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High-Speed One-Photon 3D Nanolithography Using
Controlled Initiator Depletion and Inhibitor Transport

Shih-Hsin Hsu, Teng Chi, Jinwoo Kim, Paul Somers, Bryan W. Boudouris, Xianfan Xu,

and Liang Pan*

Additive manufacturing of sophisticated 3D nanoscale objects commonly
uses femtosecond lasers to photopolymerize a light-sensitive resin using
multi-photon absorption. This nonlinear process provides high accuracy

and flexibility in advanced 3D fabrication; however, it typically has limited
throughput and high cost. This work makes use of a one-photon-based
dosage-nonlinearity to fabricate 3D nanostructures, demonstrating a
cost-effective method for 3D nanolithography using a low-cost 405 nm
continuous-wave diode laser. This dosage-nonlinearity is achieved by using
controlled depletion of photo-initiation species in an environment containing
inhibiting species. By controlling multiple competing processes, the unde-
sired dose accumulation outside the writing voxel is stopped, and thereby
this method creates a confined writing voxel in space. A multiphysics model
is developed to numerically study the one-photon nonlinear photopolymeriza-

tion process, which is compared with experimental results.

1. Introduction

Additive manufacturing patterns 3D parts for rapid prototyping
and low-volume production in many technological areas.'™ It
proliferates with several distinct technologies and is capable
of building objects covering a wide range of materials and
feature dimensions.’% Among them, photopolymerization is
a common approach to create features at the microscale in a
light-sensitive resin bath.”! Because of its processing accuracy
and flexibility, photopolymerization can create complicated 3D
shapes by the projection of dynamic optical fields or fast scan-
ning of a focused laser beam. One-photon projection printing
methods, such as the micro-stereolithography (USL) method
and its derivatives print objects in a layer-by-layer manner,
adding inert photo absorbers to the resins to limit the light
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penetration thereby creating a patterning
zone confined to the top-most layer of the
resin bath. A mechanical recoating pro-
cedure is performed for forming a new
resin layer before each projection. Layered
3D objects are then created by repeating
dynamic 2D optical patterns onto each
layer of resin.'¥! To avoid the slow-down
by the recoating step, a fluorinated oil has
been used as a mobile liquid interface to
maintain a constant supply of fresh resin
for continuous fabrication.'! Yet another
way to improve the printing speed, the
continuous liquid interface production,
adds a dead zone of polymerization
beneath the writing zone which allows
continuous refill of fresh resin without the
need for a dedicated recoating step.?l A
typical approach is to use a gas-permeable
window to create an oxygen-rich dead
zone near the window and use oxygen to inhibit radical poly-
merization. An alternative approach is to photochemically
generate inhibiting agents, defining the dead zone by using
a second light beam.[8] Recently, a reverse algorithm of com-
puted tomography imaging was used to spatially control the
dosage of illumination and create 3D parts using fast volu-
metric illuminations."!

Laser scanning methods can write fine features at the
nanoscale. Two-photon lithography uses nonlinear excita-
tion of photo-responsive materials to polymerize confined 3D
regions (voxels).'67% Tt typically requires a femtosecond laser
operating at a near IR wavelength and scanning the voxel loca-
tion inside material to create 3D shapes. When using high
numerical aperture objectives, two-photon lithography can reli-
ably produce submicron features beyond the diffraction limit.
Inspired by stimulated-emission depletion, the writing voxel
size can be further reduced by another depletion light and has
reliably been demonstrated for nanoscale patterning at about
20-30 nm.[2-2%] Despite the advantages of its high patterning
resolution, conventional two-photon lithography still has a
relatively higher tool cost than projection LSL. Recent research
used a spatial-temporal focusing effect to perform multiphoton
projection to enhance the process throughput and successfully
build millimeter-sized 3D parts with sub-micron features.?324
Multiphoton printing throughput has been significantly scaled
up through the use of beam splitting techniques for printing
with multiple foci.?>-*] However, the multiphoton absorption
process requires femtosecond lasers as light sources which rep-
resents a significant tool cost for mass production.?3?4 Instead,
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a one-photon process can work with the diode laser, operating
at a power of milliwatt level or lower, which provides a low-
cost alternative to print 3D nanostructures. By allowing dis-
solved oxygen to refill around a writing voxel excited by lower
power, researchers have written 3D nanostructures using a
continuous-wave laser at a writing speed up to 10 um s1.128-30
Other researchers used photo-induced radicals to produce the
inhibition effect near the voxel to create 3D structures.’32
Furthermore, other one-photon based processes, such as photo-
thermal initiations, are also demonstrated to locally activate
polymerization at the voxels.>*3% The above one-photon non-
linear printing processes still require lasers with high peak
powers, writing at low speeds, or coordination of multiple light
sources. Here, we report a high-speed 3D nanolithography
method using a one-photon nonlinear polymerization process
that operates at a low peak laser power for high-speed writing.
By designing the molar concentration of photoinitiator to be the
same order as the inhibiting species, we used a new nonlinear
effect arise from the depletion of initiation species to stop unde-
sired dose accumulation outside the writing voxel to spatially
and temporally control the activation of initiating together with
the transport of inhibiting species to perform 3D nanoscale pat-
terning at scanning speeds of 100s of um s~ using an average
laser power of a few milliwatts.

