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Two-step absorption instead of two-photon
absorption in 3D nanoprinting

Vincent Hahn®"224, Tobias Messer®’, N. Maximilian Bojanowski?, Ernest Ronald Curticean3,
Irene Wacker#, Rasmus R. Schréder®#, Eva Blasco**° and Martin Wegener ©12

The quadratic optical nonlinearity arising from two-photon absorption provides the crucial spatial concentration of optical exci-
tation in three-dimensional (3D) laser nanoprinting, with widespread applications in technical and life sciences. Femtosecond
lasers allow for obtaining efficient two-photon absorption but are accompanied by a number of issues, including higher-order
processes, cost, reliability and size. Here we introduce two-step absorption replacing two-photon absorption as the primary
optical excitation process. Under suitable conditions, two-step absorption shows the same quadratic optical nonlinearity as
two-photon absorption. We present a photoresist system based on a photoinitiator supporting two-step absorption, a scavenger
and a well-established triacrylate. We show that this system allows for printing state-of-the-art 3D nanostructures and beyond.
In these experiments, we use ~100 pW optical power from an inexpensive, compact continuous-wave semiconductor laser diode
emitting at 405 nm wavelength. Our work opens the door to drastic miniaturization and cost reduction of 3D laser nanoprinters.

n her PhD thesis, Marie Goppert-Mayer brought two-photon

absorption to light'. In a two-photon absorption process (illus-

trated in Fig. 1), the light field induces a state in between the
ground state and a relevant excited state of a quantum system, for
example, a molecule. This induced state (Fig. 1b, dashed white
line), also known as the dressed state in quantum optics’, is com-
monly referred to as a virtual state. This state really exists, but
only as long as the light field is switched on. When using a laser
pulse, the virtual-state lifetime is determined by the pulse duration.
Intuitively, the first photon induces the transition of an electron
from the ground state to the virtual state, from which the second
photon induces the transition to the excited state.

Today, two-photon absorption processes are crucial in multipho-
ton optical microscopy* and multiphoton optical lithography™”,
both of which have been commercially available for many years.
Multiphoton optical lithography has become a well-established
method to fabricate three-dimensional (3D) structures from the
nanoscaletothemicroscale®''.In 3D opticallithography (also known
as direct laser writing or 3D laser nanoprinting'>"*), two-photon
absorption leads to a scaling of the photoinitiator transition rate
and hence of the exposure dose proportional to I, that is, the light
intensity squared’. Critically, this quadratic nonlinearity suppresses
unavoidable lateral and axial tails of the diffraction-limited laser
focus and thereby warrants the crucial concentration of the exci-
tation and the following chemical reaction along all three spatial
directions. Importantly, one-photon absorption alone without addi-
tional nonlinearities cannot fundamentally provide this concentra-
tion in the making of arbitrary 3D structures'’. To obtain efficient
two-photon absorption, mode-locked pico- or femtosecond laser
sources are routinely used. On diffraction-limited focusing, peak
intensities in the range of I=10""Wcm™ and the corresponding
photon irradiance of 3x10*s”cm™ (at a wavelength of 800nm)
provide appreciably large effective cross sections in the range of
107°-10*"cm?, depending on the photoinitiator molecule'*'¢.

Although being a well-established technology, using femtosec-
ond lasers to obtain efficient two-photon absorption in 3D laser
nanoprinting has a number of conceptual and practical drawbacks.
First, when increasing the laser power from the point of sufficient
polymer crosslinking upwards, micro-explosions occur'” due to the
onset of three- and four-photon absorption processes and beyond,
leading to the unwanted population of high-energy electron states.
Typically, the laser power at which micro-explosions occur is less
than an order of magnitude above the writing point'®. Sometimes,
the process window is even as small as 10% (ref. '*). Small pollutants
or dirt microparticles in the photoresist can trigger micro-explosions
even at the writing point. Such events render entire time-consuming
3D printing jobs useless. Second, the required femtosecond laser
oscillators still cost tens of thousands of euros. Third, the femto-
second laser and its supply take up a considerable volume fraction
of the overall instrument. This combination of cost and size has so
far prevented 3D laser nanoprinters to become anywhere close to
as ubiquitous as graphical two-dimensional (2D) laser printers or
other forms of optics-based 3D printers'>".

