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ABSTRACT
Multiphoton photopolymerisation (MPP), also known as 3D nanoprinting, was studied using a
wavelength-tunable femtosecond laser. The possibility of using any colour of the spectrum from
500 to 1200 nm with a fixed pulse width of 100 fs revealed an interplay of photophysical
mechanisms more delicate than just two-photon photopolymerisation. An effective order of
absorption, i.e. the X-photon absorption, as well as optimal exposure conditions were assessed
for photosensitised and pure SZ2080TM pre-polymer. The tunability of wavelength greatly
influenced the dynamic fabrication window (DFW), optimised conditions resulting in a 10-fold
increase. Furthermore, a non-trivial energy deposition by X-photon absorption was noted with
an onset of a strong lateral size increase at longer wavelengths and can be understood as due
to reaching epsilon-near-zero conditions. Such a control over the voxel aspect ratio and,
consequently, the photopolymerised volume, may boost 3D nanoprinting efficiency. Overall, the
results reveal wavelength being an important degree of freedom to tailor the MPP process and,
if optimised, benefiting broad applications in areas of micro-optics, nanophotonic devices,
metamaterials and tissue engineering.

ABBREVIATIONS: MPP: multi-photon photopolymerisation; 2PA: two-photon absorption; CW:
continuous wave; PI: photoinitiators; STED: stimulated-emission depletion; LOPA:ultralow one-
photon absorption; DFW: dynamic fabrication window; RB: resolutionbridges; GDD: group-delay
dispersion; SEM: scanning electron microscopy; CPD: criticalpoint drying; AR: aspect ratio; 2-BIT:
two-beam initiation threshold; ENZ:epsilon-near-zero; O-FIB: optical-focused ion beam; ROI:
regions-of-interest
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1. Introduction

Multi-photon photopolymerisation (MPP) induced by
ultrashort pulsed laser irradiation is commonly con-
sidered to happen via two-photon absorption (2PA) for
so-called threshold materials as was revealed by
S. Kawata and H.-B. Sun (Kawata et al. 2001). However,
the number of photons Np that are absorbed simul-
taneously to excite a molecule from the ground state
to the excited state to start propagation of the chemical
reaction depends on the absorption spectra of the
photoresist and the wavelength λ of the excitation
light. If λ of the incident light matches the absorption
peak of the material – one-photon absorption occurs.
If λ is twice longer than the absorption peak – two-
photon absorption can be induced, and if λ is triple –

three-photon absorption is expected. However, the
photopolymerisation process seems to be not so
trivial. The lowest excited state might not be enough
to initiate photopolymerisation, additional absorption
mechanisms might be required for the photopolymeri-
sation initiation and therefore the Np can be a non-
integer, especially for the intermediate λ. A similar
phenomenon was observed in complex photosensitive
systems where excitation to a triplet state is possibly
causing a self-deactivation mechanism (Liaros and
Fourkas 2021).

As the molecule excitation mechanism can be more
complex than a simplified model of the ground-to-
excited state transition, the so-called effective order of
absorption nef should be taken into account, referring
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not to the total Np involved in the transition, but to the
effective Np required to induce photoinitiation event. It
is noteworthy that the discussion of nef pertains to the
final geometrical size of the photopolymerised line,
voxel, single feature versus pulse fluence or intensity.
Hence, depending on nef , the photopolymerisation
rate (voxel size per excitation) should scale as Inef ,
where I is the light intensity. Moreover, the formation
of a 3D photopolymerised structure is also dependent
on the optical, thermal energy penetration depth,
heat diffusion, thermal radiation, etc., which can also
have a resonant nature and anisotropy guided by the
scan direction, polarisation or applied external fields.
Regardless of all those specific complexities, the
effective absorption order parameter nef is of high
technological relevance and is inherently connected
to the energy deposition mechanism which drives
photopolymerisation.

