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Abstract: Two-photon polymerization (TPP) has emerged as a favored advanced manufacturing
tool for creating complex 3D structures in the sub-micron regime. However, the widescale
implementation of this technique is limited partly due to the cost of a high-power femtosecond
laser. In this work, a method is proposed to reduce the femtosecond laser 3D printing power by as
much as 50% using a combination of two-photon absorption from an 800 nm femtosecond laser
and single photon absorption from a 532 nm nanosecond laser. The underlying photochemical
process is explained with modeling of the photopolymerization reaction. The results show
that incorporating single-photon absorption from a visible wavelength laser efficiently reduces
inhibitor concentration, resulting in a decreased requirement for femtosecond laser power. The
radical to macroradical conversion is dominated by the reduction in oxygen concentration,
while the reduction in photoinitiator concentration limits the threshold power reduction of the
femtosecond laser.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Two-photon lithography (TPL) pioneered by Maruo et al. [1,2] can print features beyond
the traditional diffraction limit of light, exploiting the nonlinearity arising from two-photon
absorption [3–5]. To further improve the resolution and feature size, several techniques including
Stimulated Emission Depletion (STED) [6,7] and STED-inspired multi-color photolithography
[8–16] have been implemented to optically inhibit polymerization only in the periphery of the
laser spot, resulting in printed linewidths within 9-30 nm range. The use of two beams may also
lead to the reduction of power of the femtosecond laser pulse [16]. Additionally, the relatively
slow point-by-point laser scanning of two-photon direct-laser-writing (DLW) can be scaled up
utilizing techniques like multi-foci scanning [17,18], projection lithography [19,20] and digital
holography based TPL [21,22]. The superiority in resolution and speed led to TPL being used
to create nanostructures for applications in micro-optics [23,24], photonics [25], biomedical
devices [26], emerging materials [27], and so on. However, the widespread application beyond
the microscale is still limited, partly due to the cost of a high-power femtosecond (fs) laser that is
fundamental to achieving nonlinearity in the absorption process.

Efforts have been made to reduce the cost associated with the 3D printing process by using
(1+ 1)-photon absorption methods [28–30]. These methods seek to imitate the nonlinearity of
TPL without requiring a fs laser. Instead, they replace the virtual intermediate state in TPL with
a real intermediate electronic state in a single photon absorption pathway [28], use triplet-triplet
annihilation [29], or triplet fusion upconversion [30]. However, they still suffer from residual
single-photon absorption (1PA) effects. In this work, we propose a method to reduce the power
requirement of the fs laser itself by combining the effects of two-photon absorption (TPA) and
1PA simultaneously. Our method differs from typical two-color lithography methods in that
both lasers contribute to the excitation process, rather than one laser exciting the molecule and
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the other inhibiting the excitation process. As TPA still dominates this process, the resolution
superiority inherent to typical TPL can be maintained.

To better understand the photochemical processes and gain further insights from experimental
findings, it is necessary to develop a mathematical model for the two-color printing process.
Numerous models have been developed over the years to understand 3D nanolithography by
two-photon polymerization, including the polymerization kinetics [31–37] and the excited state
kinetics [28,38]. Our previous work presented a comprehensive photopolymerization model
considering both the excited state and subsequent polymerization kinetics [39]. Here we extend
this model to compute the combined effect of TPA and 1PA excitation processes. We utilize this
model to study the two-color 3D printing process, investigate the details of the evolutions of
the reaction species as a function of time and space with varying laser power, and identify the
dominant processes controlling the threshold power reduction of the fs laser.