Here we introduce a photoresist system for 3D laser nanoprint-
ing that contains benzil as a photoinitiator supporting two-step
absorption instead of two-photon absorption. Two-step absorption
is the reverse process of quantum cutting”**', whereas two-photon
absorption is the reverse process of parametric downconversion®.
We show that two-step absorption—if used under the appropriate
conditions—exhibits the same crucial quadratic dependence of the
exposure dose D on the light intensity I, that is, D « I?, as two-photon
absorption. Unlike for two-photon absorption, a continuous-wave
(cw) laser with sub-milliwatt optical output power suffices for
obtaining polymerization in two-step absorption. The actual expo-
sure can require powers below 50 pW. Using a tiny semiconductor
cw laser, which costs merely tens of euros, we demonstrate two-step
absorption at laser wavelengths in the deep-blue spectral region.
We describe the physics and chemistry of the two-step absorption
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Fig. 1| 3D laser nanoprinting using two-photon absorption or

two-step absorption. a, Schematic of 3D laser nanoprinting based on a
diffraction-limited laser focus for large numerical aperture (not to scale).
b, Schematic of the energy-level diagram of a canonical two-photon
absorption process exciting an electron from a photoinitiator ground
state to an excited state with subsequent radical (R-) formation. The
dashed horizontal line indicates the intermediate virtual state. ¢, The
same energy-level diagram as in b, but for two-step absorption instead of
two-photon absorption. Here a real intermediate electronic state is used
instead of a virtual intermediate state in two-photon absorption.

process and demonstrate printing of selected benchmark 3D nano-
structures. Some of these benchmarks go beyond the previous
state-of-the-art values, even when including 3D laser nanoprinting
enhanced by conceptually diffraction-unlimited stimulated emis-
sion depletion (STED)*.

Two-step absorption versus two-photon absorption

In two-photon lithography (illustrated in Fig. 1b), an electron
population of the initiator-molecule excited state starts a chemical
reaction, which leads to the local crosslinking and hence the local
solidification of a liquid monomer in a small volume element called
the voxel'” (analogous to a pixel—the 2D picture element). Under
high-numerical-aperture (NA) focusing conditions, this voxel has
a full-width at half-maximum (FWHM) of well below 1pm in all
three spatial dimensions®. Scanning of the laser focus according
to a predefined path in three dimensions, as schematically illus-
trated in Fig. 1a, followed by a development process that washes out
insufficiently cross-linked material, yields the wanted 3D micro- or
nanostructure’.

The basic idea of two-step absorption (Fig. 1c) is to replace the
virtual state in two-photon absorption (Fig. 1b) by a real state, that
is, by an intermediate electronic state that exists without the light
field. Its lifetime is typically determined by non-radiative processes
and can be orders of magnitude longer than femto- or picosec-
onds”. This difference implies three important aspects. First, the
efficiency of converting two photons into an excited-state electron
population increases with the ratio of the real-state lifetime to the
virtual-state lifetime. This ratio can be extremely large. Second,
the real-intermediate-state lifetime 7 = ky', the inverse of the
real-intermediate-state decay rate, introduces a characteristic tim-
escale into the overall process, which means that the exposure time
is not scalable as that in ideal two-photon absorption. We illus-
trate the more complex behaviour of two-step absorption by the
rate-equation calculations (Supplementary Information) for the
simplified energy-level model shown in Fig. 2a. The cw excitation
with intensity I starts at time t=0. The intensity enters into two
transition rates, namely, k, x € I and k, x €,1, with extinction coef-
ficients €, and €,. We refer these rates and the time to k;, to obtain a
universal representation. For early times (Fig. 2b), namely, th, <1,
the occupation of the upper level and hence the dose starts accord-
ing to D 212 At times tkj, = 10, the behaviour follows D « tI2. Note
that for both regimes, the dose scales «I" with exponent N=2 (for
comparison, D« tI is expected for one-photon absorption and

D« tI, for two-photon absorption). We calculate the general expo-
nent from the logarithmic derivative as follows:

_dlog(D) _ 1dD

dlog(I) ~ D dI’

The dependence of N on k,/k, and k,/k;, is shown in Fig. 2c,
and the corresponding exposure time is shown in Fig. 2d. Figure
2e summarizes the dependence of I versus exposure time t,,, for a
fixed dose of D=0.1 and €,/€,=100. This dependence is described
in the experiments discussed below. Third, in two-step absorption,
unlike for two-photon absorption, an electron in the intermediate
state may already trigger a polymerization reaction. It is of utmost
importance that we suppress such a trigger because this process
would correspond to polymerization by ordinary one-photon
absorption.

