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Abstract: A mathematical model is developed to describe the photochemical processes in two-
photon nanolithography, including two-step absorption leading to initiation and self-deactivation
of the photoinitiator by laser irradiance, polymer chain propagation, termination, inhibition,
and inhibitor and photoinitiator diffusion. This model is solved numerically to obtain the
concentrations of the reaction species as a function of time and space as a laser beam is scanned
through a volume of photoresist, from which a voxel size or linewidth is determined. The most
impactful process parameters are determined by fitting the model to experimentally measured
linewidths for a range of laser powers and scanning speeds, while also obtaining effective
nonlinearities that are similar to previously measured values. The effects and sensitivities of the
different process parameters are examined. It is shown that the photopolymerization process is
dominated by diffusion of photoinitiators and oxygen inhibitors, and that self-deactivation can
lead to higher effective nonlinearities in two-photon nanolithography.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Understanding the reaction mechanisms in the photopolymerization process has been an area
of research focus for decades, primarily relating to polymerization of films by UV radiation
[1-7]. The ability to locally regulate the reaction through control of the light source has also led
to photopolymerization’s frequent application in 3D additive processes [8—10]. Typically, the
photopolymerization reaction is initiated by absorption of a single photon from a UV light source.
This linear absorption process inherently limits the resolution to the 2D plane, and additional
methods must be applied to regulate the depth of the polymerization [11-13]. Alternatively,
increasing the effective nonlinearity of the initiation process can confine the polymerization
region, thereby increasing the resolution beyond that obtainable with the linear one-photon
absorption processes. Multiple methods have been proposed for increasing the nonlinearity of
the printing process [14,15], but the most common of these is multi-photon nanolithography
(MPL) [16,17].

In MPL, two or more photons from a high peak-intensity ultrafast laser are simultaneously
absorbed by the photoinitiator to initiate the polymerization process. As a result, the exposure
dose in the photoresist is proportional to the light intensity to the power of n, where n is the order
of absorption. Therefore, for higher orders of absorption, the off-focal components of the intensity
dependent dose are suppressed, and any above threshold doses can be limited to a smaller region
[18]. This leads to a polymerized volume, or voxel, that can be confined to within the diffraction
limited focal spot of the laser excitation source and can be arbitrarily placed within the volume of
the photoresist. Typically, in MPL, any means by which the nonlinearity of the process can be
increased, further confining the voxel, is treated as analogous to increasing the effective order
of absorption. The resolution and design freedom offered by the multi-photon polymerization
process has led to fabrication of 3D structures with sub-micrometer resolutions, which have
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found applications in areas such as bioengineering [19,20], nano-photonics [21,22], micro-
optics [23-25], microfluidics [26,27], micro-electromechanical systems [28], and mechanical
metamaterials [29].

As the MPL field continues to advance, there has been a focus on improving the speed
of the process. This has led to the introduction of many unique implementations of MPL
[30-33]. To further improve the speed, accuracy, and expand applications, it is useful to improve
understanding of the underlying kinetics and to have a model for the entire MPL process. While
the abundant, comprehensive studies on single photon photopolymerization have been crucial to
advances in multi-photon lithography, it has been shown that the reaction kinetics and dynamics
in these applications are not entirely analogous to those occurring in MPL. The shorter time
scales and smaller reaction volumes of the multi-photon polymerization process lead to different
contributions from the reaction’s components, primarily oxygen [34]. Furthermore, the complex
excited state dynamics that contribute to the effective nonlinearities desired in the MPL process
can lead to unanticipated outcomes, such as lower orders of absorption than those suggested
by experimental results [35]. Conversely, multi-step absorption processes can be harnessed to
further improve the resolution of MPL [36,37] or bypass it entirely [15]. Numerous models have
sought to describe the polymerization kinetics in the MPL process [34,38—42]. However, despite
the importance often attributed to the effective nonlinearity in experimental studies, these models
often assumed the order of the MPL process to be n =2. Any higher order nonlinearities have been
implemented by simply raising the writing beam intensity profile, I, to a power, n, greater than two,
i.e., I'" with n > 2 [38]. Additionally, these models did not consider the complexity of the excited
state kinetics which occur during the MPL process. While rate-equation models for excited state
kinetics have been implemented for MPL [35] and other two-color lithography (2CL) processes
[15], to our knowledge, they have not been integrated with a full photopolymerization model. In
this study, a numerical model of 3D nanolithography by two-photon polymerization (TPP) is
presented. The model simulates both the excited state kinetics of a multi-step absorption process
and the subsequent polymerization kinetics of the photopolymerization process. By simulating
the concentration of photoinitiators in the triplet state any intermediate steps within the initiation
process that involve this excited state can be studied. The recently presented self-deactivation
process [35] is an example of a two-step absorption process which involves the triplet state,
and it is the multi-step process considered in this model. In the self-deactivation process, the
nonlinearity is increased due to single-photon absorption of the writing laser by the photoinitiator
while in the triplet state. A detailed discussion on the implementation of this self-deactivation
process is given in Sec. 3. A method for determining the unknown model parameters is presented,
where the simulation results are fit to experimentally measured linewidths for a range of laser
powers and speeds, while also obtaining effective nonlinearities that are similar to previously
measured values. The model is then used to identify the most critical physical processes in the
3D nanolithography process when self-deactivation is occurring.