2. Results and Discussion

A home-built system with a compact diode laser operating at
405 nm wavelength (shown in Figure S1 in the Supporting
Information) is used to conduct the laser direct-write experi-
ments. As shown in Figure 1a, the system scans a focused
laser beam into the resin bath and selectively polymerizes the
resin to create 3D structures, anchored onto a substrate, with
the assistance of inhibition by controlling multiple competing
processes.

To achieve a Schwarzschild-type dosage-nonlinear response,
the concentrations and components of the photocurable resin
are designed based on the free radical polymerization reactions
as shown in Figure 1b and the chemical structures of the key
components are shown in Figure 1c. The concentration of the
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photoinitiator, phenylbis(2,4,6-trimethylbenzoyl)phosphine
oxide (BAPO; Sigma-Aldrich), is chosen to be on the same order
of magnitude as the dissolved oxygen concentration, around
1% 1073 M in the resin.® When the initiator molecules BAPO
(In) in the resin absorb photon energy (hv) from the laser, they
are excited and undergo photo-cleavage to generate active radi-
cals (R-). The active radicals attach to the monomer (M), tri-
ethylene glycol dimethacrylate (TEGDMA; Sigma-Aldrich) and
launch a propagation reaction to form the polymeric networks.
Typically, in this free-radical polymerization process, the con-
version of the monomer is determined by the accumulative
number of photons absorbed (exposure dose), disregarding the
intensity and exposure time of the light, which yields a linear
process. However, once the concentration of photoinitiators
has declined to a similar level to that of the dissolved oxygen, a
highly nonlinear response begins to arise due to the competing
effects between inhibition of oxygen and polymer chain growth.
When low-intensity light propagates in the resin, the radicals
generated are quickly consumed by inhibition species, such as
the dissolved oxygen and the 4-methoxyphenol (MEHQ, also
known as a polymerization retarder), as the inhibition process
is several orders faster than polymerization based on their reac-
tion nature, which prevents polymerization.?%-313334 Due to
the low concentration of initiator, the excited initiating radicals
can be depleted by the inhibiting species and forms a spatially
defined writing voxel. When the light intensity is increased to
photo-cleave most of the initiators inside the voxel in a short
period (such as several or a few tens of microseconds), the local
inhibiting species are then promptly consumed such that the
chain growth process overwhelms the inhibition process to
complete polymerization in the rest of the period. In addition,
the photoabsorber (Sudan I) in the resin may also absorb the
light and locally increases the temperature to assist the writing
process.l*®! Meanwhile, at the onset of polymerization at the
voxel location, radicals initiated outside the voxel would be
quickly consumed by inhibiting molecules to prevent undesired
polymerization, and the inhibiting molecule concentration can
slowly recover by diffusion to maintain the existing inhibition
process.

Fast temporal modulation of the laser intensity is employed to
improve the pattern uniformity, by controlling the competition
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Figure 1. Experimental setup and nonlinear response working mechanism. a) lllustration of nonlinear 3D printing. b) Working mechanism of inhibi-