For benzil (Fig. 3a), the two-step-absorption photoinitiator
molecule used in this work, a Jablonski energy diagram, based on
another study”, is depicted in Fig. 3b. As shown in Fig. 2a, the
real intermediate-energy level shown in Fig. Ic is replaced by two
nearby real intermediate levels, namely, the singlet S, state and
triplet T, state. Intersystem crossing* brings electrons from the S,
to T, state within a few nanoseconds”. The quantum efficiency
of this non-radiative process is 92% (ref. *°). Figure 3c shows the
ground-state molar decadic extinction and excited-state extinc-
tion spectra of benzil in solution taken from the literature”’. The
wavelength of 405 nm (Fig. 3¢, arrow) lies in the tail of both spectral
maxima and therefore allows for mediating both types of transi-
tion. However, the ground-state extinction is about 100 times lower
than triplet-state extinction”. This has two attractive consequences.
First, at typical photoinitiator concentrations, the photoresist is suf-
ficiently transparent over distances of ~300 pm, that is, over typical
free-working distances of microscope objective lenses. This allows
for dip-in 3D laser nanoprinting”. Second, due to the relatively
high transient extinction, even moderate intensities are sufficient
to promote a considerable fraction of triplet-excited molecules to a
higher-excited triplet state.

For Norrish type I photoinitiators, radicals are generated by
the fragmentation of molecules into radicals by cleaving chemi-
cal bonds*, with typical bond energies above 3eV (69kcalmol™
(ref. °)). The triplet ground-state energy of benzil, Er,=2.3eV
(54kcalmol™), is well below that energy. For efficient bond scis-
sion from the triplet state, the triplet energy must be higher than
the bond energy”. Hence, benzil has been referred to as a ‘reluc-
tant Norrish type I’ initiator—which has been our motivation for
investigating benzil as a candidate for two-step absorption in the
first place. However, benzil, as well as other a-diketones, readily
abstracts hydrogen atoms from its triplet ground state®. This leads
to an undesired one-photon-triggered polymerization reaction.

In addition to the two-step photoinitiator, the photoresists used
here (subsequently abbreviated as PR1-PR4) contain bis(2,2,6,6-
tetramethyl-4-piperidyl-1-oxyl) sebacate (BTPOS) (Supplementary
Fig. 1) as a quencher and scavenger. BTPOS consists of two
linked 2,2,6,6-tetramethyl-4-piperidyl-1-oxyl (TEMPO) moieties.
Due to its persistent radical effect, TEMPO is commonly used
in nitroxide-mediated radical polymerization®. Furthermore,
TEMPO can suppress the undesired hydrogen abstraction initiated
from an electron in the benzil triplet T, state®, which may other-
wise occur and lead to unwanted radicals initiating the polymer-
ization reaction (Supplementary Fig. 2)*. This initiation would
be based on a one-photon process. In addition, TEMPO favour-
ably lowers the lifetime of the intermediate T, state®. Therefore,
the concentration of TEMPO (or BTPOS) is a design parameter in
the photoresist composition. Moreover, the photoresists PR1, PR2
and PR4 contain pentaerythritol triacrylate (PETA) as a monomer.
Although the monomer contains a hydroxy group, which is prone

NATURE PHOTONICS | VOL 15 | DECEMBER 2021 932-938 | www.nature.com/naturephotonics 933


http://www.nature.com/naturephotonics

ARTICLES NATURE PHOTONICS

a b tx ky
107 10° 10’ 10? 10° o=
¢§1.0 T ————= —— X . """'2%‘3 k|=k|3:k2=k|3
T3 1y 35
\ g ok : 0 22 (e) N
Ky ey x | R tx ko
107 10° 10’ 10? 10° o=
. - mém T 2%(3 K, = ko100, &, = ke,
T L 14 25
B 8505 1 3@ [A] [C]
IS I ! 0 =Z [B] N
Koy x| ko txky
107 10° 10’ 102 10° o=
. mém, T 2§3 K, = k10, k, = k10
T8 L 1, 35
P g 0.5 1 g3 [A] [C]
g 5 ! .. L 0 =% [B] N
c d e
Nonlinearity exponent, N toxp X Ko ,
10° 107" 10" 10° 10° 10°s
< 10
g" E
o
" S/%@.
D
=]
x 0
Y 10" &
S
60&
N
. 4 10*1 N Lol L Lot
10° 107 10’ 10° 107 107 10’ 10° 107 10° 10" 102 10°
ky/ks ki/ko top X Ko