2. Experimental method

The photoresist used in this study is 2-isopropylthioxanthone (ITX, Sigma-Aldrich) in pentaery-
thritol triacrylate (PETA, Sigma-Aldrich). The photoinitiator, ITX, was added to the monomer,
PETA, with a concentration of 1.5 wt%. The nanolithography was performed with a custom-built
system, the details of which have been reported previously [43]. A simplified schematic of the
experimental system is shown in Fig. S1(a). A Ti:sapphire femtosecond oscillator (Coherent
Micra-10), with an 800 nm center wavelength and an 80 MHz repetition rate, was used as the
excitation source. A custom-built prism compressor is used for dispersion pre-compensation.
The laser pulse at the print plane was measured by an autocorrelation measurement and was
determined to have a FWHM width of ~485 fs. The beam was focused into the photoresist using
a 100X oil immersion objective lens (Nikon, NA = 1.49). A gold bead scan was performed to
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measure the focal intensity distribution [44]. Fitting this distribution with a Gaussian profile, the
beam waist of the laser after the objective lens was determined to be ~388 nm. The power of the
laser was adjusted by the combination of a half-wave plate and a linear polarizer. The laser power
was measured just before the back of the objective lens through a 6 mm aperture to replicate
the entrance pupil of the objective lens. Powers at the print plane, P(f) shown in Fig. 1(a), were
calculated according to the 70% transmission of the objective lens. A piezo-actuated tip/tilt
mirror was used to scan the laser beam a length of 80 um through the photoresist to polymerize
single voxel-wide lines. To allow for repeatable positioning of the z-axis, a helium-neon (HeNe)
laser was introduced to the 800 nm laser beam path for focus detection at the print plane. The
sample photoresist volume was prepared by placing a drop of photoresist in a ~40 um tall gap
between a microscope slide and a coverslip. A schematic of a mounted sample is shown in Fig.
S1(b).

-
(a)

Fig. 1. Two-photon lithography by the scanning of a femtosecond laser through a photoresist.
(a) Schematic of experimental and simulated printing process, where the laser moves at a
speed V through the photoresist with a laser power P. (b) SEM image of printed lines at
a laser power of P=4.55 mW and a speed of V = 100 um s~ ! with highlighted line edges
from which average linewidths were computed.

Ten 80 um long lines were printed on the coverslip surface and the average widths of the
lines were measured for each experimental data point. Since suspended lines can exhibit large
degrees of non-uniform shrinkage [45], while structures on the glass substrate do not [46], the
lines were all printed on the surface of the substrate and line heights were not measured. Each
of the ten lines were printed at different z-locations; starting at the surface of the substrate and
increasing by a 50 nm step for each line. By measuring linewidths at multiple heights, the effects
of the varying degrees of shrinkage due to line height and the varying size of the non-embedded
laser intensity profile can be reduced. The maximum linewidth should occur when the center
of the voxel is adhered to the substrate, and the maximum linewidth should correspond to the
maximum linewidth measurement of the 10 lines. As later seen in the experimental results,
the difference between the maximum and minimum average measurement for each data point
was small, suggesting an insignificant amount of shrinkage for these lines. After writing, the
fabricated lines were developed in an isopropanol bath for 20 minutes, rinsed with isopropanol,
and blown with nitrogen for drying. Although development procedures can affect the degree of
post-development shrinkage [47,48], the shrinkage was assumed to be uniformly small for each
data point since the lines were adhered to the coverslip surface.

The developed samples were sputter-coated with ~20 nm of a Au/Pd mixture and imaged with
a scanning electron microscope (SEM, Hitachi S-4800). Lines printed at z=0 and z =50 nm,
were difficult to image due to low polymerization from significant embedding of the laser focal
point in the substrate. As a result, only eight of the 10 lines were measured for each data point.
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The SEM images were then processed in MATLAB by means of an edge-finding algorithm
to repeatably obtain average linewidths for each printed line. The details of this edge-finding
process are discussed in Supplement S2. The processed SEM image of lines printed at 4.55 mW
and a speed of 100 um s~ is shown in Fig. 1(b). The measured edges of the lines are highlighted.