During the almost three decades since the first MPP
publications (Maruo, Nakamura, and Kawata 1997),
many scientific and commercial setups and machine
tools were designed for different applications as well as
for basic research. As a result, various types of laser
sources were employed operating at diverse regimes: λ
– 1064 nm (Perevoznik et al. 2019) (532 nm as second har-
monic), 1030 nm (Malinauskas et al.‘Femtosecond Visible
Light Induced’ 2010) (515 nm (Merkininkaitė et al.
2022)), 800 nm (LaFratta and Baldacchini 2017) (400 nm
(Miwa et al. 2001)), repetition rate R varies from 1 kHz to
100MHz, pulse duration τ ranges from femtoseconds
(fs) to nanoseconds (ns) (Stankevičius, Daugnoraite, and
Račiukaitis 2018) and even continuous wave (CW) has
been reported (Mueller, Thiel, and Wegener 2014; Thiel
et al. 2010). Uncertainty in the exact MPP mechanism
arises not only due to λ (photon energy hn), but R and τ

can modify the value of nef as it has a great influence
on thermal effects (Baldacchini, Snider, and Zadoyan
2012), which in turn changes the photopolymerisation
threshold (Obata, Lucas, and Sugioka. 2022). Regarding
τ, it is worth mentioning, that it is usually provided as a
laser source specification, without considering that focus-
ing optics used in MPP has a great dispersion, meaning
that τ at the sample is longer than declared, which in
turn results in significantly different light intensity
(spatio-temporal photon density) at the focus.

Moreover, plenty of monomers and photoinitiators
(PI) are used to make photoresists for MPP (Kiefer et al.
2020), though some reports show photo-structuring
without the usage of PI under specific conditions (Mali-
nauskas et al.‘Mechanisms of Three-dimensional’ 2010).
The difference between photoresists is not only absorp-
tion spectra, but their viscosity, state of aggregation
(liquid vs solid), pre-bake and post-bake conditions,

radical versus cationic chemical reactions, the absence
or presence of oxygen inhibition and co-initiator, etc.
All these factors can have minor or major impacts on
how the photoinitiation is induced.

Both the laser source and the sensitivity of the
materials used play important roles in the efficiency
and applicability of MPP (Kiefer et al. 2020). To reduce
feature size and spatial resolution, extraordinary equip-
ment upgrades in combination with material engineer-
ing are needed. It was shown that a stimulated-
emission depletion (STED) approach exploiting revers-
ible photoenol activation with a photopolymerisation
initiator allowed to polymerise of 60-nm-wide lines
with 100 nm resolution (Mueller et al. 2017) or even
finer individual features (Gan et al. 2013). However, in
the last 10 years, a couple of new approaches were
reported as lower-cost and simplified alternatives to
MPP. Ultralow one-photon absorption (LOPA) was intro-
duced in 2013 as a technique for curing photoresist SU8
with CW laser operating at l = 532 nm (Do et al. 2013).
Using LOPA, 3D woodpile structures with a period of
400 nm can be produced without the need for a post-
bake step, however, extra low speeds (up to 3 µm/s)
were used (Nguyen et al. 2016), making this method
less efficient. To avoid 2-4 photon absorption to cure
photoresist SU8 without a post-bake was investigated,
where 1700 nm fs-pulses were used and concluded
that in their setup thermal curing of the material had a
larger impact than MPP (Marble, Marble, and Yakovlev
2020). In 2020, Zyla et al. used a compact monolithic
picosecond (ps-)laser diode and achieved structural
dimensions comparable to those generated by tra-
ditional MPP laser sources (Zyla et al. 2020). Wegener’s
group reported two-step absorption instead of MPP in
2021 (Hahn et al. 2021) where a real electron (defect)
state instead of a virtual one was used for excitation.
This required a special composition of photoresist pre-
pared from common monomers and PI. This approach
allowed the fabrication of rods with spacing below
300 nm using a CW semiconductor laser diode. A
method employing layer-by-layer projection MPP
ensures high-speed and continuous 3D printing.
Related investigations were published sequentially in
2019 (Saha et al. 2019) and in 2021 (Somers et al. 2021).
Research of new materials is important to improve MPP,
e.g. new PIs were designed and synthesised for
reducing the threshold of photophotopolymerisation
and taking advantage of applications where only low
laser power is available (Lunzer et al. 2022). Similarly,
a new type of PI based on a broad dynamic fabrica-
tion window (DFW) was proposed (Ladika et al.
2022). Above mentioned techniques and approaches
are mandatory for further improvements in MPP to
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achieve great results in existing application areas or
to expand it. Currently, MPP is employed in versatile
manufacturing fields such as micro-optics (Ketchum,
Alcaraz, and Blanche 2022) and diffractive optical
elements (Sandford O’Neill et al. 2022), photonics
(Blaicher et al. 2020), microneedles arrays towards
drug delivery applications (Mckee et al. 2022) and
biomedicine (Fu et al. 2022), material structure
engineering (Gailevičius et al. 2019), metamaterials
(Münchinger et al. 2022), programmable materials
(Zhang et al. 2019), multi-material microelectronics
(Yang et al. 2023), microfluidics (McLennan et al.
2023), cryogenic applications (Peek et al. 2022) and
tissue (Flamourakis et al. 2020) and biomimetic
engineering (Zyla et al. 2022).