Fig. 2 | Simplified energy-level model and rate-equation calculations for a two-step-absorption photoinitiator. a, Energy levels, with ground state A,
intermediate states B and B', and upper state C. We assume a rapid non-radiative decay from B' to B. Radicals (R-) are rapidly generated from a population
of energy level C, leading to dose D. At t=0, the ground-state population is 1, and all the other states are initially unpopulated. The rate coefficients

ko €,/ and k, x €,/ are proportional to the respective state's extinction coefficient and laser intensity /. b, Temporal evolution of the state population and
the nonlinearity exponent N for three exemplary chosen parameter sets, as defined in the legends. The dots indicate the exposure time t,,, at which the
threshold condition is met (we choose D=0.1). For early times, the upper-state population increases according to D «t?/?> (hence, N=2). For tk, > 10, we
have Dt/ (hence, N=2). ¢, Logarithmic false-colour plot of exponent N versus k,/k, and k,/kp. The straight white lines correspond to constant ratios
€,/€, as indicated. d, Normalized exposure time t, kp, versus k,/ky and k,/kp. The encircled coloured points refer to the three conditions defined in b.

e, Threshold intensity /, expressed in terms of k,/kp, versus t,, .k, for D=0.1and €,/€,=100.
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Fig. 3 | Benzil as a two-step-absorption photoinitiator. a, The benzil photoinitiator molecule used here. b, Corresponding Jablonski diagram. The real
intermediate state in Fig. 1c is replaced by the excited-state singlet manifold, S1, and the ground-state triplet manifold, T1. As usual, intersystem crossing
quickly brings electrons from S1to T1. A scavenger (BTPOS) suppresses unwanted reactions starting from the occupation of the T1 state. The second

step in two-step absorption (light blue) brings an electron from the T1 state to an excited triplet manifold T, from where the radicals (R-) are generated,
starting the polymerization reaction. ¢, Measured ground-state extinction (dark blue) and flash-photolysis triplet excitation spectra (light blue) of benzil in
acetonitrile and benzene, respectively. Data for the latter spectrum have been taken from ref. #/.
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Fig. 4 | Laser, laser focus and effective nonlinearity of the photoresist.

a, Photograph of the used semiconductor laser diode operating at

405 nm wavelength. b, Resulting laser focus as measured by scanning an
80-nm-diameter gold bead through the focus in three dimensions and
detecting the scattered light. Cuts within the x-z and y-z plane are depicted;
scale bars, 100 nm. The measured (squared) intensity FWHM values along
the x, y and z directions are 163nm (120 nm), 152 nm (113 nm) and 393 nm
(288 nm), respectively. The used microscope objective lens has a NA of
1.4. ¢, Measured threshold laser power versus exposure time (dots) on a
double-logarithmic scale for PR1. The straight red line has a slope of —1/2,
and the green line has a slope of —1. The error bars mark the minimum and
maximum values of at least three independent measurements.

to hydrogen abstraction™, sufficient suppression of the photoinitia-
tor triplet-state hydrogen-abstraction reaction by BTPOS could be
achieved. In PR3, PETA was replaced by a similar monomer, namely,
trimethylolpropane triacrylate (TMPTA), which does not possess a
hydroxy group. For dip-in photoresist PR2, further components are
added for refractive-index matching (Methods).