3. Model for two-photon polymerization

The two-photon absorption and polymerization processes and the governing chemical reactions
for ITX which are considered in this model are illustrated in Fig. 2. The process begins with
initiation, when two photons are simultaneously absorbed and the photoinitiator reaches the
excited state, where the molecule can then either relax to the ground state via fluorescence or to the
triplet state through intersystem crossing. I'TX is a special Norrish Type II photoinitiator that does
not always require a coinitiator [36]. Instead, while in the triplet state, ITX can abstract hydrogen
from the monomer and create a radical. This radical generation by hydrogen abstraction has two
competing processes: phosphorescence and self-deactivation [35]. Self-deactivation is a newly
proposed explanation for the higher experimentally measured effective order of nonlinearities
for ITX polymerization [34,35]. In self-deactivation, inhibition by combination of triplet state
absorption and reverse intersystem crossing (RISC), which is typically used to improve resolution
through use of an outside light source [37,43,49], occurs due to the writing laser itself. This is
supported by the ITX photoinitiator’s non-negligible absorption at 800 nm in the excited state
[35], its high intersystem crossing yield of 85% [50], and its long triplet lifetimes relative to
its singlet lifetimes [44,51]. The absorption spectrum of ITX in toluene [43] is shown in Fig.
S3. In the ground state ITX has negligible absorption at 800 nm. However, other thioxanthone
derivatives have shown increases in absorption coefficients on the order of 10* M~'cm™! when
moving from the ground state to the excited state [52].
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Fig. 2. (a) A simplified Jablonski diagram of two photon absorption and the subsequent
polymerization mechanisms. After two photons are simultaneously absorbed the typical
pathways are fluorescence (F1) from the singlet state or intersystem crossing (ISC) to the
triplet state, then from the triplet state, phosphorescence (Ph), or radical generation by
hydrogen-abstraction. Excited state absorption of the initiating light source can also lead to
reverse intersystem crossing (RISC). (b) The reactions involved in the initiation, propagation,
termination, and inhibition processes considered in this photopolymerization model.
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After a radical is generated, it can react with the free monomers in the resin and create
macroradicals, or it can be quenched by oxygen. These macroradicals then react with other free
monomers to propagate the polymer chain and create higher crosslinked density polymers or they
are quenched by oxygen. The polymerization process is also terminated when two macroradicals
react, a macroradical reacts with a radical, or two radicals react with each other. Many of the
intermediate steps in the photophysical processes for the ITX photoresist [35] are not considered
in the model shown here. Rather, this work presents a simplified model which seeks to understand
the effects of the ITX photoreaction on the nanolithography process.

The photopolymerization process described above is mathematically represented by a set
of spatiotemporal concentration rate equations. Six reaction species are considered: ground
state photoinitiators [PI], triplet state photoinitiators [T], radicals [R], free monomers [M],
macroradicals [MR], and inhibitors (oxygen) [Z]. Due to the relatively small diffusivities,
short lifetimes, or low concentration gradients of some of the species, only diffusions of the
photoinitiator and oxygen molecules are considered. A study on the impact of this assumption is
included in Supplement S4, and the results are discussed later in this section. The concentrations
of ground state photoinitiators and triplet state photoinitiators are described by,

a[PI]
Tor
a[T]

55 = or@(P1) = er Py, [T] = k[T] = kil T). @

The first term on the right hand side of Eq. (1) is diffusion of the photoinitiator, where dp; is the
diffusivity of the photoinitiator. The second term is the generation of triplet state photoinitiators,
or triplets, by two photon absorption, where ¢r is the triplet quantum yield, o, is the two-photon
cross-section, and the photon flux is ® =I(x, y, z, £)/hv. The intensity distribution of the laser
is assumed to be perfectly Gaussian. The third term is the self-deactivation term, where &7 is
the excited state molar extinction coefficient in units M~'cm™! and N, is Avogadro’s number.
The last term accounts for all pathways from the triplet state back to the ground state. Assuming
phosphorescence is the dominant pathway, &, is the rate coeflicient for how this relaxation occurs.
In Eq. (2), the triplet state photoinitiator rate equation mirrors the ground state photoinitiator rate
equation with one additional term which accounts for the generation of radicals by abstraction of
hydrogen according to rate coefficient k;,.

The radical and macroradical concentration rates are, respectively, described by,

= dpV2[PI] = ¢ro2®[PI] + £r®/, [T] + ki T, e)

I[R]

5 = kalT] = IRIM] — ki [RI[MR] - 2k[R)? — kz[R[Z], 3)
Q[ZR] = ki[R][M] - k[RI[MR] — 2k,[MR]* — kz[MR][Z], @)

where k; is the kinetic rate coefficient for initiation, k; is the kinetic rate coefficient for termination,
and kz is the kinetic rate coefficient for inhibition. The rate for the concentration of oxygen
inhibitors is given by,

dZ]

—— = d7V’1Z] - kzIRIIZ] - kzIMRI[Z], )
where d7 is the oxygen diffusivity. The rate at which free monomers are used depends on the
initiation process with radicals and the propagation process with macroradicals, which occurs
according to the kinetic rate coefficient for propagation, k,, as shown in Eq. (6). Furthermore, if
it is assumed all free monomers that react, regardless of the length of the polymer chain they react
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with, contribute to the overall degree of monomer conversion, the concentration of converted
monomers, C, is the negative of the free monomer concentration as shown in Eq. (7) below.