2. Materials and methods

For two-color 3D printing, a typical custom-built two-photon lithography setup was modified
to include a secondary laser path to the print plane. A simplified schematic of the setup is
shown in Fig. 1(a). To induce TPA, we used an 80 MHz repetition rate, Ti:Sapphire fs oscillator
(Coherent MIRA 900) with a center wavelength of 800 nm and a bandwidth of 8 nm. The pulse
width measured through an autocorrelation measurement at the print plane was ∼485 fs, while a
∼388 nm beam waist was determined from a gold bead scan [40]. A custom-built dispersion
pre-compensation setup comprised of a pair of highly dispersive ultrafast mirrors (Edmund
Optics) was incorporated into the setup. A 532 nm nanosecond (ns) pulsed fiber laser (MPB
Communications Inc.) with an 80 MHz repetition rate and 1.2 ns pulse width was used for
1PA. This ns pulsed beam was designed to spatially overlap with the fs laser beam at the print
plane with a spot size approximately 1.25 times larger than the fs beam. Both laser pulses were
transmitted through lens pairs to control the size and focal plane position. They were then focused
through a glass substrate into the photoresist using a 100X oil immersion objective lens (Nikon,
NA= 1.49). All the laser powers were measured at the back of the objective lens through a 6 mm
diameter aperture to replicate the entrance pupil of the objective lens. Power at the print plane
was calculated assuming 70% transmission through the objective lens. A helium-neon (HeNe)
laser was introduced to the combined laser beam path for repeatable focus detection at the print
plane.

To develop a photoresist system with a photoinitiator supporting two-color 3D printing,
(2E,6E)-2,6-Bis (4-(dibutylamino)benzylidene)-4-methylcyclohexanone (BBK) was added to the
monomer, pentaerythritol triacrylate (PETA, Sigma-Aldrich), at a loading of 0.7% (by weight)
[20,41]. The sample photoresist volume required for printing was prepared by placing a drop
of photoresist in a ∼40 µm tall gap between a microscope slide and a coverslip. Lines and
3D structures were printed on the coverslip surface. A piezo-actuated tip/tilt mirror (Physik
Instrumente) was used to scan the laser beam for both line and 3D structure printing. An Electro-
Optic Modulator (EOM, Conoptics) was used for shutter control. To print 3D woodpiles, both
beams remained stationary at the print plane, and a five-axis PZT actuated linear nano-positioning
stage (Mad City Labs) was used to print the structure. After printing, the fabricated lines and 3D
structures were first developed in an isopropanol bath for 20 minutes. Then, they were moved to a
new bath for 2-3 minutes followed by drying with nitrogen. After development, the samples were
sputter coated with ∼30 nm of Au/Pd mixture and imaged with a scanning electron microscope
(SEM, Hitachi S-4800). Linewidths were measured by processing the SEM images through a
MATLAB edge-finding algorithm [39].
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Fig. 1. (a) Simplified schematic of the two-color printing experimental setup. A half-wave
plate (HWP) and linear polarizer (LP) combination are used for power control. Multiple
beams are introduced into the same path using dichroic mirrors (DCM). (b) 800 nm fs laser
threshold power reduction in two-color line printing. The threshold power ratio is defined as
the ratio of the reduced fs laser threshold power for two-color printing to the fs laser only
threshold power for single-color printing. The threshold power for line printing decreases as
532 nm laser power is increased. The error bars correspond to the standard deviation of the
800 nm laser power measurement for that data point.

3. Experimental results

3.1. Threshold power reduction in line printing

Reducing the threshold power of an 800 nm fs laser for TPP using the 1PA from a 532 nm laser
was first verified with line printing experiments. We printed 30 µm long lines at 100 µm-s−1 speed
using only the 800 nm fs laser. The fs laser only polymerization threshold for line printing is the
minimum power required for yielding well-defined polymer lines. This power was determined
by observing the lines after the development process using an Olympus BX40 microscope.
Then, lines were printed using both the 800 nm fs laser and the 532 nm laser simultaneously.
For every increment in 532 nm laser power, the fs laser power was reduced continuously until
printed lines were no longer visible after development. This fs laser power denotes the new
reduced threshold value for that fixed 532 nm laser power. In Fig. 1(b), the fs threshold power
ratio is plotted against the 532 nm laser power used during two-beam printing. The threshold
reduction ratio is defined as the ratio of the reduced fs laser threshold power for two-beam printing
to the fs laser only threshold power for single-beam printing. The zero power of the 532 nm
laser indicates printing with fs laser only where the threshold ratio is 1. The error bars in the
plot are the standard deviation of threshold power values calculated from multiple experiments.
The plot shows a significant reduction in fs laser power requirement well below 50% for line
printing. The reduction in fs laser threshold power increases with the increase in 532 nm laser
power. In two-beam printing, the addition of 532 nm laser power does not significantly increase
the printed linewidth as TPA is still dominating the process. Using this setup, the minimum
measured linewidth for single-beam printing is 221 nm whereas printing with two-beams at
reduced threshold results in a 278 nm minimum linewidth. Beyond 30 µW 532 nm laser power,
1PA dominates the process and the 532 nm laser can print lines by itself. Although the initial
linewidth with 1PA of 532 nm laser alone can be as low as 500 nm, while printing multiple lines
accumulation effects take over and linewidths quickly rise to well beyond 1 µm.
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3.2. Threshold power reduction in 3D printing