The aim to develop new methods to make MPP tech-
nology cheaper, more compact, and faster requires com-
prehensive investigation such as presented here. This
research will give a better understanding of the photopo-
lymerisation mechanisms and knowledge that can be
applied to currently available MPP fs-pulsed regime laser
systems (Skliutas et al. 2021) in photosensitised and
non-photosensitised materials. Longitudinal and lateral
sizes of photopolymerised 3D suspended lines (resolution
bridges – RB) revealed complex power law dependencies
with Size/ Powerg showing wider power (energy) regions
where γ defines the dominant energy deposition channel,
which was found to be changing at specific average
power for different wavelengths. The photo-excitation is
validated for all λ and cannot be explained by just two-
photon or three-photon absorption, thus is proposed to
be femtosecond X-photon lithography.

The novelty of our research is that we have investi-
gated line growth during photopolymerisation while
tuning the wavelength but keeping the rest of the
laser parameters constant: R = 1 MHz and τ = 100 fs at
the sample. This is essential, as various laser sources
that are applied for MPP typically differ from each
other by all three parameters (λ, R, τ) and make the
results hard to compare. The demonstrated wave-
length-tunability allows the studying of nano-scale and
ultrafast chemistry processes such as nano-photopoly-
merisation/cross-linking. This can in turn be applied to
the advanced additive manufacturing industry and
gives important insights into the requirements of next-
generation wavelength-tunable femtosecond lasers.

2. Methods

2.1. Experimental setup

The experiment was implemented using a CRONUS-3P
laser source (Light Conversion, Vilnius, Lithuania). This

source was developed for advanced non-linear
microscopy and extended to the UV–VIS range for this
study. It provides μJ-level pulses down to 50 fs at rep-
etition rates of up to 2 MHz and is tunable in the range
from 400 to 1800 nm. This laser source provides tunable
femtosecond excitation at the sample with an integrated
group delay dispersion (GDD) control, ensuring optimal
pulse duration at the sample. Pulse duration τ at the
sample plane was measured with a CARPE microscopy
autocorrelator (APE Angewandte Physik & Elektronik,
Berlin, Germany). The excitation light was guided to the
custom-made microscope setup and focused on the
sample with a Zeiss Plan-Apochromat 100x 1.4 NA Oil
objective. The sample was placed on a piezo-stage
stack P-563 PIMars (Physik Instrumente, Karlsruhe,
Germany) with the pre-polymer side down. The multi-
axis piezo-stage assembly had a travel range of 300 ×
300 × 300 µm, thus it was mounted onto a motorised
XY scanning stage 8MTF-75LS05 (Standa, Vilnius, Lithua-
nia) with a travel range of 75 × 75mm. The objective was
mounted on a motorised translation stage 8MT167-100
(Standa). An automated variable neutral density filter
(VNDF) was used to control the average power Pave,
which was measured before the oil objective with
power meter PD300 (Ophir, Israel) for l ≤1100 nm and
3A (Ophir, Israel) for l ≥ 1200 nm. The layout of the
experimental setup is depicted in Figure 7.