% = K [RI[M] - k,[MI[MR] ©)
‘Z—f = k[R][M] + k,[M][MR] (N

By numerically solving this system of equations, with an intensity profile that is both pulsing
and translating with time, the two-photon nanolithography process for line printing was simulated.
The model was solved in MATLAB using a forward time centered space (FTCS) numerical method.
The simulated volume’s cross-section was set to be sufficiently large to fit the experimentally
measured lines (800 nm x 800 nm) and long enough to capture the steady-state line printing
process (2 um). The photoinitiator and oxygen concentrations were set to a constant value at
the boundaries. The degree of conversion was determined by taking the ratio of the converted
monomer concentration to the original monomer concentration. The simulated linewidths were
obtained by determining the location at which the output spatial profile of monomer conversion
is no longer above 20 percent [34,38,53]. To accurately model the experimental results unique to
our system, the six most impactful model parameters were varied to fit the experimental results
while the remaining were held fixed. Table 1 lists the fixed parameters and their corresponding
references. For the kinetic rate coefficient for hydrogen abstraction, only the triplet state lifetime
is available in literature, 77 =~ 1 ps [35,51]. According to Eq. (2), the lifetime of the triplet state
after a laser pulse is dependent on the sum of the kinetic rate coefficient for phosphorescence,
self-deactivation, and hydrogen abstraction. Thus, the maximum rate of hydrogen abstraction
was calculated according to these values and the literature values for the ITX triplet state lifetime.

Table 1. Fixed model parameters

Parameter name Symbol Value Reference
Free monomer initial concentration [M]; 3900 mol m™3 Exp.
Photoinitiator initial concentration [PI; 69.6 mol m™—3 Exp.
Laser wavelength 800 nm Exp.
Repetition rate 80 MHz Exp.
Pulse width 485 fs Exp.
Beam waist 388 nm Exp.
Triplet quantum yield or 0.85 [50]
Two-photon cross section o) 3 GM [43]
Kinetic rate coefficient for hydrogen abstraction kp, 1.06x10° 57! 77 ~ lus [51]
Kinetic rate coeflicient for phosphorescence kph 59%10% 57! [51]
Kinetic rate coefficient for termination k; 1 m3 mol!s! [54]
Kinetic rate coefficient for initiation ki 50 m3 mol~! s7! [7]

The six remaining model parameters, listed in Table 2, were determined by minimizing the
error between experimental and simulated linewidths, while achieving effective nonlinearities that
are similar to previously measured values [34,35]. The Nelder-Mead simplex method was used
to minimize the mean squared error between the experimental and simulated linewidths due to its
ability to handle nonlinear, non-smooth functions. Within this direct search process, the excited
state molar extinction coefficient was first held constant, while the remaining five parameters
were varied. The extinction coefficient was then varied to change the effective nonlinearity of the
system, due to its high impact on nonlinearity but lower impact on linewidth (discussed in more
detail in sections 4.3 and 4.4).
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Table 2. Fitting model parameters

Parameter name Symbol Value Reference

Inhibitor initial concentration [Z]; 4.55 mol m™3 1 mol m=3 [55]
Inhibitor diffusivity dz 2.19%x 10710 m? s~! 2.27x 10710 m? s~1 [38]
Photoinitiator diffusivity dpr 222x 10711 m2 ¢! 1x 1071 m2s~1 [56]
Excited state molar extinction coefficient er 60.0 M~tecm™! Ade € [10l N 104][35,52]
Kinetic rate coefficient for propagation kp 2.08 m3 mol~! 57! 1 m3 mol~! s~1 [54]
Kinetic rate coefficient for inhibition kz 3.82 % 10* m3 mol~! 57! 2300 m3 mol~! s7! [38]

The effect of including diffusion of the other reactions species was studied in Supplement
S4. When it is assumed that triplets and radicals have a diffusivity equal to the photoinitiator
diffusivity in Table 2, inclusion of their diffusion terms have a negligible effect on the model.
Since the monomer, PETA, has a similar molecular weight to ITX, monomer diffusion was also
tested using a diffusivity equal to the photoinitiator. It was found that including free monomer
diffusion had a small effect on simulation results except for at higher scanning speeds where higher
linewidths were given. Macroradical diffusion was not tested since it is often not considered due
to their large molecular weight during propagation [5,57-59].

The oxygen and photoinitiator diffusivities and the kinetic rate coefficients for photopolymeriza-
tion are assumed to be constant. These rates will vary with degree of conversion and temperature
[2]. The small temperature changes within the typical MPL writing regime applicable to this
model make the kinetic rate coefficients’ temperature dependencies negligible [60]. A detailed
study on the effect of this constant diffusivity and kinetic rate coefficient assumption is presented
in Supplement S5. Similar to previous studies [38], conversion dependent kinetic rate coefficients
decreased degree of conversion uniformly for all writing conditions. A decrease in total degree
of conversion of ~3% for all writing conditions led to a 2% and 18.2% shift in threshold power
and speed, respectively. Conversion dependent diffusion coefficients led to a 6.8% decrease
in threshold power and a 24.2% increase in threshold speed. Although these values are not
negligible, they are smaller than other values seen in the sensitivity analysis in Section 4.3, and the
primary departures in linewidth results occurred at high speeds where experimental data is limited.
In order to simplify the fitting process conversion dependent coefficients were not included; due
to the large number of unknown parameters the conversion dependence relationships add to
the model. The impact of radical trapping [58] was studied in Supplement S6. A conversion
dependent radical trapping term was added to the macroradical concentration rate equation and
was found to have negligible effect on linewidth results.