The threshold power was found to be different in the context of 3D printing as 3D structures
printed at the gelation threshold of line printing cannot survive development as stable 3D parts.
To compare threshold power reduction in 3D printing, woodpiles were chosen as model structures.
25× 25× 10 µm woodpiles were printed at 100 µm s−1 speed with the 800 nm fs laser only.
When fs laser power was continuously reduced, the structures began collapsing below 1.6 mW.
Hence, 1.6 mW fs laser power was taken as the threshold for single-beam stable 3D printing.
This is higher than the 1.38 mW threshold power of line printing. Figure 2(a) shows the lowest
power woodpile structure without collapsing. For printing woodpiles with two beams, a working
range exists for 532 nm laser power. Using too little 532 nm laser power leads to no reduction
in 3D printing threshold power. But if too much 532 nm laser power is used, single photon
polymerization dominates the process, and the expected resolution cannot be maintained since
reduction in photoinitiator concentration can cause large gradients in cross-linking density across
the volume of the structure. Hence, we select a 532 nm laser power such that no 1PA induced
accumulation or photoinitiator depletion occurs, and it only aids in reducing the threshold power
while TPP from the 800 nm fs laser controls the resolution of the printing process. Considering
all these factors, we were able to print woodpiles at roughly 50% fs laser power as shown in
Fig. 2(b). The required threshold power for the fs laser is reduced more as the 532 nm laser power
is increased. However, unlike line printing, threshold reduction below 50% cannot be achieved
as the center of the structure starts to collapse due to photoinitiator depletion induced by 1PA.

a(i) a(ii)

b(i) b(ii)

Fig. 2. Threshold power reduction in 3D printed woodpiles. Scale bar: 5 µm. (a)
25× 25× 10 µm woodpiles printed at 100 µm s−1 speed with 800 nm fs laser only. (i) 1.8 mW
fs laser power, (ii) 1.6 mW fs laser power, threshold power for stable 3D printed structure.
(b) woodpiles printed at ∼50% fs laser power. (i) 0.92 mW fs laser power with 19.5 µW
532 nm laser power, (ii) 0.82 mW fs laser power with 23.4 µW 532 nm laser power.
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Figure 3 shows the 3D printing of several other structures to demonstrate the capability of this
process in reducing threshold power for printing arbitrary structures. The fs laser printing power
required to print stable 3D structures can be reduced by as much as 50%. A higher degree of
polymer conversion is usually needed for stable 3D structures. The range of 532 nm laser power
(∼18–24 µW) that can be used for printing arbitrary stable 3D structures at ∼50% power, results
in a ∼80% reduction in line printing threshold power as seen in Fig. 1(b). Above this range,
1PA starts to dominate the two-color printing process. The hatching distance in these structures
is increased to avoid 1PA induced photoinitiator depletion, resulting in rougher surfaces. The
maximum height of the 3D structures is also limited by the photoinitiator depletion. Active
power control of the 532 nm laser during printing or a better photoinitiator resupply method can
help in extending the maximum height of fabricated structures.

5 µm

a) b)

d)c)

Fig. 3. 3D printed structures at ∼50% fs laser threshold power. Scale bar: 5 µm. (a)
Buckyball with 0.83 mW fs laser & 21.3 µW 532 nm laser power. (b) Chiral structure with
0.83 mW fs laser & 21.3 µW 532 nm laser power. (c) Trefoil knot like structure with 0.97 mW
fs laser & 21.3 µW 532 nm laser power. (d) Trefoil knot like structure with 0.86 mW fs laser
& 18.5 µW 532 nm laser power.