Results

To connect the behaviour of our photoresists with the modelling of
two-step absorption (Fig. 2, particularly Fig. 2¢), we have performed
systematic point-exposure experiments (Methods) to investigate
the dependence of threshold laser power P=P, (which, for fixed
focusing conditions, is proportional to the threshold laser intensity
I) and exposure time t=t,,,. The used semiconductor diode laser
is shown in Fig. 4a. Here we focus the light with an oil-immersion
microscope objective lens with NA of 1.4 (Methods). The measured
laser focus is displayed in Fig. 4b. The aspect ratio of 2.5 of the axial-
and lateral-intensity FWHM indicates a diffraction-limited laser
focus. The results of the point-exposure experiments on two-step
absorption are plotted as blue dots on a double-logarithmic scale
(Fig. 4c). The straight lines with the indicated slopes are guides
to the eye. The observed behaviour agrees with the behaviour for
the energy-level model shown in Fig. 2e. In particular, we find a
change in slope from —1/2 to —1 at an exposure time of #,,,~ 800 us
or t, k,~10, corresponding to an intermediate-state lifetime of

exp!
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7=kp,' ~80ps. Outside the two-step-absorption model, this change
in slope can be interpreted as being due to the transition from
two-photon absorption to one-photon absorption’. However, in
our two-step-absorption modelling discussed above, we have N=2
despite this change in slope. This means that our experimental find-
ings are consistent with two-step absorption, but we cannot rule out
one-photon absorption from these data alone.

In fact, in control experiments on photoinitiators for which it is
established that one-photon absorption is observed at the consid-
ered wavelength, we find changes in the slope as well. Corresponding
experiments for Irgacure 369 are shown in Supplementary Fig. 3.
They were performed under otherwise similar conditions as the
experiments using benzil as the photoinitiator (discussed below).
We interpret the change in slope in Supplementary Fig. 3 as the onset
of chemical nonlinearities in addition to one-photon absorption.

In general, one cannot draw conclusions from point-exposure
experiments alone, regardless of the excitation mechanism.
Consider the following example: a complex dense 3D structure
requires many sequential point exposures. The tails of the laser
focus excite the photoinitiator molecules in a volume that is much
larger than that of the printed structure. This generally means that
ingredients of the photoresist, especially oxygen, are locally irre-
versibly consumed during the printing process. Diffusion of these
molecules leads to a global reduction in their density. Therefore,
a single point exposure influences even other remote point expo-
sures, giving rise to the proximity effect. Indeed, we are essen-
tially unable to 3D print structures using Irgacure 369, as shown
in Supplementary Fig. 4. We, therefore, discuss our 3D printing
experiments using benzil.

In two dimensions, dense periodic line gratings (Fig. 5a) are
an established benchmark structure to evaluate the spatial resolu-
tion>* of a lithographic or printing approach. Resolution must
not be confused with the minimum achievable line width of an
isolated line***. In the experiments based on two-step absorption
using 405nm wavelength (Fig. 5b), we achieve the minimum grat-
ing period a or a resolution well below 150nm, which surpasses
previous best values obtained with STED-based multiphoton 3D
laser nanoprinting at a fundamental wavelength of around 800 nm
(ref. °). More importantly, in three dimensions, woodpile photonic
crystals (Fig. 5c-e) with 24layers along the z direction serve the
same purpose” as line gratings in two dimensions. Each layer in
this 3D stack is a simple line grating with period or pitch a in the
x-y plane. Woodpiles are a demanding relevant benchmark because
they contain a dense pattern that is periodic in all three dimensions.
Therefore, possible accumulation or proximity effects arising from
the tails of the tight laser focus (as mentioned earlier) are revealed—
if they are problematic. No indications of severe proximity effects
can be observed in the ultrathin section shown in Fig. 5e or in the
corresponding 3D reconstructed volume (Supplementary Video 1).
Furthermore, the quality and homogeneity of the woodpiles can
be easily and intuitively assessed by their optical colour under
white-light illumination in the reflection mode, as shown in Fig. 5c.
We note that a laser power of ~45uW used at a focus speed of
v=0.1mms™" (or 485 voxelss™, assuming a voxel size of 206 nm—
the average size of the axial and lateral rod dimensions (Fig. 5¢))
for the results shown in Fig. 5c-e are somewhat lower than that
expected from point exposures (Fig. 4c) at that speed. This differ-
ence is due to the proximity effect in dense 3D woodpile structures
(Fig. 5), which effectively lowers the polymerization threshold by
about a factor of two with respect to the point exposures under
these conditions. Summarizing the results shown in Fig. 5, the spa-
tial resolution of 3D laser nanoprinting based on two-step absorp-
tion at 405nm wavelength matches that of two-photon absorption
combined with STED at about 800 nm wavelength”.