ITX/PETA photoresists have been reported to have effective nonlinearity values ranging
between 3 and 4 at 800 nm [34,35]. Numerous techniques have been presented to experimentally
determine this nonlinearity [38,61,62], but more recently the 2-beam initiation threshold (2-BIT)
technique has been shown to be less susceptible to other nonlinear processes in MPL [63,64].
In the 2-BIT method, two beams which are spatially overlapped and temporally interleaved
are used to achieve multi-photon polymerization. By varying the power of each of the beams
independently, the threshold powers of the 2-beam system can be determined according to the
following relationship,

P+ P =1, (8)

where P; and P, are the powers of each of the beams normalized to their threshold values when
the other beam is off and n.4 is the effective nonlinearity of the system. The model in this study
can be used to simulate this experimental process by adding polymerization from a second laser
beam. By simulating line writing with two overlapped beams with powers P; and P, where the
pulses of each beam alternate to create a combined repetition rate of 160 MHz, the threshold
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power value for P, when P is fixed, and vice versa, can be determined. Then, from these P; and
P, values the theoretical effective nonlinearity of the system can be determined for any given
set of parameters by fitting Eq. (8) to the results. Using this simulation of the 2-BIT method in
combination with the Nelder-Mead method, the values of the six parameters described above
were obtained and are listed in Table 2. These parameters describe a system with an effective
nonlinearity of n.s=2.87. The literature values in Table 2 for these six parameters were used as
reference points during the fitting process.

4. Results and discussion
4.1. Experimental results

Figure 3 shows the experimental results and the computed results obtained using the best-fit
parameters listed in Table 2. Figure 3(a) shows the experimental results of the linewidths at
different laser powers and a constant laser scanning speed of 100 um s~!, while the results in
Fig. 3(b) are the linewidths at different scanning speeds and a constant laser power of 4.55 mW
at the print plane. Each data point is the mean of the average linewidths for each of the 8 lines
printed using those parameters. The error bars correspond to the minimum and maximum average
linewidths measured for that data point. For both sets of experimental data in Fig. 3(a) and 3(b),
the lines printed near the threshold were not measurable after development. An example of lines
with low crosslinking density printed 0.05 mW above the power gelation threshold is shown in
Fig. S9. The gelation threshold, or power and scan speed after which no polymerization occurs,
was observable and was measured for each case and is marked by the red dashed line in Fig. 3.
The trend shown by the experimental data for linewidth versus laser power, in Fig. 3(a), is well
captured by the simulation. Similarly, the experimental linewidths for variable laser scanning
speeds in Fig. 3(b) match those obtained by the simulation. As the simulation approaches the
slower speeds the model begins to diverge from experimental results. This discrepancy is possibly
due to the constant diffusion coefficients used in the model. The variable diffusion coefficient
results in Fig. S7(b) show a decrease in linewidths at slower speeds. At these slower speeds,
where monomer conversion is larger due to the longer periods of exposure (also see Fig. 4(a)), the
variation in diffusion coefficients will be greater which could lead to nonlocal effects on oxygen
and photoinitiator concentrations ultimately leading to lower linewidths.

Figure 3(c) shows the results in Fig. 3(a) and 3(b) plotted as a function of TPP exposure dose.
The exposure dose, D, for photopolymerization is typically defined by the relationship D oc Az X I",
where At is the exposure time, / is the illumination intensity, and # is the order of absorption.
For the scanning line writing configuration and two-photon absorption this relationship can be
written as D o TfrepPZ/ V, where 7 is the laser pulse width and f,, is the laser repetition rate. This
relationship is used to calculate the dose values which are plotted with the linewidths in Fig. 3(c)
for the experimental and simulated data points at constant speed and varied power, and at constant
power and varied speed. Examining the trends in Fig. 3(c) suggests that a simple logarithmic
dependence of linewidth on laser dosage squared, or dj;,. o« /In(D), suggested in many empirical
models [65-67], is not sufficient to approximate linewidths. That is, the same dose produces
different values of linewidths when different combinations of power and speed are used. The
inability of this exposure dose relationship to fully capture the MPL process has been discussed
before [38,61]. Instead, the presence of nonlinear processes such as depletion and replenishment
of oxygen and photoinitiators lead to a more complex dependence on laser power and scan speed.