3.3. Effect of temporal synchronization

As both the 800 nm fs laser and the 532 nm ns laser have an 80 MHz repetition rate, they can
be synchronized in time. To examine the effect of temporal alignment, four sets of woodpiles
were printed (not shown here) at ∼69% fs laser power and 5 µW ns laser power. The ns laser
pulse was made to overlap with the fs laser pulse in time or come after it by 4 ns, 6.8 ns, and
11 ns respectively. All the results showed similar printed structures, indicating that the lifetime of
the triplet state is long enough so that the effect of temporal alignment is negligible.
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4. Photochemical process of threshold power reduction

4.1. Two-color printing process

The excitation of photoinitiator molecules followed by polymerization steps considered in this
two-color printing process are illustrated in Fig. 4 along with the absorption spectra of the BBK
photoinitiator and a simplified Jablonski diagram to represent our model. The absorption spectra
at 0.38 mol% (0.7% by weight) in Fig. 4(a) indicate that there is a chance for both single-photon
and two-photon absorption to occur. Even though a shorter wavelength light at ∼450 nm will be
more efficient for 1PA, we chose a longer wavelength 532 nm laser so that the printing process
is not dominated by the 1PA process which has a poorer resolution. While the 800 nm fs laser
induces simultaneous absorption of two photons from ground state S0 to excited state S1 through
a virtual state, the 532 nm laser excites a single photon directly from the ground state to the
excited state. In both cases, the molecule can relax back to the ground state through fluorescence
(Fl) or to the Triplet state (T) going through inter-system crossing (ISC). From the triplet state,
free radicals (R*) are generated, or the ground state is repopulated through phosphorescence
(Ph). The radicals then react with free monomers (M) to create macroradicals (MR). These
macroradicals then react with other free monomers to propagate the polymer chain and achieve
higher cross-linking density. In the meantime, both radicals and macroradicals can be quenched
by oxygen. Other termination mechanisms involve radical-radical or macroradical-macroradical
or radical-macroradical reactions.

Photoinitiator ground state

S1

V

h𝜈2

h𝜈1

Fl

S0

T

Ph

Radicals, R*

O2 inhibition
& termination

R* + Monomer

Polymer

ISC

800 nm
532 nma) b) c)

Fig. 4. (a) BBK photoinitiator absorption spectra for different concentrations. The peak
absorption intensity values saturate the detector. (b) A simplified Jablonski for diagram
two-color printing process. Both TPA and 1PA contribute to the population of the singlet
state, then fluorescence (Fl) to the ground state or through intersystem crossing (ISC) to
the triplet state. From the triplet state, phosphorescence (Ph), or radical generation occurs.
Then radicals react with free monomers to initiate the polymer chain, or oxygen inhibition
and termination. (c) The underlying polymerization steps are categorized into initiation,
propagation, termination, and inhibition processes.

4.2. Mathematical model

The mathematical model is based on our previous work on the polymerization model for two-
photon nanolithography [39]. The underlying chemical processes can be described through
a set of spatiotemporal concentration rate equations involving six reaction species: ground-
state photoinitiators [PI], triplet-state photoinitiators [T], radicals [R], free monomers [M],
macroradicals [MR], and inhibitors (oxygen) [Z]. The effect of TPA by the 800 nm fs laser



Research Article Vol. 32, No. 15 / 15 Jul 2024 / Optics Express 25898

and simultaneous 1PA by the 532 nm laser is described by the ground state and triplet state
photoinitiator rate equations.

∂[PI]
∂t
= dPI∇

2[PI] − ϕTσ2Φ
2[PI] − εg

Φg

NA
[PI] + kph[T] (1)

∂[T]
∂t
= ϕTσ2Φ

2[PI] + εg
Φg

NA
[PI] − kph[T] − kr[T] (2)

The first term on the right-hand side of Eq. (1) indicates photoinitiator diffusion where dPI
is the photoinitiator diffusivity. The second and third term is the generation of triplet state
photoinitiators due to TPA and 1PA respectively. For the 800 nm laser, ϕT represents the triplet
quantum yield, σ2 is the two-photon cross section, and Φ2 indicates the photon flux for TPA
where Φ = I(x, y, z, t)/hυ. For the 532 nm laser, εg is the molar extinction coefficient for 1PA,
Φg is the photon flux, and NA is Avogadro’s number. The last term in Eq. (1) accounts for the
relaxation from triplet state to ground state through phosphorescence where kph indicates the rate
coefficient for this process. The triplet state photoinitiator rate equation involves one additional
term for radical generation at a rate defined by coefficient kr. From the triplet state, radical and
macroradical generation, oxygen inhibition, and monomer conversion rate equations are the same
for both TPA and 1PA.