In Fig. 6, we present a gallery of electron micrographs of other
3D-printed architectures. Some of these microstructures are
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Fig. 5 | Two-step-absorption printing resolution in two and three dimensions. a, Schematic of 2D line grating with period a and a 3D woodpile structure,
composed of stacked orthogonal layers of 2D line gratings with lateral period a and axial period ¢ = v/2 a. b, Scanning electron micrograph of printed 2D
line gratings. Periods below a=150 nm are realized here. ¢, True-colour optical reflection-mode micrographs (NA of 0.4 for the objective lens) of a set

of 3D woodpile structures. The used laser power is increased in steps of 5% in the horizontal direction. This (partly) leads to underexposed structures
on the left and (partly) overexposed structures on the right. The rod spacing a is varied along the vertical direction. d, Top-view scanning electron

micrograph of the woodpile with a=300 nm (encircled). For comparison, the smallest rod spacing for 3D woodpiles made using two-photon absorption
and near-infrared femtosecond lasers is 375 nm (ref. °) (without invoking STED). The corresponding commercial instrumentation allows high-quality 3D
woodpile rod spacings not smaller than 500 nm (refs. “%%7), All the displayed structures are 3D printed with a scan velocity v=0.1mms™ and using PR1.
e, Scanning electron micrograph of an ultrathin section through a woodpile with rod spacing a=100 nm. The cutting plane is tilted by 1.7° with respect
to the ‘crystallographic’ y-z plane of the woodpile. We derive a rod and hence the voxel size along the y direction (z direction) of 110 nm (302nm). A 3D

reconstruction is shown in Supplementary Video 1. Both 2D and 3D results are consistent with the diffraction barrier imposed by the two-photon (or
two-step) Sparrow criterion? (which is nearly identical to the FWHM of the squared intensity profile).

intentionally taller than the nanostructures shown in Fig. 5.
Therefore, Fig. 6 shows that combining two-step absorption with
the widespread immersion or dip-in* mode of 3D laser nano-
printing is readily possible. Clearly, dip-in 3D printing requires
that the refractive index of two-step-absorption photoresist PR2
matches that underlying the design of the microscope objective
lens (Methods and Supplementary Fig. 5). We note, however, that
fast 3D printing of structures with a high filling fraction, as shown
in Fig. 6e, is challenging for both PR2 and PR1. We attribute this
to a higher concentration of abstractable hydrogen atoms within

the used monomer. In Fig. 6, the printing laser-focus velocities are
around 0.5—4.0mms™! (or 2,400-19,400 voxelss™).

It is interesting to compare the scan speeds and laser pow-
ers used in two-step absorption with previous work on 3D laser
printing using (quasi-)cw lasers exploiting one-photon absorp-
tion and chemical nonlinearities” " or two-photon absorption®'.
Supplementary Fig. 8 compares these studies with the present one.
Two-step absorption enables scan speeds that are up to three orders
of magnitude faster than in previous studies, and (peak) laser pow-
ers that are up to three orders of magnitude lower. Furthermore,
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Fig. 6 | Gallery of oblique-view electron micrographs of further 3D-printed nanostructures. a, Helices with a radius of 800 nm and an axial pitch of
800 nm. b, Three buckyball models with diameters of 15, 10 and 5 um. ¢, Five stacked chiral metamaterial unit cells*® with a lattice constant of 16 pm.
d, Three-dimensional model of the logo of the Karlsruhe Institute of Technology. e, Miniaturized model of the #3DBenchy structure®. Detailed 3D printing

parameters for all the structures are provided in Supplementary Table 1.

we achieve a spatial resolution that is far superior to most of these
and that matches the previous best results using STED-inspired
two-photon 3D laser nanoprinting®.

Concluding remarks

We have introduced two-step absorption in benzil replacing
two-photon absorption as the fundamental photoinitiation mecha-
nism in 3D laser nanoprinting. The presented 2D and 3D bench-
mark nanostructures match or even surpass previous results
obtained with two-photon absorption in terms of achievable spatial
resolution. More importantly, our two-step-absorption results were
obtained with a cw semiconductor laser diode that is many orders of
magnitude less expensive and smaller in volume than the femtosec-
ond lasers commonly used today for obtaining efficient two-photon
absorption. Moreover, for two-step absorption, we have not once
observed an indication of micro-explosions. Unwanted photoresist
micro-explosions typically occur every day when using two-photon
absorption and femtosecond pulses in 3D laser nanoprinting.

