF) visualization.
Panel (a) shows a “normal PSF” plot displaying the light distribution on a standard linear scale.
Panel (b) shows a “log PSF” plot, presenting the same distribution but with a logarithmic scale for
intensity values, enhancing the visibility of details across a wide range of intensities.
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experimental setups typically provide parameters in terms of the average laser power (P) and
exposure time (t). To bridge the experimental and theoretical aspects, we convert the measured
power and exposure duration into an effective local intensity distribution using the characteristics
of the optical system, specifically the PSF. This approach allows the determination of the accu-
mulated energy dose (D) per voxel (exposed volume), calculated as

EQ-TARGET;temp:intralink-;e002;114;676D ¼ It ¼ Pt
A
; (2)

where A represents the cross-sectional area derived from the PSF. By establishing this connection
between measurable experimental parameters and theoretical intensity, our modeling ensures
accurate simulation of the polymerization dynamics within the resist.

3.2 Resist Model
Following the modeling of light focusing and interaction with the wafer stack outlined in
the optical model Sec. 3.1, we now turn our attention to the resist model. This section delves
into the mathematical descriptions of the photochemical reactions and the subsequent alterations
in the photoresist due to light exposure. The resist model is critical as it captures the changes in
the photoresist composition triggered by the absorbed intensity, a key process that defines the
success of TPP. This section introduces three resist models, ranging from the basic threshold
model to complex descriptions of kinetics and diffusion processes, which are essential for accu-
rately simulating TPP.

3.2.1 Threshold model

The threshold model simplifies the process of TPP by distinguishing polymerized from
non-polymerized regions using a straightforward method. It applies an intensity threshold to
the optical model’s PSF to determine the volume where polymerization will occur. This model
does not describe details of the resist’s behavior, focusing exclusively on the optical inter-
actions. In this approach, polymerization begins where the squared intensity within the PSF
exceeds a certain threshold, reflecting the quadratic response characteristic of TPP processes.
The threshold is approximately inversely proportional to the exposure dose.33 At low exposure
doses, only the center of the PSF—with squared intensity exceeding higher threshold values—is
polymerized. As the exposure dose increases, polymerization extends over larger volumes
corresponding to regions with lower squared intensity. This simplification permits rapid calcu-
lations of voxel formations and can be particularly effective for initial approximations or in
scenarios where detailed material dynamics are less critical. Figure 2 presents the output of
the threshold model, showing the PSF with a defined threshold contour and the resulting
3D shape that represents the boundary of polymerization. This visual representation demon-
strates the immediate outcome of applying the threshold, marking the limits of the polymerized
area within the photoresist.

3.2.2 Compact model

The compact model provides a semi-empirical approach to include physical/chemical details of
TPP, going beyond the simplicity of the threshold model. This model uses the bulk image or PSF
as described in Sec. 3.1. The consideration of specific exposure kinetics, the diffusion of a single
species, and the characteristic development of the processed photopolymer reflects our under-
standing of photopolymer behavior. Next, we will describe the specifics of each processing step
in the compact model, clarifying how this method provides a more comprehensive depiction of
TPP than its threshold counterpart.

Exposure reactions. The Dill equations34 describe single-photon exposure and are given
by Eqs. (3)–(4). In these equations, α is the absorption coefficient, [PAC] represents the photo-
sensitive component, ADill is the bleaching absorption coefficient, BDill is the non-bleaching
absorption coefficient, and CDill defines the photosensitivity of the resist.
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EQ-TARGET;temp:intralink-;e003;117;736α ¼ ADill½PAC� þBDill; (3)

EQ-TARGET;temp:intralink-;e004;117;707

∂½PAC�
∂t

¼ −CDillI½PAC�: (4)

The TPP exposure model adapts these equations to account for the nonlinear optical phe-
nomena inherent to TPP. The likelihood of two-photon absorption is proportional to the square of
the light intensity (I2). Hence, in our model, the photoresist exposure transforms the intensity
distribution from the optical model by squaring the intensity values to properly simulate the
two-photon absorption process. To accommodate the characteristics of the TPP photoresist,
it is presumed that the absorption coefficient remains invariant throughout the exposure. This
assumption negates the need for a distinction between the Dill coefficients A and B (ADill and
BDill), leading to a simplification where ADill ¼ 0, due to the absence of bleaching effects.
To encapsulate these concepts, the modified equations for the TPP exposure reaction can be
described as follows:

EQ-TARGET;temp:intralink-;e005;117;568½TPPI� ¼ expð−I2DCDillÞ: (5)

The concentration of the two-photon photoinitiator ([TPPI]) decreases exponentially with
the product of a constant absorption coefficient (CDill), the exposure dose (D), and the squared
intensity distribution from the optical model (I2)