∂[R]
∂t
= kr[T] − ki[R][M] − kt[R][MR] − 2kt[R]2 − kZ[R][Z] (3)

∂[MR]
∂t

= ki[R][M] − kt[R][MR] − 2kt[MR]2 − kZ[MR][Z] (4)

∂[Z]
∂t
= dZ∇

2[Z] − kZ[R][Z] − kZ[MR][Z] (5)

∂[M]

∂t
= −ki[R][M] − kp[M][MR] (6)

∂C
∂t
= ki[R][M] + kp[M][MR] (7)

Here, ki, kt, kz, kp represent kinetic rate coefficients for initiation, termination, inhibition,
and propagation respectively. The diffusivity of oxygen is termed as dz in Eq. (6) and C is the
converted monomer concentration in Eq. (7).

Using the forward time centered space (FTCS) numerical method, these equations are solved in
MATLAB. The model simulates the printing process of a 2 µm long line to ensure a steady printing
process in a cross-section of 1000 nm x 1000 nm. In this work, we use a BBK photoinitiator
and simulate the effect of printing with two beams for threshold reduction as compared to our
previous work that uses an ITX photoinitiator for single-beam printing [39]. Hence, model
parameters are divided into two parts where six impactful parameters unique to this work are
varied to predict the experimental results accurately. The remaining parameters, including the
ones that match our previous work, are held fixed. Table 1 lists these fixed parameters and their
respective references. Five of the six fitting model parameters in Table 2 are determined by
minimizing the error between experimental and simulated linewidths for printing with 800 nm
fs laser only. The molar extinction coefficient for the 532 nm laser in Table 2 is determined by
minimizing the error between experimental and simulated linewidths in two-color printing. As
BBK is not a well-studied initiator, a range for the parameters was estimated using the parent
molecule from which it was derived [41,42].
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Table 1. Fixed model parameters

Parameter name Symbol Value Reference

Laser wavelength 800 nm, 532 nm Exp.

Repetition rate 80 MHz Exp.

Pulse width (800 nm) 485 fs Exp.

Pulse width (532 nm) 1.2 ns Exp.

Beam waist 388 nm Exp.

Free monomer initial concentration [M]i 3900 mol m−3 Exp.

Photoinitiator initial concentration [PI]i 15 mol m−3 Exp. estimation

Inhibitor initial concentration [Z]i 4.55 mol m−3 [39,43]

Triplet quantum yield (800 nm) φT 0.90 Estimation [42]

Kinetic rate coefficient for initiation ki 50 m3 mol−1 s−1 [44]

Kinetic rate coefficient for termination kt 1 m3 mol−1 s−1 [45]

Kinetic rate coefficient for inhibition kz 3.82× 104 m3 mol−1 s−1 [32,39]

Inhibitor diffusivity dz 2.19× 10−10 m2 s−1 [32,39]

Table 2. Fitting model parameters

Parameter name Symbol Value Reference

Photoinitiator diffusivity dPI 7.14× 10−11 m2 s−1 2.22× 10−11 m2 s−1

[39,46]

Molar extinction coefficient (532 nm) εg 240 M−1cm−1 < 800 M−1cm−1 (Exp.
estimation)

Two-photon cross section (800 nm) σ2 19.18 GM ∼191 GM [42]

Kinetic rate coefficient for propagation kp 9.4 m3 mol−1 s−1 2.08 m3 mol−1 s−1 [39,45]

Kinetic rate coefficient for radical generation kr 1.27× 106 s−1 1.06× 105 s−1 [47]