4.2. Temporal evolution of reaction species

The results of the simulation can provide insight into the temporal evolution of the species of
interest, whereas experimental measurements of their temporal development are challenging.
The change in percent monomer conversion and the change in the concentrations of the other five
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Fig. 3. (a) The experimental data of linewidth versus laser power and the peak laser intensity
compared with the results of the numerical simulation. (b) The experimental data of the
linewidth versus laser scanning speed compared with the results of the numerical simulation.
The experimentally measured gelation threshold is also shown in (a) and (b). Both the laser
power and speed theoretical linewidths are determined by finding the location at which
the degree of conversion matches the predefined conversion threshold of 20 percent. (c)
The experimental and theoretical results for variable speed, f(V), and variable laser power,
f(P) plotted as a function of two-photon polymerization dose. The values for dose are
determined using the relationship D =7 fr.p P2/V. The error bars correspond to the minimum
and maximum linewidths measured for that data point.

reaction components as a function of time are presented in Fig. 4. The printing of a 2 um long
line for five different sets of powers and speeds was simulated. The results at the center of the
line’s cross-section at 0.5 um from the starting location of the laser are shown in each figure.
The legend is arranged such that the parameter sets are in order of increasing dose.

The monomer conversion over time for each parameter set can be seen in Fig. 4(a). Like
linewidths, the total conversion does not scale directly with dose. Instead, the monomer conversion
trends are strongly dependent on the oxygen concentration. Figure 4(b) shows the change in
oxygen concentrations with time. The oxygen supply is fully depleted in each of the cases, with
both the laser power and scanning speed affecting how quickly this depletion and replenishment
occurs. The vertical dashed lines in Fig. 4(b) mark the time at which the intensity is greatest
for each of the 250, 100, and 50 pum g1 scanning speeds. For each case, the time at which the
monomer conversion in Fig. 4(a) starts and stops increasing corresponds to when the oxygen
concentration reaches zero and rises from zero, respectively. The horizontal line in Fig. 4(b)
marks 1% of the initial oxygen concentration. The circular markers in Fig. 4(a) represent the
conversion at the times when the oxygen concentration is equal to 1% of the initial oxygen
concentration.



Research Article Vol. 30, No. 15/18 Jul 2022/ Optics Express 26833

Optics EXPRESS

250 100 50 pms™
(b) | | I

Conversion (%)

[, [ S

0 5 10_ 15 20 25 30 0 10_ 15 20 25 30
Time (ms) Time (ms)
70250 100 50 ums” 250 100 50 ums”

b ‘ 1 \ \ \

a

: ‘ | | |
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (ms) Time (ms)
02 250100 50 pums’

®

\ \ I \ I
1201 i
M O t(Z=001Z)

_\

o

=]
I

Radicals (mol
B @
P

\

Macroradicals (mol m'3)
N (o)
o o
I \
| |

f | | | | L L
0 5 10 15 20 25 30 5 10 15 20 25 30

Time (ms) Time (ms)
P=455mW,v=250pums"

o

Dose

P =10.93 mW, v=100 ums’’

Fig. 4. Simulated temporal development of reaction species for several different process
parameters. Five combinations of three different speeds and three different laser powers
are used to simulate the printing of a 2 um long line. The change with time at the center
of the line’s cross-section at 0.5 pm from the starting location of the laser in (a) monomer
conversion, (b) oxygen concentration, (c) photoinitiator concentration, (d) triplet state
photoinitiator concentration, (e) radical concentration, (f) and macroradical concentration
are shown. The circle data points included in (a) and (f) are the locations for that set of
conditions where the oxygen concentration is at 1% of the initial oxygen concentration. The
horizontal line in (b) marks 1% of the initial oxygen concentration. The vertical dashed lines
in (b), (c), (d), and (e) represent the times at which the laser intensity is greatest for the 250
pm s~!, 100 pm s~!, and 50 um s~! conditions.
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When oxygen is depleted and polymerization can continue unquenched, the photoinitiator is
the regulating species. The characteristics of the other reaction species’ profiles can be correlated
to the photoinitiator profile when oxygen is depleted. The varying degree of photoinitiator
consumption can be seen in Fig. 4(c). The minimum concentration of photoinitiator throughout
the process is strongly correlated with the laser power, with each of the three 4.55 mW cases
reaching approximately the same minimum value and the 10.93 mW case almost fully depleting
the photoinitiators. For each case the minimum photoinitiator concentration occurs near when the
intensity is greatest while the laser beam is directly over the location of interest. This is marked
by a dashed line for each speed. If photoinitiator diffusion was not present, the 4.55 mW, 50 pm
s~! case, with twice the exposure dose, would reach a lower photoinitiator concentration than the
4.55 mW, 100 um s~! case. Instead, the diffusivity of photoinitiators from Table 2 results in a
characteristic time constant of ~1 ms for diffusion from the boundary of the simulation volume.
This means the photoinitiator supply is continually replenished and its concentration is only
limited by the laser intensity.