tion. In: photoinitiator, M: monomer, MEHQ: inhibitor, R-: radical, Q*
monomet, and inhibitor used in the resin.
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among the creation, diffusion, and consumption of initiation
and inhibition species. The laser temporal modulation has
three phases within each cycle. In phase I, the pulse starts, and
radicals are generated to overcome local inhibition from inhibi-
tors without polymer generated. Following in phase II with con-
tinuing irradiation, local inhibitors are nearly depleted while
initiating radicals are still being generated to trigger polymer-
ization. After the target feature is exposed (phase III), the laser
power is tuned down and allows inhibition radicals to diffuse
and recover for the next cycle/pulse. Ideally, minimum polymer
chain diffusion would be favorable for high resolution and only
inhibitors in this local position are used up, preventing extra
polymer accumulation caused by the depletion of oxygen out-
side the writing region during the writing process. Considering
the diffusivity of oxygen in the monomer is 1.5 x 107 m? s7!
laser pulses of 10-100 s kHz repetition rates, 2-5% duty cycles,
and modulation contrast ratios around 10:1 are selected to allow
oxygen to sufficiently refill around the writing voxel.l>3>3]
Using this selection of laser parameters, the diffusion length
of oxygen is around 100 nm. This choice optimizes the usage of
inhibition species to give a consistent writing performance. In
a fresh resin, an initial threshold of 2.88 mW (all power levels
in the following text are evaluated at the sample surfaces), cor-
responding to an average laser intensity of 1.06 MW cm (all
intensities are evaluated at the laser foci with more details in the
supplementary information), was observed at a low scanning
speed of 100 um s~ (which is corresponding to 690 voxel s or
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a 145 nm voxel size) and no polymerization was observed at
lower laser powers. This threshold shows a drastic change in
polymerization, indicating a high nonlinearity near this writing
power where initiation starts to break its balance with inhibi-
tion during this dynamic writing process. As the power is
increased to about 3.6 mW at the same 100 um s speed, extra
polymerizations can be observed as sharp features start to grow
thicker. As we further increase power, initiating radicals over-
whelm inhibiting radicals and dominate the process. In this
high-power region, polymerization growth begins to approach a
linear dependence of power.

An oxygen-rich environment can lead to a strong Schwarzs-
child-type nonlinearity that causes patterning distortion at the
early stage, where the uncontrolled consumption of oxygen
and inhibitor molecules could cause inconsistency and poor
pattern definition in writing results. This undesired variation
of the writing feature size could be sensitive near the writing
threshold due to dose accumulation. Figure 2 shows the pattern
inconsistency caused by the Schwarzschild-type nonlinearity
and our approach to resolve this issue. As shown in Figure 2a,
an array of blocks with different average power and scanning
speed is fabricated, where the first few blocks are incomplete
due to the strong Schwarzschild effect. Figure 2b shows the sta-
bility of the writing process by using a constant average power
to write an array of blocks under the Schwarzschild effect. As we
can see, the strong inhibition in the background must be over-
come before the actual writing can happen, and it causes the
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Figure 2. Nonlinearity characterization experiment and simulation. SEM images of arrays of block patterns under different writing conditions: a) Blocks
printed for varying laser scanning speed and laser power. Scale bar: 10 um. b) Writing block pattern at constant average laser power and varying
scanning speed, repeating five times with sequence of printing indicated. Scale bar: 10 um. c) A block array was fabricated by repeating the exposure
100 times (at a scanning speed of 500 um s™' and average power of 1.8 mW.) Scale bar: 10 um. d) A block array fabricated after a pre-conditioning
approach using a scanning speed of 200 um s~ and an average power of 1.8 mW. (Pre-conditioning method: use a scanning speed of 500 um s~ and
average power of 1.08 mW to scan the area for 5 min before patterning.) Scale bar: 10 um.
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incomplete polymerization of the blocks in the top row. How-
ever, once steady writing conditions are achieved, consistent
blocks can be written uniformly after the second row with
small variations. In Figure 2c, an array of blocks is created by
repeatedly scanning the area for 100 rounds at a power level of
1.8 mW and a speed of 500 um s7!, where the consistent blocks
are written. Since the strong Schwarzschild effect is expected
to fade away in the first few rounds, the fact that patterns are
still well confined to the writing plane confirms that a strong
nonlinearity still exists after repeated writings. This result also
indicates that the strong Schwarzschild effect contributes sig-
nificantly to the observed initial threshold (about 2.88 mW) and
the required patterning threshold is about 1.8 mW without it.
Therefore, we used a preconditioning method to establish a
consistent writing environment by using a laser power level
well below the threshold to repeatedly scan the area (a scanning
speed of 500 um s and an average power level of 1.08 mW to
scan the area for 5 min) before starting patterning. Based on
this preconditioning approach, consistent printing results are
achieved with a 1.8 mW power level as shown in Figure 2d.
The effective order of nonlinearity in printing, ¥ is usually
characterized by using the relationship between the effective
exposure dose rate, D, which can be estimated by the amount
of polymerization per unit time, and the incident laser power
intensity I as D o I” where y= 2 in a two-photon polymerization
process. However, this method cannot be directly extended to
characterize the order of nonlinearity for the one-photon poly-
merization process since the associated inhibition process is
not directly determined by the laser intensity itself.?! Instead,
a different approach can be used to characterize nonlinearity
by determining equivalent polymerization amounts at different
pulse energies. To study this competing process, a multiphysics
model is constructed to understand the intensity-dependent
nonlinear response by capturing the laser light propagation,
free-radical photopolymerization, and mass transport of partici-
pating materials, which are later compared with the exposure
dose measurements. As shown in Figure S2 in the Supporting
Information, the incident laser with pulsed intensity profile has
a Gaussian spatial distribution, and it can generate initiating
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radicals, R, by exciting the BAPO initiator.®¥ The initiating rad-
icals, R, react in three main paths including inhibition, chain-
growth, and termination. Inhibition is the fastest reaction, with
a reaction constant ko, which is three to four orders of mag-
nitude larger than the other two reactions.*” The radicals and
live chains preferably react with oxygen first and generate inert
products, meaning that oxygen inhibition occurs before other
reactions can happen. The second path, chain growth, is a tem-
perature-sensitive process involving reactions of mixed chain
lengths and molecule morphologies. Here we model it using
Arrhenius’s law with an equivalent activation energy and reac-
tion constants for polymerization.*#l The termination reac-
tion contains disproportionation and recombination of radicals.
It has a high initial reaction rate which quenches radicals and
decays as monomer conversion increases.*>* Here, the termi-
nation process is modeled using an empirical reaction rate with
a dependence on conversion. In addition, the diffusion of the
species also affects the local polymerization rate, particularly
for that of oxygen whose diffusivity is more than two orders of
magnitude higher than other species (monomers, initiators,
radicals, ligaments, etc.).’>*] The detailed parameters can be
found in Table S1 in the Supporting Information.[1>3942=]
According to the simulated response under low laser power
irradiation, the generated photoradicals and live chains mainly
react with oxygen without initiating bulk polymerization. While
oxygen is consumed locally, its concentration is partially main-
tained by in-bound diffusion from surroundings, whereas the
refill of initiators is negligible due to their low diffusivity. Despite
continuous laser irradiations for several seconds or even longer,
the photoexcited reaction gradually stops since the initiators are
eventually depleted at the laser focus. Under this condition, the
local and neighboring oxygen concentrations may reduce signif-
icantly but remain sufficiently high to dominate in the overall
reactions. If laser power increases beyond a threshold level for a
prolonged period, the polymerization process starts to proceed
as the neighboring oxygen concentration drops to a level where
depletion of oxygen starts to occur locally at the laser focus. This
delayed start of polymerization is referred to as the inhibition
period.?! Under intense laser irradiations, the oxygen will be
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Figure 3. a) Minimum pulse energy required for polymerization in simulation/experiment. b) Simulation of oxygen consumption and c) simulation of
monomer conversion for laser parameters Py =2 mW, f=100 kHz, and duty cycle D =10%.
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locally consumed before refill diffusion happens due to its low
initial concentration and the newly generated radicals start to
efficiently trigger the growth of polymer chains. The simulation
captures the competing processes and predicts the formation of
the nonlinear polymerization as a function of chemical concen-
trations and light intensity.