Kinetic rate coefficient for phosphorescence kph 5.9× 103 s−1 5.9× 105 s−1 [47]

4.3. Computational results and discussion

4.3.1. Comparison with experimental data

Using the model parameters described in Table 1 and Table 2, linewidth versus laser power and
linewidth versus laser scanning speed results are compared against experimental data for both
single-beam and two-beam printing in Fig. 5. The change in printed linewidth with fs laser
power at 100 µm s−1 speed is shown in Fig. 5(a), and Fig. 5(b) shows the change in linewidth
vs. laser scanning speed while keeping the 800 nm fs laser power constant at 1.87 mW. For
each experimental data point in Fig. 5(a) and Fig. 5(b), 10 lines 60 µm long are printed 1 µm
apart. The linewidths measured through image processing of SEM images are then averaged
to get one data point. The error bars represent the standard deviation of the linewidths data
averaged to get this one point. A minimum linewidth of 221 nm can be achieved while printing
with the 800 nm fs laser (only) at 1.38 mW. Below this linewidth, printed lines did not remain
sufficiently upright to be measured. Simulated linewidths are determined by finding the locations
within which the degree of monomer conversion is above 25%. The trend in both plots shows
good agreement between results obtained from simulation and experiment. Figure 5(c) shows
the change in linewidth for two-beam printing where 800 nm laser power is held constant at
0.69 mW and 532 nm laser power is continuously increased. Each data point represents the
linewidth measurement of one 30 µm long line at 100 µm s−1 speed as subsequent lines can
be affected by the 532 nm laser power. The error bars represent the standard deviation of the
linewidth measurement data taken from different parts of that one line. For two-beam printing,
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the minimum measured linewidth is 278 nm for a combination of 0.69 mW 800 nm laser power
and 5.86 µW 532 nm laser power. The computed linewidths trend in Fig. 5(c) shows a reasonable
agreement with the experimental results. There exists a departure of data points at low 532 nm
laser power since lines start to fall over at low laser power, and it becomes hard to measure the
original linewidths after development.

b)

c)

a)

Fig. 5. (a) The experimental data of linewidth versus fs laser power compared with the
results of the numerical simulation. (b) The experimental data of the linewidth versus fs laser
scanning speed compared with the results of the numerical simulation at fs laser power of
1.87 mW. (c) Linewidth versus laser power comparison for two-color printing. The fs laser
power is fixed at 0.69 mW and 532 nm laser power is gradually increased. The departure of
experimental data at ∼5 µW 532 nm laser power is due to lines falling over at low power
after the development process. All the error bars correspond to the standard deviation of the
linewidth measurement for that data point.

4.3.2. Contribution of reaction species for threshold power reduction

To understand the two-color printing process and determine the dominant processes controlling
reduction in fs laser power, we investigate the temporal evolution of reaction species first. We
compute the printing of a 2 µm long line at 100 µm s−1 speed. Temporal evolution data are taken
at 1 µm from the starting location of the laser to ensure steady printing. Four sets of laser power
combinations shown in Fig. 6 are selected to compare the cases of printing with fs laser only, 50%
of fs laser power (only), a combination of fs laser and 532 nm laser, and 532 nm laser only. The
532 nm laser power is carefully selected to get similar linewidth in two-beam and single-beam
(800 nm laser) printing for comparison purposes. From Fig. 6(a), it is seen that a similar degree
of monomer conversion is possible at 50% fs laser power if we use a sufficient amount of 532 nm
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laser power at the same time. At those power levels, the 532 nm laser or the 800 nm laser working
alone cannot achieve sufficient monomer conversion to survive the development process.

a) b)

d)c)

Fig. 6. Evolution of reaction species with time. Simulating the printing of a 2 µm long line
at 100 µm s−1 speed, temporal development values of (a) monomer conversion, (b) oxygen
concentration, (c) macroradical concentration, and (d) photoinitiator concentration are taken
at 1 µm from the starting location of the laser. Four combinations of laser powers are used to
show the effect of two-color printing in threshold power reduction.