The change in triplet concentration, shown in Fig. 4(d), is dependent on triplet generation by
two-photon absorption and triplet deactivation by single-photon absorption, as seen in Eq. (2).
For each case the rate of generation dominates, with a value no less than approximately twice
the rate of deactivation. Upon first incidence of the laser, triplets are generated, then as the
photoinitiator supply is reduced the generation of triplets decreases. For all but the 10.93 mW,
100 um s~ case, the maximum triplet concentration occurs when two photon absorption, the
first term of Eq. (2), is at its maximum, shortly before the laser passes over the location of
interest (marked by the dashed lines for each print speed). For the 10.93 mW case, this maximum
would also occur shortly before the laser passes, at around 4.5 ms, if more photoinitiators were
available, however, depletion of the photoinitiator supply instead leads to a local minimum when
the minimum photoinitiator supply is reached. Then, as the photoinitiator concentration recovers
while the intensity is still nonzero, more triplets are generated, leading to a second peak in the
triplet concentration.

Figure 4(e) shows the radical concentration profiles. Radicals are generated by hydrogen
abstraction of triplets. As a result, the radical concentration trends are similar to the triplet
concentration trends but lessened due to oxygen inhibition. For example, unlike the triplet
concentration, the second peak of radical concentration for the 10.93 mW case has a similar
magnitude to the first, because the oxygen concentration was not fully depleted until the time
when the first peak occurred. Similarly, for the 4.55 mW, 50 pm s~! case, the radicals accumulate
to a much greater value due to the longer period during which oxygen is depleted. Figure 4(f)
shows the macroradical concentration. Since the macroradical concentration is an accumulation
of radicals, the macroradical concentrations follow a dampened radical concentration trend.
The circular markers in Fig. 4(f) mark the concentration when oxygen is at 1% of the initial
concentration. The macroradicals only accumulate and propagate when oxygen is depleted.
Overall, these results suggest oxygen diffusion and replenishment is the dominant process, while
photoinitiator related processes dominate only when oxygen is depleted. The dominance of
oxygen and photoinitiator concentrations shown here is in agreement with previous experimental
studies on MPL polymerization kinetics [34].

4.3. Sensitivity analysis

A sensitivity analysis was performed on the model to determine the impact of each of the fitting
parameters and their corresponding processes (Fig. 5). In the sensitivity analysis, a single
parameter was varied by +30% and the linewidths and effective nonlinearity of the system were
recalculated. The effect of each parameter on the model is summarized by determining the
change in threshold power, 4P, threshold scanning speed, 4Vy,, and effective nonlinearity, ..
Figure 5(a) summarizes the resulting changes in threshold values for a +30% variation in each of
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the parameters. Figures 5(b) and 5(c) show the individual changes in threshold speed and power,
respectively. From these figures, it is seen that the system exhibits similarly large sensitivity to
initial oxygen concentration, [Z];, and oxygen diffusivity, dz. Specifically, the system is more
sensitive to increases in these parameters, while decreases are slightly less impactful. This is
likely because increasing these parameters leads to earlier replenishment of the oxygen supply and
as a result more rapid quenching of the entire polymerization process. This is further supported
by the larger changes seen for threshold velocities. Alternatively, decreasing oxygen inhibition
delays this quenching, but the process is still controlled by photoinitiator supply. Varying the
photoinitiator diffusivity, dpy, is impactful on threshold power. Decreasing the photoinitiator
diffusivity delays the photoinitiator replenishment process, increases photoinitiator depletion,
and leads to lower conversion values before oxygen quenches the process. The two kinetic rate
coeflicient fitting parameters, k, and kz, have smaller impacts on the model, except for the kinetic
propagation rate coeflicient’s (k,) impact on the velocity thresholds. The kinetic propagation
rate coefficient has a direct effect on the rate that monomers react with macroradicals. At higher
speeds, it is important that the macroradicals that are quickly generated and quenched react with
monomers at a higher rate during their shorter lifetimes. The effect of the deactivation process,
i.e., the excited state molar extinction coefficient, 7, is similar for threshold speeds and powers.
An increase or decrease of the extinction coefficient simply leads to a larger or smaller number of
radicals generated by each laser pulse, respectively.
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Fig. 5. Sensitivity analysis for fitting parameters. (a) Change in threshold speed and change
in threshold power. Filled markers correspond to +30% values and markers without fill
correspond to -30% values. A solid gray line is plotted to show where a data point will fall
if a variation of that parameter decreases the threshold speed and increases the threshold
power an equal percentage. (b) Percent change in threshold speed after varying each fitting
parameter +30%. (c) Percent change in threshold power after varying each fitting parameter
+30%. (d) Change in effective nonlinearity for a £30% variation of each fitting parameter.
The error bars correspond to the 75% confidence interval for the best-fit 7,4 value. A dashed
line marks the baseline ngy of 2.87.
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The changes in effective nonlinearities due to the variation of each parameter are shown in
Fig. 5(d). The error bars in Fig. 5(d) correspond to the 75% confidence interval of the best-fit
neg value. From the simulations with higher nonlinearity values, around n.s > 3, the 2-BIT
relationship given by Eq. (8) begins to break down when self-deactivation is present in the
system. The 2-BIT simulation results used to obtain the values in Fig. 5(d) suggest when one
of the two beams is low relative to its threshold power, self-deactivation causes it to contribute
more to inhibition than initiation, and the threshold power of the other beam is increased due
to its presence, or P?”ﬁ + }_’Z”ﬁ >1 for P; < P} . This should only occur when multiple orders
of absorption contribute to the writing process, as is the case when self-deactivation is present.
While non-integer values given by Eq. (8) typically serve as a good approximation for multiple
order systems, to model a multiple order system more accurately, a relationship more complex
than Eq. (8) is necessary [68]. This leads to the larger confidence intervals seen for the higher
nonlinearity values in Fig. 5(d). Figure 5(d) suggests the nonlinearity of the system is very
sensitive to changes in the oxygen related parameters and the triplet state absorption controlled by
the molar extinction coefficient, er. However, only the excited state extinction coefficient causes
a nonlinearity much greater than two. When self-deactivation is not present with an excited state
extinction coefficient of er =0, the nonlinearity is n.; =2 using the other values presented in
Table 2, and only increases to 2.004 and 2.003 by increasing the oxygen initial concentration and
diffusivity by 30%, respectively.