We consider two-step absorption replacing two-photon absorp-
tion in 3D laser nanoprinting as a breakthrough. First, it paves
the way for cutting down the cost of future 3D laser nanoprinters
by several orders of magnitude—in addition to maintaining and
even surpassing the accessible spatial resolution, although cur-
rently at lower peak printing rates than the best values obtained for
two-photon absorption'?. Second, a dramatic miniaturization of 3D
laser nanoprinters is straightforward, given that the diode laser used
here has a volume of only some cubic millimetres. Combined, the
drastic reduction in cost and size will likely dramatically amplify
the spread of 3D laser nanoprinters in the academic field in the
upcoming years. Third, by combining STED and two-step absorp-
tion, the achievable spatial resolution could be further improved,
even beyond the diffraction barrier. Fourth, the replacement of
one-photon absorption by two-step absorption could improve the
spatial resolution in computed axial lithography**~**. Furthermore,
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two-step absorption with two different laser colours is a prerequisite
for light-sheet 3D laser printing®. Both have the potential to boost
the 3D printing speed.
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Methods

Photoresist composition and handling. Benzil (98%) was purchased from
Aldrich. BTPOS (98%) was purchased from TCI Chemicals. A ground-state
extinction spectrum is shown in Supplementary Fig. 7. PETA was purchased from
Sigma-Aldrich. IP-Dip NPI (no photoinitiator) was purchased from Nanoscribe.
TMPTA (93%) was purchased from Alfa Aesar. Irgacure 369 was purchased from
Ciba Specialty Chemicals.

The four different photoresist systems used here are named PR1-PR4 and are
described below.

PR1: Benzil (21.0mg, 100 pmol) and BTPOS (25.6 mg, 50 pmol) are dissolved in
1 ml PETA. This corresponds to 1.7 wt% benzil and 2.1wt% BTPOS. The mixture is
stirred on a hot plate at a temperature of 45°C for 4h until all the compounds have
dissolved.

PR2: Benzil (21.0mg, 100 pmol) and BTPOS (25.6 mg, 50 pmol) are dissolved in
a 1 ml mixture of IP-Dip NPI and PETA (70 vol% and 30vol%). This corresponds
to 1.8 wt% benzil and 2.2wt% BTPOS. The ratio of IP-Dip NPI and PETA is
chosen to obtain a diffraction-limited focus (Supplementary Fig. 5). The mixture is
stirred on a hot plate at a temperature of 45 °C for 4h until all the compounds have
dissolved.

PR3: Benzil (21.0 mg, 100 pmol) and BTPOS (25.6 mg, 50 pmol) are dissolved in
1 ml TMPTA. This corresponds to 1.8 wt% benzil and 2.2 wt% BTPOS. The mixture
is stirred on a hot plate at a temperature of 45°C for 4h until all the compounds
have dissolved.

PR4: Irgacure 369 (18.3 mg, 50 pmol) and BTPOS (12.8 mg, 25 pmol) are
dissolved in 1 ml PETA. This corresponds to 1.5wt% Irgacure 369 and 1.1wt%
BTPOS. The mixture is stirred on a hot plate at a temperature of 40 °C for 8 h until
all the compounds have dissolved. The solubility of the Irgacure initiator was lower
than that of benzil. The relative concentration of BTPOS was chosen to be constant.
All the photoresists were mixed and polymerized under yellow-light conditions.