2.2. Resolution bridges method

The Resolution Bridges (RB) method (DeVoe et al. 2003)
was chosen as the basis for the experiment. As in the
line-widthmethod (Guney and Fedder 2016), the principle
was to fabricate lines while increasing intensity (I ) from
the pre-threshold value until the onset of damage.
Although the method we used is called Resolution
Bridges, it is important to address, that in this work we
are not investigating spatial resolution, which is a gap
between two features (Fischer and Wegener 2013). Here
we consider single feature size. In contrast to the line-
width method, the supportive pillars were manufactured
to maintain suspended lines after the developing
process (see Figure 1 b). Each line was photopolymerised
in a single-stage movement at a typical v of 100 µm/s to
have single-voxel-wide features. To be able to measure
the height of the lines, the offset from the monomer–sub-
strate interface was set to 8 µm. The dimensions, length ×
width × height, of a single pillar was 70 × 25 × 10 µm. The
entire object consisted of 6 pillars separated by 25 µm
gaps from each other, resulting in total a width of 275
µm. A sample scanning velocity of 500 µm/s was set for
the photopolymerisation of pillars. The length of each
line was set to 75 µm so that the line starts inside one
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pillar and finishes in another, the standoff distance also
ensured the line in the pillar gap was free of width fluctu-
ations caused by stage acceleration. A total of 6 lines were
fabricated in each gap between the pillars, resulting in 30
lines for the entire object. A distance of 10 µm was set
between adjacent lines and was large enough to avoid
proximity effects (Saha et al. 2017).

2.3. Materials

Experiments were conducted using photosensitised and
pure SZ2080TM pre-polymer. Pure pre-polymer was pur-
chased from The Foundation for Research and
Technology – Hellas (FORTH; Heraklion, Greece), and
photoinitiator 2-benzyl-2-dimethylamino-1-(4-morpholi-
nophenyl)-butanone-1 (IRG369) was purchased from
Sigma Aldrich. The photosensitised mixture was pre-
pared by adding PI (1% w/w of pre-polymer) and stirring

with a magnetic stirrer until the PI dissolved. Before the
experiment, pure and photosensitised SZ2080TM was
kept at 4◦C temperature. The photosensitised material
was additionally placed on the magnetic stirrer for 10
min before drop-casting it on the substrate. Absorbance
spectra of the photosensitised and pure pre-polymer
were measured with a SHIMADZU UV Probe spectropho-
tometer and are shown in Figure 4(b).

2.4. Sample preparation and post-processing

Microscope coverslips (REF VBS638, Biosigma, Cona VE,
Italy) were used as glass substrates for pre-polymer
drop-casting and RB manufacturing. At first, the
substrates were cleaned in an ultrasonic bath
(EMAG Technologies, Mörfelden-Walldorf, Germany)
in isopropanol for 20 min. Then the substrates
were immersed in a mixture of isopropanol and

Figure 1. 3D resolution bridge (RB) printing and line analysis. (a) Illustration of GDD pre-compensated pulses propagating to the
objective of NA = 1.4. After they pass the objective, τ = 100 fs at each λ; (b) Illustration of the RB method. The suspended single-
voxel-wide lines are photopolymerised between support pillars, each row with different light intensity; (c) SEM image of the
entire RB object with lines and support pillars. The white scale bar at the bottom right corner is 20 µm; (d) Scheme representing
calculated nef for used excitation light and their arrangement over measured absorbance spectra of photosensitised SZ2080TM.
Grey vertical arrows visualise a number of photons for ground-to-excited state transition.
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3-(trimethoxysilyl)propylmethacrylate (MAPTMS) (1:40
v/v) to enhance the adhesion of the photopolymerised
object. After removing the substrates from the isopro-
panol/MAPTMS mixture, they were cleaned with
acetone and air-dried. Finally, the pre-polymer was
drop-casted onto the substrates and dried on a hot
plate PZ 28-3T controlled by Programmer PR 5-3T
(Harry Gestigkeit GmbH, Düsseldorf, Germany). The
drying program was set as follows: 40 min at 40◦C,
40 min at 70◦C and 40 min at 90◦C.