Analysis of the evolution of species’ concentrations suggests that oxygen quenching plays an
important role in the polymerization process. The rate of oxygen diffusion from the surrounding
area into the focal volume inhibits photoexcitation by TPA and 1PA [31,32]. At high enough
fs laser power or in the case of two-color printing, oxygen is depleted below a certain level as
shown in Fig. 6(b). A simultaneous increase in radical to macroradical conversion can be seen in
Fig. 6(c). Note that the 532 nm laser (alone) is efficient at reducing the oxygen concentration as
shown in Fig. 6(b) (the green line). When oxygen is close to depletion, radical to macroradical
conversion increases rapidly. That is, the concentration of macroradicals in Fig. 6(c) would
increase rapidly with the increase of the laser power. This also suggests that, when combined
with 50% fs laser power, a careful selection of the 532 nm laser power is needed to avoid
over-polymerization and simultaneous photoinitiator depletion as shown in Fig. 6(d).

To further understand the effects of both laser powers on the reaction species, we investigate
the most developed state (maximum or minimum value) of the reaction species in the temporal
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a) b)

c) d)

e) f)

Fig. 7. Variations of reaction species with laser power. (a) monomer conversion, (b)
oxygen concentration, (c) macroradical concentration, (d) triplet concentration, (e) radical
concentration, and (f) photoinitiator concentration in their most developed state (maximum
or minimum value) in the temporal domain are plotted as a function of laser powers.

domain as shown in Fig. 7. These values are also taken at 1 µm from the starting location of
the laser to ensure steady printing. The maximum fs laser power in the bottom axes in Fig. 7
is the power at which the minimum experimental linewidth was measured. The three lines in
each plot represent different amounts of 532 nm laser power, 0, 2.6 µW, and 5.2 µW which was
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used in line printing. The maximum amount of monomer conversion vs. laser power is shown in
Fig. 7(a). Conversion over 25% can be achieved at a fs laser power greater than 1 mW alone. In
two-color printing, a similar amount of monomer conversion can be achieved at a much lower fs
laser power with the increase of 532 nm laser power.

From Eq. (5) and temporal plots in Fig. 6, a reduction in oxygen concentration is necessary
for radicals and macroradicals to continue the reactions to form the polymer chain. Figure 7(b)
shows the minimum oxygen concentration achieved vs. fs laser power. The oxygen depletion
level when fs laser prints alone is achieved at a lower fs laser power when two beams are printing
simultaneously. A similar trend can be seen in the maximum macroradicals concentration
generated in Fig. 7(c).

Figures 7(d) and Fig. 7(e) show the change in maximum number of triplets and radical
concentration with laser power. They show a similar trend due to the direct dependence of radical
generation on the triplet concentration as described in Eq. (2) and Eq. (3). Although the addition
of 532 nm laser helps in increasing the radical generation, at high fs laser power alone, more
radicals are generated compared to when the 532 nm laser is used. This is because apart from
oxygen, the 532 nm laser also consumes photoinitiators more rapidly than the fs laser alone,
as shown in Fig. 7(f). The reduction in photoinitiator in fact limits the maximum amount of
532 nm laser power that can be used in this two-beam printing process. This limiting effect of
photoinitiator diffusion on polymerization has also been discussed in the literature [32]. The
experimental results like those shown in Fig. 2(b) but at higher 532 nm laser powers, where
the middle part of woodpiles starts to collapse, also suggest the contribution of photoinitiator
depletion compared to the edges where photoinitiator molecules can be resupplied by diffusion
from its surroundings.

5. Conclusion

The method of two-color 3D printing to reduce the fs laser printing power is shown experimentally
and explained with a photochemical model. Experimental results show the ability of this method
to reduce the printing power of the fs laser by up to 80 percent for 2D structures and up to
∼50 percent for 3D structures. Thus, allowing the upscaling of printing speed for standard fs
laser-based systems. The addition of a 532 nm laser helps in reducing the oxygen concentration
below a certain level required for the rapid increase in macroradical generation and subsequent
monomer conversion. As TPP dominates the printing process, the typical TPP minimum feature
size can be achieved for a certain range of combinations of fs and 532 nm laser power. Although
the amount of threshold reduction increases with the 532 nm laser power, the simultaneous
decrease in photoinitiator concentration limits the reduction of the fs threshold laser power to
∼50 percent.
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