Dark phase. In the context of TPP, the “dark phase” is a term adopted to describe the period
following laser exposure, where critical polymerization processes take place. Unlike the thermal
post-exposure bake (PEB) in conventional photolithography, the TPP dark phase does not
involve heat-driven diffusion. Instead, this phase is characterized by the diffusion of radicals
and other species, which occurs due to concentration gradients established during the laser-
induced polymerization. Fickian diffusion, which traditionally describes the thermal spreading
of chemical species in materials science, is employed here to model the migration of light-
induced reactive radicals, generated by TPPI, within the TPP resist

EQ-TARGET;temp:intralink-;e006;117;400

∂½TPPI�
∂t

¼ D∇2½TPPI�: (6)

Here, D represents the diffusion coefficient. The Fickian diffusion equation describes the
isotropic spreading of radicals, which occurs as a result of spatial concentration gradients rather
than thermal energy. Although the model assumes the diffusion of a single reactive species—a
simplification compared with the multiple species potentially present—it offers a significant
enhancement over the threshold model by capturing the resist’s response to incident light through
polymerization.

Next, we will explore the development process, which forms the microstructures by remov-
ing the unexposed and unpolymerized material and finalizing the structure.

Development. Development involves the interaction of the resist and a developer to reveal
the three-dimensional resist profile. In the conventional positive-tone development, the rate of
photoresist removal is described by the Mack model,35 which establishes a relationship between
the local density of exposed sites and the development rate. The model is formalized by

EQ-TARGET;temp:intralink-;e007;117;209R ¼ Rmaxðaþ 1Þð1 −MÞN
aþ ð1 −MÞN þRmin: (7)

Representing a in terms of another parameter Mth gives the following equation:

EQ-TARGET;temp:intralink-;e008;117;159a ¼ ðN þ 1Þ
ðN − 1Þ ð1 −MthÞN; (8)

whereM represents the relative polymer concentration, that is the polymer concentration divided
by the maximum polymer concentration. Rmax is the development rate for the unexposed regions
of the resist; Rmin is the development rate function for the fully exposed (or fully polymerized)
parts of the resist. Mth is the threshold relative polymer concentration. N defines the degree of
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selectivity of the developer; the higher the value of N, the more the developer behaves similar to
a threshold filter between exposed and unexposed regions.

Typical TPP materials are negative-tone photoresists. These resists, unlike their positive-
tone counterparts, develop the unexposed areas rather than the exposed ones. As a result, the
standard model is adapted into an inverse form to better represent the specific chemical develop-
ment process in TPP, as expressed in36

EQ-TARGET;temp:intralink-;e009;114;664Rinv ¼ Rmax − Rorig: (9)

The development rates are used as inputs to a fast marching algorithm,37 which evaluates the
topology of the developed pattern. This algorithm calculates the local developer arrival time
(DART) at every position in the resist by moving the developer front (the boundary between
the developer and resist) with a speed proportional to the local development rates. The fast
marching algorithm is a particular case of the level set method when the front propagates mono-
tonically. Spatial positions with developer arrival times less than the development time are
washed away after development. The part of the resist that remains after development forms
the fabricated profile. The final resist profile is extracted along the iso-contour of the DART at
this specific development time, capturing the precise boundary of the developed structure.
Furthermore, during development, significant shrinkage may occur due to variations in cross-
linking densities within the polymerized regions, which affects the final dimensions and fidelity
of the printed structures.38 Shrinkage was not explicitly modeled in this study because the cus-
tom-made resist used in the experiments showed no observable shrinkage.

In summary, our compact model provides a simple yet effective approach to simulate TPP. It
integrates optical and photoresist components, enhancing the threshold model by incorporating
the diffusion of a single substance within the resistor. In addition, the inclusion of a development
process improves the model’s resemblance to real-world TPP processes. Figure 3 illustrates the
progression from radical distribution to the final 3D shape of the photopolymer after develop-
ment. Although the compact model offers faster simulations compared with the more compre-
hensive full polymerization model, it struggles to capture the details of two-photon absorption,
especially when multiple substances diffuse simultaneously. To address this limitation, we will
explore a more comprehensive model in the subsequent section.

3.2.3 Full Model of Polymerization

The full model of polymerization represents a recently developed approach for TPP modeling.39

The model uses the same bulk image as the threshold model and the compact model, but it
provides a more sophisticated treatment of polymerization. Instead of relying on the single-
component diffusion approach of the above-described compact model, it incorporates real two-
photon processes, allowing for a more accurate representation of polymerization dynamics. This
includes the diffusion and kinetics of multiple species, providing a more realistic description of
chemical processes during fabrication.