After the RBs were manufactured, the samples were
placed in a Petri dish with 4-methyl-2-pentanone for
development for 30 min to dissolve uncured pre-
polymer, then removed and placed in the second Petri
dish with the same solvent for another 30 min. A critical
point dryer (CPD) K850 (Quorum Technologies, East
Sussex, UK) was used to dry the samples. The samples
were sputtered with a 10-nm silver layer employing a
rotary pumped coater 150R S (Quorum Technologies,
East Sussex, UK).

2.5. Sample characterisation

Samples were characterised using a scanning electron
microscope (SEM) Prisma E (Thermo Fischer Scientific,
Eindhoven, The Netherlands). The recorded images
were stored in 8-bit TIFF with an intensity range of (0,
255) counts. Samples were observed from the top for
line width measurement and at a 45◦ angle for height
measurement.

2.6. Analysis of the SEM images

The obtained SEM images were processed with Python
programming language to determine the average line
width and height of the photopolymerised lines. At
first, DS9 software (Joye and Mandel. 2003) was used
to visually inspect SEM images of the lines, define
regions-of-interest (ROI) around each line and enumer-
ate them (see Figure S1 in Supplementary file). Then, a
box of ≈ 1000 columns × 200 rows of pixels was cut for
analysis at each photopolymerised line position and
converted to binary by applying a threshold for pixel
values. The pixels representing the photopolymerised
lines were set to 255 and the background to 0. The
threshold to binarise the images was chosen manually
for each collection of images due to variable SEM scan-
ning properties: chosen electron energy and image res-
olution – pixel scale. To ensure that imaging conditions
do not influence line-width estimation, each binarised
image of the line was verified by eye by comparing it
to the original SEM image. Next, the vertical boundaries
of each line were determined as pixel value changes

from 0 to 255 (top boundary) or from 255 to 0
(bottom boundary). Scanning from top to bottom of
the defined ROI, the value of every pixel in every
column was compared with the following four adjacent
pixels to be certain that the line boundary was found
while ignoring local pixel-to-pixel noise, this gives us a
robust edge detection of the line. The difference
between the top and bottom boundaries gives us a ver-
tical extent of the line (computed as mean and standard
deviation). Here we report the mean value of the
measured vertical extent, which corresponds to the
width of the line for perpendicular SEM images and
the height of the line for 45◦ rotated SEM images.
Pixels were converted to µm using a factor µm/pixel
from the SEM image metadata. The height was multi-
plied by 1

sin 45 to calculate a real line height instead of a
projection.

2.7. Calculations and formulation

Peak power (Ppeak, Equation 1) and pulse energy (E,
Equation 2) were calculated by dividing Pave by the
pulse duration τ and repetition rate R.

Ppeak = Pave
Rt

, (1)

E = Pave
R

, (2)

To estimate fluence (F, Equation 3) and intensity (I,
Equation 4), E and Ppeak were divided by the focal area
pr2
2 , where r – the Airy radius (Equation 5). Also, the trans-
mittance T of the objective was measured experimen-
tally and included in calculations.

F = 2TE
pr2

, (3)

I = 2TPpeak
pr2

, (4)

r = 0.61l
NA

, (5)

Equation 6 describes Abbe’s diffraction formula for axial
resolution in which n is the refractive index of SZ2080TM

which is equal to 1.5 (Ovsianikov et al. 2008).

l = 2ln
NA2

, (6)

DFWwas calculated as the difference between the inten-
sities of optical damage (Idam) and photopolymerisation
threshold (Ipol), normalised to the Ipol (Equation 7). Basi-
cally, it defines, what intensity/average power values are
suitable for the fabrication to avoid optical damage
keeping the photopolymerisation threshold as the
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reference point.