The multiphysics simulation results show good agreement
with the trend of exposure dose measurements. The experiment
was conducted to measure the polymerization amount per
laser pulse through the minimum number of pulses required
for fully polymerizing a dot. As shown in Figure 3a, no poly-
merization can be observed using pulse energies lower than
10 nJ (corresponding to an intensity level of 0.40 MW cm™)
for an exposure duration of 4.5 ms, indicating the existence
of a threshold. When the pulse energy is near the threshold,
the polymerization occurs and the polymerization amount per
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pulse increases by more than ten times over a small power
increase where a few thousand pulses are needed to generate
a solid polymeric dot. The same trend of rapid change in poly-
merization amount can also be seen in the simulation.

Figure 3b shows the simulated intensity-dependent non-
linear responses at two laser powers P, and 2P, where
Py = 2 mW is near the writing threshold. For both cases, the
oxygen is consumed within the first few laser pulses. The
oxygen slowly recovers through diffusion when the laser power
is low (P,), however remains depleted at a higher power level
(2Py) which leads to increased conversion for polymerization.
Figure 3c shows the evolution of monomer conversion under
these two laser power levels, measured by the ratio of monomer
consumed. A doubling of the power near the threshold can lead
to over four times more conversion, which can solidify to form
polymeric structures.
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Figure 4. SEM images of fabricated structures. a) A single-layer fishnet structure. Scale bar: 2 um. b) A Moai statue from different angles. Scale bar:
10 um. c) A woodpile structure. Scale bar: 2 um. d) A zoomed-in view of (c). Scale bar: 1 um. e) A tall woodpile structure. Scale bar: 5 um. f) Top view
of a woodpile structure. Scale bar: 2 um. For panel (a) and panels (c—f): scanning speed of 50-100 um s~' and average power of 1.8-2.88 mW. For (b):