3D printing setup. The laser diode (L405P150, Thorlabs) is mounted on a
temperature-controlled mount (LDM56/M, Thorlabs). A spectrum of the

laser emission is displayed in Supplementary Fig. 6. The diode’s temperature is
controlled by a thermoelectric cooler controller (TED200C, Thorlabs) and the
electrical current is controlled using a laser diode driver (LDC200, Profile). An
aspheric 8-mm-focal-length collimator lens (A240TM-A, Thorlabs) collimates the
laser diode output. The laser diode’s beam is focused using a 40-mm-focal-length
plano-convex (LA1422-A, Thorlabs) lens through a 10-pm-diameter pinhole
(P10C, Thorlabs) and collimated by a 75-mm-focal-length achromatic lens
(AC254-075-A, Thorlabs). The beam is deflected by a pair of galvanometric
mirrors (Saturn 5B 56S, Pangolin Laser Systems) that are imaged by two
achromatic lenses (ACL254-100-A and ACL254-150-A, Thorlabs) through

a quarter-wave plate (WPQSMO05-405, Thorlabs) on the entrance pupil of

a microscope objective lens (HCX PL APO 100x/1.4—0.7 Oil CS, Leica
Microsystems). For 3D printing the woodpile structures, no quarter-wave plate
was used. The objective lens focuses the beam into the sample photoresist (25 pl),
which, for non-dip-in experiments, is contained in a polydimethylsiloxane
(PDMS) ring (5 mm diameter) placed on a methacrylate silanized glass coverslip
(no. 1.5H, Paul Marienfeld). The coverslip is mounted on a 3D piezoelectric

stage (P-527.3CL, Physik Instrumente). For 3D printing the structures shown in
Fig. 6¢.¢, the piezoelectric stage was replaced by one with a larger travel range
(P-563.3CD, Physik Instrumente). Galvanometric x-y scanning was used for all the
3D structures shown in Fig. 6. All the other structures were 3D printed by scanning
the sample with piezoelectrically actuated stages.

During 3D printing, the sample is illuminated using an LED with a peak
wavelength 4~ 640 nm and observed in situ in the transmission mode on a
charge-coupled device camera.

The laser power was adjusted using a half-wave plate (WPHSM05-405,
Thorlabs) and a polarizing beamsplitter cube (PBS251, Thorlabs), both located in
front of the galvanometric mirror pair. To probe the exposure powers even below
the lowest possible power setting permitted by the half-wave plate and beamsplitter,
absorptive neutral-density glass filters (FSQ-OD20 to FSQ-OD300, Coherent) were
placed behind the polarizing beamsplitter cubes. The laser focus was routinely
checked to ensure that the filter glass does not cause any wavefront aberrations.

All the laser power values were measured at the entrance pupil of the objective
lens using a semiconductor sensor (TP86, Coherent). For the point-exposure
measurements, the pulses were monitored using an avalanche photodiode
(APD410A/M, Thorlabs) placed at the idle output of the polarizing beamsplitter cube.

Detailed printing parameters for all the displayed 3D structures are given in
Supplementary Table 1.

Sample development. All the samples, except the woodpile photonic crystals, were
developed by immersing the sample for 3min in a bath of acetone (ultraviolet/
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infrared (UV/IR) grade) and a subsequent wash in 2-propanol (UV/IR grade). The
samples were then blow-dried in a gentle stream of nitrogen.

The woodpile photonic crystals were developed in acetone (UV/IR grade) with
subsequent supercritical drying in CO, using EM CPD300 (Leica Microsystems).

Extinction spectra. The extinction spectra were recorded in spectroscopy-grade
acetonitrile in a quartz cuvette using a Cary 300 (Agilent Technologies)
spectrometer.

Generation of cross sections from woodpile photonic crystals. Arrays of
woodpile photonic crystals were incubated for 2h with 2% OsO, in acetone,
infiltrated for 3h with 50% Epon in acetone, embedded in 100% Epon (consisting
of 42.4 g glycid ether 100, 29.6 g dodecenylsuccinic acid anhydride, 18.4 g methyl-
5-norbornene-2,3-dicarboxylic anhydride and 2.4 g benzyldimethylamine; all
chemicals were purchased from SERVA) and polymerized for 2 days at 62 °C. After
removal of the glass coverslip by insertion in liquid nitrogen, the resin blocks were
trimmed to expose the target row of woodpiles. Ultrathin (80 nm) cross sections
were cut using a PowerTome PC ultramicrotome (RMC Boeckeler) and placed on
pieces of silicon wafer. They were imaged in a field-emission scanning electron
microscope (Ultra 55, Carl Zeiss Microscopy) at a primary electron energy of
1.5keV. Large scan fields were recorded using the Atlas 5 Array Tomography
software and the energy-selective detector for back-scattered electrons.
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