DFW = Idam − Ipol
Ipol

. (7)

The values for Idam and Ipol were assessed from the
brightfield live imaging during photopolymerisation
and later specified from SEM images.

The data of voxel lateral and longitudinal growth was
approximated using Equations (8) and (9), respectively
(Juodkazis et al. 2005).

Lateral = 2r0

����������
2
nef

ln
I
Ipol

√
, (8)

Longitudinal = 2zr

�������������
I
Ipol

( ) 1
nef−1

√
, (9)

Parameters r0 and zr were fixed for each λ, while par-
ameters Ipol and nef – effective order of absorption –
were set as a variable with initial values. The Rayleigh
length is denoted zr (Equation 10).

zr = npr20
l

. (10)

3. Results

The experiment was designed to investigate MPP in a
wide λ range from 400 to 1200 nm every 100 nm while
maintaining a constant τ of 100 fs at the sample for
each λ with R = 1MHz and writing velocity v = 100
µm/s. The chosen velocity is relatively slow comparing
with the ones used for the rapid prototyping – tens of
mm/s (Liu et al. 2019; Zhang et al. 2022). Though it is
possible to achieve such velocities in SZ2080TM with
oscillator and amplified system (Butkus et al. 2022; Jonu-
šauskas et al. 2019), 100 µm/s is still common writing vel-
ocity where high precision or investigation is needed
(Lemma et al. 2017). Figure 1(a) depicts different λ

pulses, which are pre-compressed with group-delay dis-
persion (GDD) control to compensate for high-dis-
persion caused by focusing optics. This control is
mandatory when short λ and τ are used. There was no
possibility to measure τ below 700 nm due to limitations
of the autocorrelator which was used, but an estimation
of dispersion-inducing components and GDD control
allowed us to achieve the shortest possible τ at that
regime.

Figure 1(b) represents a scheme of printing of RB and
Figure 1(c) shows a top-view scanning electron
microscopy (SEM) image of photopolymerised RB
model after development in solvent and critical point
drying (CPD) to avoid possible mechanical distortions
due to capillary forces. These particular bridges were

fabricated using 900 nm wavelength in a photosensi-
tised pre-polymer. Figure 1(d) – a visualisation of the
assessed nef over absorbance spectrum of photosensi-
tised pre-polymer is provided. The points demonstrate
where the absorption for each excitation λ should
occur. All the values of nef parameter can be found in
Table S1 at Supplementary file.

The width and height of the photopolymerised lines
were measured from SEM images. The estimated
voxel’s lateral and longitudinal dimensions at different
average power for different λ in photosensitised and
pure SZ2080TM pre-polymer are presented in Figure 2.
Data at 400 nm is not presented due to two reasons:
(1) the photopolymerisation was excited via one-
photon in pre-polymer with PI, thus RB structure was
photopolymerised solid having no lines and (2) the
photopolymerised RB in pure pre-polymer did not
survive development and CPD treatments. By comparing
the Figure 2 graphs it is seen that the addition of the 1%
PI IRG369 has allowed photopolymerisation within a
broader λ range (500–1200 nm) than without PI (only
up to 1000 nm). This 200 nm difference originates from
the absorption spectra (Figure 4 b), where it is clearly
seen that both photosensitised and pure pre-polymer
have peaks at ≈ 245 nm, meanwhile the photosensitised
has a second peak at ≈ 360 nm. It gives an additional
115 nm of linear absorption, due to which efficient
non-linear absorption can be induced at longer λ.

The fits by Equations (8) and (9) (Section 2.7) aimed to
capture the evolution of voxel/line size at the lowest
powers and the line is then extended to the maximum
power of the pulse. This qualitative fit defines the nef
process order parameter linked to the energy deposition
mechanisms as discussed above. The log–log presen-
tation is chosen to visualise the quality of the fit at a
fast-changing part of the size evolution as well as to
spot global tendencies of the slope γ changes. The nef
value can be understood as a local parameter since it
defines how much Gaussian-like intensity envelope deli-
vers energy deposition above the photopolymerisation
threshold. There is a clearly discernible departure from
the fit at large pulse energies/powers which can be
understood as global parameters where the γ slopes
evolve from sub-linear to super-linear g . 1. The poss-
ible mechanism behind such scaling is discussed in
more detail further (Section 4).