Next, we will explore each step of the full model in detail, starting with the exposure. By
explaining the specifics of this new method, we aim to provide a comprehensive understanding of
TPP fabrication, overcoming the limitations of previous models.

Fig. 3 Simulation flow through the steps of TPP using the compact model.
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Exposure reactions. Exposure leads to the creation of radicals (R�) from the photosensitive
component. According to

EQ-TARGET;temp:intralink-;e010;117;701½R� ¼ ½PSC�0 − ½PSC�0 expð−0.5 × δTPAϕÑðx; y; zÞ2tÞ; (10)

where PSC0 is the initial concentration of the photosensitive material in the resist and δTPA is the
two-photon absorption cross-section. Two-photon absorption systems typically employ pulsed
lasers due to their smaller cross-section, resulting in very high peak intensities ~Nðx; y; zÞ. The
photon flux ~Nðx; y; zÞ relates to the pulse duration (τ) and laser repetition rate (Rrep) by

EQ-TARGET;temp:intralink-;e011;117;625Ñðx; y; zÞ ¼ Iðx; y; zÞ
hc
λ τRrep

; (11)

where h is the Planck’s constant and c is the speed of light in vacuum. Figure 4 shows the gen-
erated photo-radicals for a two-photon absorption process. The generated radicals initiate polym-
erization reactions in the resist.

In addition to the generation of radicals, a focused light source locally raises the temperature
in the resist. The extent of this local temperature increase depends on the intensity, exposure
duration, and material properties of the resist: heat capacity, density, and enthalpy of polymeri-
zation. This thermal effect is mathematically described using the heat equation:40

EQ-TARGET;temp:intralink-;e012;117;503

∂T
∂t

¼ κ

ρcp
∇2Tþ αI½M�

ρcp
þ H

ρcp

∂½M�
∂t

: (12)

Here, ½M� is the concentration of monomers, H is the reaction enthalpy, I½M� is the rate of
heat generation due to a photochemical reaction, κ represents the thermal conductivity of the
resist, ρ denotes its density, cp is the specific heat capacity, and α stands for the molar absorption
coefficient of the monomer. The solution of the heat equation yields a temperature distribution
within the resist, leading to non-uniform diffusion and reaction rates. These rates are commonly
described by the Arrhenius equation.41 The temperature profile at the focal region, as depicted in
Fig. 4, resembles the intensity distribution of the focused light beam.

Dark phase. The dark phase begins after exposure reactions, occurring without light, and
continues until resist development. Besides polymerization, termination and quenching reactions
also occur during this phase.

The polymerization process is driven by a nonlocal photopolymerization diffusion model42

EQ-TARGET;temp:intralink-;e013;117;320

∂½R�
∂t

¼ DR∇2½R� − ð2kt½R�2 þ kq½Q�½R� þ kp½M�½R�Þ; (13)

EQ-TARGET;temp:intralink-;e014;117;273

∂½Q�
∂t

¼ DQ∇2½Q� − ðkq½Q�½R� þ kq½M��½Q�Þ; (14)

Fig. 4 Intensity distribution, temperature profile, and radical distribution. The plot in the middle
represents the intensity distribution within the resist, whereas the figure on the right illustrates
the temperature profile after exposure. The plot on the right illustrates the spatial distribution of
photo-radicals.
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EQ-TARGET;temp:intralink-;e015;114;736

∂½M�
∂t

¼ DM∇2½M� −
�
ki½M�½R� þ

I
kp½M��ðt; x 0Þ½M�ðt; x 0ÞGðx; x 0Þdx 0

�
; (15)

EQ-TARGET;temp:intralink-;e016;114;693

∂½M��
∂t

¼ D�
M∇2½M�� þ ki½M�½R� − ð2kt½M��2 þ ktp½M�� þ kq½M��½Q�Þ; (16)

where the term R represents the amount of radicals, M is the amount of monomers, ½M�� is the
amount of growing active monomer chains, Q is the amount of quencher, DM is monomer
diffusion coefficient, DQ is quencher diffusion coefficient, kt is the rate constant for termination,
kp is the rate constant for propagation, ktp is the rate of termination by primary radicals, kq is the
rate constant for quenching, and ki is the rate constant for initiation. A convolution is utilized in
Eq. (15) to model the effect of initiation of propagation reactions at a spatially distant position.
The function Gðx; x 0Þ is a Gaussian function applied in the convolution product in Eq. (17):

EQ-TARGET;temp:intralink-;e017;114;590Gðx; x 0Þ ¼ 1ffiffiffiffiffiffiffiffi
2πσ

p exp

�
−
ðx − x 0Þ2

2σ2

�
: (17)