4.4. Self-deactivation and effective nonlinearity

The effects of the self-deactivation phenomenon were further analyzed by observing how the
model changed for various values of excited state molar extinction coeflicients. Figure 6 shows
the effect of the self-deactivation process on the linewidth versus power trend (Fig. 6(a)) and on
the effective nonlinearity of the system (Fig. 6(b)). The mechanism by which self-deactivation
occurs, triplet state absorption induced RISC, is the same mechanism through which other works
suggest inhibition occurs for 2CL with ITX [37,43,49]. Similar to using an additional inhibition
laser to increase the threshold power, the results in Fig. 6(a) show increasing the triplet state
absorption of the writing laser somewhat uniformly shifts the linewidth trend and as a result
increases the threshold power. It is worth pointing out that, while simulation of the triplet state is
applicable to many common photoinitiators in MPL, like DETC [69], the self-deactivation term
in Eqgs. (1) and (2) can be directly applied to two-color inhibition processes, by changing the
molar extinction coefficient and photon flux to values relating to a separate inhibition laser.

Self-deactivation was originally proposed as an alternative explanation to higher order absorp-
tion as the cause of high experimentally measured effective nonlinearities of ITX photoresists, and
a kinetic model of the electronic state populations of ITX during irradiation has been presented
to analyze this theory [35]. Figure 6(b) shows the effective nonlinearities given by the 2-BIT
simulation for various extinction coefficients in this study’s polymerization model. The trend in
Fig. 6(b), for extinction coefficient values from zero to 100 M~'cm™!, is similar to the results of
the kinetic model presented in [35]. As expected, the nonlinearity of the system approaches a
value of ngy =2 as er goes to zero. As the extinction coeflicient increases past 100 M~lem™!, the
inhibition effect of the second beam again causes the relationship given by Eq. (8) to break down
and the trend is flattened. Nonetheless, simulation suggests that with reasonably low excited
state molar extinction coefficient values at 800 nm, self-deactivation can occur and can lead to
effective nonlinearities in ranges like those experimentally determined for ITX.
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Fig. 6. (a) The simulated linewidth versus power for different molar extinction coefficients.
The error bars correspond to minimum and maximum measured linewidths. (b) The effect
of the extinction coefficient on the effective nonlinearity of the system. The error bars
correspond to the 75% confidence intervals for best-fit 4.

5. Conclusion

The photopolymerization reaction in two-photon lithography is analyzed via the development
of a combined excited state and polymerization kinetics model. The excited state dynamics of
the ITX photoinitiator are captured by the model and the inclusion of triplet state absorption
simulates the self-deactivation process. The mathematical model developed here can be readily
applied to other two-color inhibition processes for sub-diffraction lithography. The different
parameters of the simulation are determined by fitting the model to experimentally obtained
linewidths and effective nonlinearities. The output spatial polymerization profiles of the model
capture the experimentally obtained linewidth trends for both variable powers and variable speeds.
The temporal profiles of the reaction components help to explain their development and how
depletion and replenishment by diffusion of the photoinitiators and oxygen inhibitors affects the
triplet, radical, and macroradical concentrations. A sensitivity analysis of the model also suggests
the MPL process is dominated by oxygen and photoinitiator diffusion. The self-deactivation
process is shown to produce a shift in the threshold power like that of typical inhibition processes
and that reasonable values of excited state molar extinction coefficients at 800 nm can lead to the
higher effective nonlinearities previously observed for ITX photoresists. By better understanding
the effects of these different model parameters and their respective processes, the polymerization
and excited state kinetics of 3D nanolithography by TPP are further elucidated.
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