scanning speed of 1000 um s™' and average power of 2.16 mW.
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Figure 4a shows a single-layer fishnet structure with a
linewidth of 360 nm patterned by focusing the laser through a
resin layer 160-um thick. Consistent writing without unwanted
polymerization was achieved, with a resulting 360 nm
linewidth. In addition, adding quenchers (Figure S3, Sup-
porting Information), such as 4-hydroxy-2,2,6,6-tetramethyl-
piperidine 1-oxyl (TEMPO-OH), can effectively help to reduce
the linewidth.”*¥l TEMPO-OH is a strong inhibition molecule
and can be used to reduce the variation of the concentration of
oxygen during printing. This effect is achieved at a molar con-
centration of TEMPO-OH 5% higher than the photoinitiator. Its
thermal reversible initiation allows the fabrication of a smaller
linewidth of 130 nm as shown in Figure S4a in the Supporting
Information. Figure 4 panel b shows a Moai statue and panels
c—f show 3D woodpile structures. The multiple individual
layers can be observed with layer separation. The demonstrated
feature sizes of the printed structure match the shape of the
optical focus used in the experiments. The starting point of a
written line tends to be slightly thinner due to local variations
of inhibiting effect. By operating near the writing threshold,
nanoscale solid structures can be written consistently under
dynamic inhibition control. Figure S4b in the Supporting Infor-
mation shows the finest feature sizes fabricated, including a
suspended line of 130 nm thick using a laser power close to
the writing threshold, which implies the possibility of printing
sub-diffraction-limit features by trimming the voxel using engi-
neered inhibition. Another demonstrated 3D printing result is
shown in Figure S4c in the Supporting Information.

3. Conclusion

In conclusion, a 3D nanolithography method based on one-
photon dosage-nonlinear polymerization is investigated using a
compact 405 nm diode laser. By using a new dosage-nonlinear
effect arising from the depletion of photoinitiators together
with diffusion of inhibitors, a highly dosage-nonlinear polymer-
ization process is achieved at high writing speed and low laser
power. A modulated laser is used to optimize printing perfor-
mance and achieve consistent nanoscale feature size. With this
approach, complex structures are fabricated with the feature
size of 100s of nm scale. A numerical model based on free rad-
ical polymerization reactions is studied to further understand
the mechanism of this nonlinear polymerization. Compared
to multiphoton lithography, this method used low-cost diode
lasers with milliwatt scale power at a high scanning speed of
100s um st These demonstrated results show potential to
achieve fast one-photon 3D nanoscale fabrications through par-
allel operations and high writing speed.

4. Experimental Section

Preparation of Resins: All chemicals were purchased from Sigma-
Aldrich, and they were used as received. The resin in which the
microstructures were directly written was mixed using the components
described as follows. The monomer mixture was composed of 95 wt%
trimethylolpropane triacrylate (TMPTA) or pentaerythritol triacrylate
(PETA) and 5 wt% of triethylene glycol dimethacrylate (TEGDMA).
This composition allowed for quantification of the different rates of
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crosslinking of the monomers to reduce undesired polymerization
outside of the voxel. Phenylbis(2,4,6-trimethylbenzoyl) phosphine oxide
(BAPO) was later added as the photoinitiator with a concentration of
80 ppm in the monomer mixture. Also, 0.3 wt% of 4-methoxyphenol
(MEHQ) was added as the inhibitor, and 0.1 wt% of 1-(phenyldiazenyl)
naphthalen-2-ol (Sudan 1) was added as the photoabsorber. All the
materials were measured and mixed and sonicated for 2 hours in the
open air and stored in a vial under room temperature with minimum
exposure to ambient light. Due to the concentration of Sudan |
compared to other species, the absorption spectrum of the resin was
almost the same as Sudan I.

Direct Laser Writing: As shown in Figure S1 in the Supporting
Information, a system was constructed for laser scanning experiments
with a compact diode laser operating at 405 nm wavelength. A spatial
filter aperture was integrated into the laser path to refine the beam
quality. To scan the beam laterally, the laser was steered by a piezo
scanning mirror to provide the in-plane 2D motions. An objective
z-piezo stage was mounted under the objective to actuate the focal
plane in the z-direction and therefore a 3D patterning space can be
accessed. An oil immersion no cover glass (NCG ) objective lens with
a numerical aperture of 1.4 and 100x magnification was mounted on the
z-piezo stage. A drop of resin was placed between the objective and a
cover slide to conduct the patterning experiments.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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