The term σ in Eq. (17) is a measure of the spatial extent of the propagation reaction that
results from a single radical. The extent of this spread varies with the type of resist material used.
In our current implementation, diffusion constants in Eqs. (13)–(16) are treated as fixed param-
eters to simplify the modeling. However, we acknowledge that, in practice, these diffusion
constants may vary both spatially and temporally due to local polymerization effects and cross-
linking-induced changes. The incorporation of such dynamic variations represents an important
direction for future model enhancements. At the beginning of the dark phase, there is a relatively
high concentration of radicals in the resist. However, as the number of radicals decreases, the
formation of new polymer chains starts to slow down, whereas the reactions that stop and sta-
bilize the chains start to take over. This is why quenching is a key part of the reaction—it helps
keep the size of the final features under control. Figure 5 presents the concentration of radicals,
monomers, polymers, and quenchers after the dark phase.

Development. For the development step, we utilize the Mack rate model and fast marching
algorithm as described in Sec. 3.2.2.

Fig. 5 Spatial distribution of species during the dark phase of polymerization. (a) Radical distri-
bution, R, indicating the concentration of radicals. (b) Monomer distribution, M , representing the
remaining monomers. (c) Polymer distribution, M�, showing the formation of polymerized regions.
(d) Quencher distribution, Q, showing the spatial variation of the quenching agent.
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In summary, the full model of polymerization introduces a comprehensive approach to sim-
ulate TPP by closely tracking the progression of multiple reactive components within the resist.
Unlike the compact model that simulates the diffusion of just a single species, this model
captures the interplay between different species such as monomers, polymers, radicals, and
quenchers. The quenching of the photopolymerization reaction, typically by oxygen, provides
an important component of the model with a significant impact on the resulting voxel shape.
Although this model offers a more detailed simulation, capturing the complex interactions during
TPP, it results in larger computation times and more, mostly unknown, model parameters.
Typical simulation times for a single voxel (excluding optical simulations) are below 1 s for the
threshold model, ∼5 s for the compact model, and around 35 s for the full polymerization model.
For larger structures created via SLM projection methods, optimized numerical algorithms en-
able concurrent computation of multiple voxels, typically requiring around 10 to 12 s for sim-
ulating a 15 × 15 μm structure using the compact model.

4 Model Application

4.1 Impact of Parameters on Voxel Shape
The shape of the voxel is a key metric of the TPP process, as it directly influences the architecture
of the resulting metasurface. In this section, we explore the impact of critical parameters on the
voxel shape. In the following examples, the light is assumed to be incident from above, propa-
gating downward, and the interface between the immersion fluid and the photoresist is situated in
the upper region of the imaging volume.

Starting with imaging, the NA of the imaging system plays an important role in determining
the feature size and quality of the voxel shape, which subsequently impacts the resulting metasur-
face structure. As the NA increases, it allows for a tighter focus of the laser beam, which can lead
to a more defined and reduced voxel size. This effect is evident in Fig. 6, where different NA
values show a clear correlation with voxel dimensions. The top row of images illustrates how the
NA affects the PSF, which in turn influences the intensity distribution within the resist. A higher
NA typically results in a more concentrated light distribution, leading to smaller voxels as shown

Fig. 6 Impact of NA on voxel shape. The top row depicts the intensity distribution of light for differ-
ent NA values, illustrating how the light focus narrows as NA increases. The middle row shows the
corresponding DART images of voxels, revealing the progressive sharpening and reduction in the
size of the voxel’s higher NA values. The bottom left graph illustrates the dependency of voxel
dimensions on NA. The bottom right graph presents the voxel shape’s dependency on NA values.
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in the DART images in the second row. The bottom left graph underscores this relationship by
plotting voxel dimensions against NAvalues, demonstrating that both the diameter and length of
voxels decrease as the NA increases. The bottom right plot shows the voxel shape dependency on
NA values, offering a visual representation of how varying the NA can alter the voxel profile,
with lower values creating more elongated shapes.

The refractive index of the photoresist is another important parameter. The refractive index
determines how light propagates through the resist, which in turn affects the voxel’s formation,
influencing the aspect ratio of the voxel—crucial for defining the metasurface’s functionalities.
Figure 7 demonstrates that the refractive index has a significant impact on the voxel length and
the aspect ratios of the voxel. A higher refractive index leads to an extended focal depth, which
also tends to stretch the voxel along the z-axis, effectively increasing its length. The DART
images visually confirm these changes, where an increasing refractive index correlates with
a more pronounced voxel elongation. The contours in the lower right of Fig. 7 suggest an increas-
ing (top-down) asymmetry of the voxel for a larger refractive index of the photoresist. This asym-
metry is caused by spherical wavefront aberrations introduced by the interface between the
immersion fluid and the photoresist. In practice, such asymmetries are avoided by an index match
between photoresist and immersion fluid.

In the exposure step of TPP, the power of the laser source is a critical factor that influences
the polymerization sensitivity and thus the voxel dimensions. As depicted in Fig. 8, we can see
how varying the laser power affects the voxel’s shape. With low power values, the voxel appears
smaller due to the limited energy available to initiate the polymerization process. As the power
increases, we observe a substantial increase in both the diameter and the length of the voxel,
evidenced by the widening and elongation in the DART images.

In the dark phase of TPP, the parameter σ plays a significant role in the diffusion process,
which critically impacts the development of the voxel. The term σ represents the root mean
square of the diffusion length and dictates how far the polymerizing species can travel within
the photoresist during the time between exposure and development [Eq. (17)]. Figure 9 illustrates
how different values of σ affect the voxel. With smaller σ values, indicating limited diffusion,
the resulting voxels are more compact, as visualized in the DART images. As σ increases, we
observe a broadening effect; the polymerizing species diffuse more widely, leading to a growth in
the voxel’s size. The graphs underscore the dependency of voxel dimensions on σ. The left graph
plots an increasing trend in both the diameter and length of voxels with rising σ values, whereas

Fig. 7 Impact of photoresist refractive index on voxel characteristics.
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the right graph provides a contour representation of the voxel shape change in response to differ-
ent σ values. Here, larger σ values result in a more pronounced spread in the voxel shape.

In conclusion, the voxel formation in TPP is significantly governed by the interplay of multi-
ple parameters across different phases of the process. From the initial imaging, where NA sets the
stage for resolution, to the exposure phase, where laser power and exposure time dictate the
extent of polymerization, and finally to the dark phase and development phase, where diffusion
and developer selectivity refine the final structure—each parameter has a profound impact on the
outcome. By carefully examining and optimizing these parameters, we can achieve better control
over the TPP process. This allows for the creation of metasurfaces with complex geometries and
functionalities tailored to specific applications. The insights gained from the dependency of voxel

Fig. 8 Impact of power on voxel characteristics.

Fig. 9 Impact of σ on voxel characteristics.

Sedova et al.: Advances in modeling and optimization for two-photon lithography

J. Micro/Nanopattern. Mater. Metrol. 023001-13 Apr–Jun 2025 • Vol. 24(2)



dimensions on factors such as power, NA, σ, and N, along with other contributing parameters,
provide us with the ability to tailor the TPP process and produce optimized metasurfaces.

4.2 Model Calibration and Verification

4.2.1 Model parameter calibration using experimental voxel data

The predictivity and flexibility of the models were evaluated through calibration against exper-
imental data, using voxel measurements as benchmarks. The experimental setup employs a fem-
tosecond (fs) laser system for high-resolution TPP. The collected data illustrates the relationship
between laser power, exposure time, and voxel dimensions, providing a foundation for model
calibration.

In the following, we calibrate our three models with the described experimental data for
voxels. The aim is to not only validate our models but also to get insights that could refine our
understanding and enhance the fidelity of the TPP simulation.

Threshold model. The threshold model predicts the regions of polymerization based on an
intensity threshold (Sec. 3). As shown in Fig. 10(a), the model is effective at estimating the shape
of smaller voxels under low power but fails to accurately predict larger voxel dimensions at
higher powers. This limitation is due to the model’s inability to consider diffusion and kinetics,
which become important at higher powers. Similar observations are reported in the literature.15,43

In summary, although the threshold model serves as a useful tool for rapid, preliminary
simulations, particularly at lower power settings, it is insufficient for practically relevant high
exposure powers.

Compact model. The compact model improves upon the threshold model by accounting for
diffusion effects during polymerization. Figure 10(b) shows that this model provides better pre-
dictions of voxel diameters across varying power levels. However, the model struggles to predict
voxel lengths accurately, suggesting that additional factors, such as anisotropic diffusion or other
material properties, may need to be included. Despite this, the compact model represents a sig-
nificant improvement over the threshold model in matching experimental data for voxel diam-
eters. Future improvements of the model could incorporate anisotropic diffusion44 to better
simulate the directional dynamics of the polymerization process. Alternatively, a more compre-
hensive model that includes a wider range of physical and chemical interactions during TPP
could help to overcome the current limitations. Such developments would significantly enhance
the model’s predictive capabilities, e.g., a quenching effect, providing a more accurate tool for
optimizing the TPP process.

Full model of polymerization. The full model of polymerization integrates temperature
effects, multi-species diffusion, and dark-phase reactions, providing a comprehensive view of
the photopolymerization process (Sec. 3). Calibration results [Fig. 10(c)] demonstrate improved
alignment with experimental data for both voxel diameter and length under various power con-
ditions. However, some discrepancies remain in predicting voxel lengths, especially at higher
powers.

Fig. 10 Graph illustrates the relationship between laser power and voxel dimensions for three
models: (a) threshold model, (b) compact model, and (c) full model of polymerization. Exper-
imental and simulated data are shown for both voxel length (blue) and diameter (red) across all
models.
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The full model of polymerization includes a critical radical control parameter that governs
the interplay between diffusion kinetics and exposure time. As shown in Fig. 11, this parameter
can be adjusted to describe data, which were obtained by different combinations of exposure
power and exposure time. This showcases the model’s flexibility in adapting to the kinetic and
diffusion dynamics for different exposure dynamics. This model stands as the most advanced
among the three we have discussed, particularly in its representation of voxel length and expo-
sure dynamics. Although there is room for improvement, especially in the more accurate pre-
diction of length, the current calibration results represent the most accurate trend of voxel
dimensions in response to power variations. Moving forward, the application of anisotropic dif-
fusion (for example for radicals) within this model may refine its predictive capabilities further.
Nonetheless, the full model of polymerization has already shown its potential to describe the TPP
process, offering a substantial improvement in the simulation of photopolymerization dynamics.

Another important (optical) effect, which was not discussed so far is the illumination of the
projection lens. Although the compact model and full model of polymerization provide signifi-
cant insights into voxel size prediction, there remain areas where the fit between the model and
experimental data can be improved. One possible factor influencing the model’s accuracy is the
filling factor of the Gaussian illumination beam. Initial discrepancies between the model pre-
dictions and experimental data could be attributed to the assumption that the pupil of the pro-
jection lens is illuminated by constant intensity over the complete pupil plane. In reality, the pupil
is illuminated by a Gaussian-shaped intensity distribution. The filling factor is a number that
defines the ratio between the objective aperture radius and the beam waist radius. A filling factor
of 1 corresponds to a fully filled, flat beam profile, whereas values less than 1 indicate under-
filling, leading to a different illumination profile and a lower effective NA. When the pupil is
underfilled, the effective NA is reduced, leading to inaccuracies in voxel size predictions, espe-
cially in high-power settings.

We tested the effect of different filling factors on voxel dimensions, as shown in Fig. 12,
where voxel sizes are compared for filling factors of 1 and 0.82. These simulations demonstrate
that the pupil filling can be used to control the shape of the voxel and adapt it for certain appli-
cations. To improve the model’s accuracy, the filling factor was incorporated. This adjustment
significantly improved the calibration results, as shown in Fig. 13, which compares voxel sizes
for different laser powers. The incorporation of the filling factor corrected the earlier overesti-
mation of voxel diameters, resulting in a much closer fit to experimental data. The filling factor
adjustment allowed for better predictions across a range of exposure times and power levels.
More advanced techniques for manipulating voxel shape by adjusting the intensity and phase

Fig. 11 Calibration graphs for the full model of polymerization showing the relationship between
laser power and voxel diameter at four distinct exposure times (1000 μs, 100 μs, 10 μs, 1 μs)
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distribution of the illumination in the objective lens have been demonstrated, for example, by
Schmidt et al.,45 Waller et al.,46 Tičkūnas et al.,47 and Sun et al.48

In this study, we evaluated three modeling approaches for two-photon lithography, with the
full model providing the most accurate predictions by incorporating diffusion, radical dynamics,
and exposure time effects. Adjusting the pupil filling factor improved the accuracy of models,
aligning their predictions more closely with experimental data.

4.2.2 Application of the model to alternative exposure strategies

In this section, our focus shifts to adapting the compact model to interpret and simulate the results
from a specialized two-photon lithography setup used by IMTA. This setup utilizes a spatial light
modulator (SLM) to precisely control light patterns for photopolymerization processes.

The IMTA’s experimental setup44 consists of a sequence of components designed to manipu-
late laser light to achieve precise polymerization (Fig. 14). Starting with a laser diode as the light
source, the light is homogenized and shaped using a combination of optical elements including
polarizing cubes, collimation and tube lenses, and a diffractive optical element. The light is
modulated by an SLM. The microscope objective projects the desired patterns onto the photo-
resist. This setup permits the creation of not only individual voxels but also structured patterns.

The triplet-triplet annihilation (TTA) photoresist used in this process is sensitive to continu-
ous wave (CW) lasers and is pivotal for achieving high plot rates while maintaining 3D micro-
fabrication capabilities. Although pulsed lasers are traditionally used for two-photon lithography,
several authors have demonstrated 3D volumetric fabrication with CW laser sources instead.49

The TTA process is characterized by its lower light intensity requirement and its compatibility
with non-coherent light sources, as described by Limberg et al.50

Fig. 13 Left graph shows how voxel size changes with laser power in the compact model (filling
factor = 0.85). Right graph shows how voxel size changes with laser power in the full model of
polymerization (filling factor = 0.82).

Fig. 12 Comparison of bulk images at different filling factors. Left: bulk image at a filling factor of
1.0. Middle: bulk image at a filling factor of 0.9. Right: bulk image at a filling factor of 0.8, showing
the gradual changes in intensity distribution with a decreasing filling factor.
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Using experimental data from IMTA, which included various structure widths and levels of
defocus, we employed the compact model to simulate the lithography process. The optimization
focused on the shape of the voxels, with adjustments made to both optical and resist parameters in
the model. These adjustments were aimed at aligning the simulation results with the experimental
profiles (Fig. 15). The results obtained demonstrate the model’s ability to accurately describe
pattern formation, even for more complex layouts.

Figure 15 provides a visual comparison between the experimental data and the simulated
profiles obtained with the compact model, showcasing how the model can be tuned to replicate
the actual fabricated structures. Although these are 2.5D structures, the goal moving forward is to
extend this modeling capability to fully 3D structures. The integration of the compact model with
IMTA’s setup marks a significant step towards achieving this goal, providing a predictive tool
that can adapt to various fabrication scenarios.

4.3 First Applications of Models Toward Metasurfaces
The classical design of metasurfaces neglects fabrication effects and assumes an ideal building
block with sharp edges and corners. Optical and chemical effects during lithographic fabrication
lead to rounded features and proximity effects, revealing the complex aspects of the manufac-
turing process. The manufacturable design of functional metasurfaces requires predictive mod-
eling of the optical and photochemical effects in two-photon lithography.

FORTH has developed initial metasurface designs [Fig. 16(a)],51 which present idealized
structures intended to manipulate incident light with high precision. However, the transition from
concept to fabrication necessitates a design evolution to ensure mechanical stability and man-
ufacturability [Fig. 16(b)]. Designs were modified, replacing sharp edges with smoother, more
rounded shapes such as cones and half-ellipsoids. These shapes mimic the output of the real fab-
rication process.

We used the full model of polymerization to simulate the steps involved in standard two-
photon fabrication. To construct these pillars, the simulation involves stacking multiple voxels,

Fig. 14 Schematic of the two-photon lithography setup utilized by IMTA France.44
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with the calibration necessary to achieve the correct voxel size and shape. Through an optimi-
zation algorithm, we adjusted the shape and distance of the voxels to ensure that the simulated
structures aligned with the desired specifications [Fig. 16(c)]. The demonstrated modeling strat-
egy can bridge the gap between the theoretical designs of metasurfaces by FORTH and their
physical realizations. The models provide a clearer expectation of the outcomes from litho-
graphic systems, offering a more realistic framework within which to refine the designs for actual
fabrication conditions. This approach illustrates a practical application of our models. It pro-
vides a first step to align the expected metasurface performance with achievable manufacturing
processes.

Fig. 15 Overlay of simulated and experimental photopolymerization results for different focus
settings. The intensity distribution mask applied in the photopolymerization process is shown
at the top. Below, the corresponding microstructures created at defocus levels from þ 10 to
−10 μm are presented, with simulated data from the compact model superimposed (yellow areas)
on the experimentally measured gray-tone SEM images. The separate plots of experimental (gray-
tone SEM images) and simulated (yellow-marked areas) data on the right show a zoomed-in view
of the area highlighted by the blue box, providing a clearer comparison of experimental and simu-
lated data. This visual comparison highlights the compact model’s capability to replicate the actual
fabrication process across different focal plane adjustments for 2.5D structures.

Fig. 16 Supercell of an optical metasurface for beam steering applications. The design in panel
(a) exploits vertical waveguide segments (pillars with circular cross-sections), which supply trans-
mission phase levels of 120 deg, 240 deg, and 360 deg. The extent of the supercell is 1350 nm,
and it is designed to deflect a normally incident plane wave with a wavelength of 750 nm into an
angle of 33.75 deg (1st diffraction order). (b) The design is modified to avoid sharp edges, allow for
better mechanical stability, and make it friendlier to fabrication with two-photon lithography.
(c) Pillars simulated by full polymerization model with the help of Dr. LiTHO lithography simulator.
To generate the highest pillars, several voxels were placed on top of each other. Designs (a), (b):
FORTH.
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Expanding the utility of the compact model previously outlined, we explore its application in
simulating double exposure processes as conducted by IMTA.52 Through this technique, they
craft complex metasurfaces by layering exposures with varying masks. The compact model,
originally developed for single-exposure simulations, has been adapted to handle double-
exposure methodology. The top-left panel of Fig. 17 depicts the target 3D geometry for a
T-shaped structure, serving as a first simulation example of this double exposure approach.
The middle-top panels display the two mask transmission patterns utilized in the double-
exposure lithography process. These two masks are projected, one after the other, at distinct
focal depths to form the “T”-shaped structure in the resist. The lower row shows x − z cross-
sections of the simulated intensity distributions for each individual mask inside the photoresist
and their summation, whereas the final top-right panel presents the resulting 3D structure formed
in the photoresist. Optical and resist parameters used in the simulation are listed on the bottom-
left side of the figure. This example highlights how the double-exposure method can achieve
volumetric patterning beyond conventional single-layer lithography.

5 Conclusion and Outlook
In this comprehensive study, we have embarked on a detailed journey to enhance the modeling
and fabrication of optical metasurfaces through two-photon lithography. We have introduced
three distinct modeling approaches—each with varying complexity and capability.

The threshold model, our initial step, is efficient for simulations at lower powers. However,
its simplicity, focusing only on the optical model without considering resist kinetics or diffusion,
limits its applicability under higher power conditions where these factors become critical. It
struggles to accurately predict voxel diameters when the laser power exceeds 15 mW for a
10-μs exposure time, indicating its insufficiency for higher power applications. Experimen-
tal data and literature confirm that achieving a universal quantitative predictability of TPP proc-
esses requires more advanced solutions, such as the compact model or the full model of
polymerization.

Fig. 17 Schematic overview of the double exposure photolithography process for generating a 3D
freestanding T-shaped structure. The top-left panel shows the target 3D geometry. The next two
panels display the top-view transmission patterns of the first and second masks, respectively.
These masks are exposed sequentially at different focal depths. The lower row shows x − z
cross-sections of the simulated intensity distributions for each individual exposure and their sum-
mation. Red-dashed lines indicate the focal planes for the first and second exposures. The final
panel (top-right) illustrates the resulting 3D structure formed in the photoresist. The process high-
lights how spatially separated exposures in the z-direction can be combined to enable volumetric
patterning beyond traditional 2D lithography. Optical and resist parameters used in the simulation
are listed on the bottom left.
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The compact model emerged as an advancement, offering improved predictions of voxel
dimensions by integrating diffusion effects during polymerization. This model has shown
considerable promise, aligning more closely with experimental results, particularly for voxel
diameters. However, it falls short of reliably predicting voxel lengths.

The full model of polymerization, the most comprehensive of the three, includes additional
physical and chemical effects to the simulations by incorporating a quencher—a feature not
present in the other models. This addition enables the model to better replicate the termination
of polymerization, a critical phase in two-photon lithography. Furthermore, this model’s capabil-
ity to adapt to various exposure times, thanks to a unique radical control parameter, sets it apart
from its predecessors. A key advantage of the full model is its ability to capture the diffusion of
multiple species, including radicals, quenchers, and monomers, within the photoresist, providing
a more detailed understanding of the photopolymerization process.

A significant advancement was the inclusion of the filling factor in our calculations. Initially,
models showed discrepancies in fitting the experimental data, particularly due to the assumption
of a flat beam profile. However, upon adjusting the filling factor to account for a Gaussian
illumination beam profile (e.g., a filling factor of 0.82 versus 1.0), the models exhibited far better
agreement with experimental measurements across different power levels and exposure times.
This adjustment corrected the underfilling of the pupil, which reduced the effective NA and
caused inaccuracies in earlier predictions. These simulations also demonstrate that the pupil fill-
ing can be used to control the shape of the voxel, enabling its adaptation for specific applications
where precise voxel geometry is required.

We conducted a thorough analysis to discern the influence of various parameters on the
voxel’s final shape. By systematically examining each step of the process, from exposure reac-
tions to the development phase, we established how particular adjustments can modify the shape
and size of the voxel. The examples of a simulated supercell of a metasurface in Fig. 16 and of the
formation of a T-shaped pattern by a double exposure demonstrate the first steps toward process-
aware design and fabrication of optical metasurfaces.

In future work, we will enhance the computational speed and accuracy of our simulations,
exploring anisotropic diffusion, and incorporating additional physical and chemical interactions
that occur during TPP. We will also investigate temporal effects, such as crosslinking-induced
changes in diffusion during sequential voxel exposures, to improve the realism of our models.
The goal is to transform these models into more predictive, versatile, and universally applicable
tools for metasurface fabrication. Moreover, we anticipate the expansion of our models’ appli-
cations, exploring their adaptability to novel TPP techniques and materials. As metasurfaces
continue to advance, it is imperative to understand and predict the used fabrication process and
their outcome. We are also exploring the integration of neural networks to provide faster and
more robust computations.
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