The growth rate of the lateral and longitudinal size of
the voxel with the increase of the laser power is different
for each λ regardless of the presence of PI. In all the
cases, we have observed a relatively good match
between the analytical curve defined by nef and exper-
imental data for the voxel longitudinal size evolution.
However, the lateral size of the voxel fits nicely only
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when they are produced with low laser power. At higher
powers, the departure from the analytical curve signals a
different energy deposition method for photopolymeri-
sation initiation and consequently changes the voxel
size. The voxel lateral size growth with the laser power
nicely fits with the linear power scaling (global scaling
g = 1, i.e. Size/ Pgave). The longitudinal voxel dimensions
fit the analytical curve better for the entire wavelength
range and laser powers. This can be explained by the
different intensity distributions in lateral and longitudi-
nal sections in the focus. The Gaussian-like intensity
decreases radially as /e−r2 while longitudinally as
/e−z, where z is the dimension along pulse propagation.
For the same energy deposition, the longitudinal dimen-
sion is less sensitive to intensity gradient in absorption
as compared with the lateral (along the radius r of the
focal spot). Despite the fact that data for the longest λ
were not obtainable for pure SZ2080TM due to the fast
growth of the lateral size (an explosive-like energy depo-
sition) the same trends were observed for shorter wave-
lengths and even the linear lateral voxel growth with

global g = 1 parameter was observed, showing the
intensity distribution in the focal region playing a
major role in the voxel size trends.

It is noteworthy that wider and longer lines were
obtained using visible light rather than infrared, which
is opposite to the expectation considering the diffrac-
tion argument where the diameter of the focal spot
(Equation 5) increases with the increase of wavelength.
Apparently smaller voxels can be produced due to the
higher order of absorption (or smaller cross-section) at
longer λ and can compensate for the beam diameter
increase. Figure 3(a) shows the smallest measured
lateral and longitudinal voxel dimensions. The minimal
line-width fluctuated between 200 and 400 nm within
the entire λ range for both photosensitised and pure
pre-polymer. Line height varied more – from 0.5 to
1.25 µm. Thus a clear trend of the smallest achievable
voxel size was not determined. Also, the refractive
index is not the same within investigated wavelengths
range (Dottermusch et al. 2019), thus this parameter
could have a minor effect on voxel dimensions

Figure 2. Voxel dimensions dependence on average power at different λ: (a) lateral voxel size in photosensitised pre-polymer; (b)
longitudinal voxel size in photosensitised pre-polymer; (c) lateral voxel size in pure pre-polymer and (d) longitudinal voxel size in
pure pre-polymer. Solid lines are approximations with Equations (8) and (9) for lateral and longitudinal voxel growth. Average
power is multiplied by measured objective transmittance for each λ.
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according to Equation (6). Figure 3(b) shows how the
voxel size evolved at fixed Pave = 1mW. For both pre-
polymers, lateral and longitudinal dimensions of a
voxel decreased for longer λ. 500 nm is a special case
when a sudden increment of line-height was observed.
This augmentation is related to increased energy depo-
sition when optical damage begins (around 1mW in
both pre-polymers). From experimental data, it was esti-
mated that voxel longitudinal dimensions at 500 nm can
exceed 8 µm, which was RB writing depth from the sub-
strate. In this case, the lines were attached to the sub-
strate and were taller than the supportive columns.
Because of the arrangement of the lines, they over-
lapped in SEM images despite the tilt angle. Due to
this reason, the data for photosensitised pre-polymer
at 500 nm was not acquired and is not depicted on the
graph. Figure 3(c) represents SEM images of the same
lines manufactured with λ = 900 nm from top- and
tilted-view.

Figure 4(a) shows the DFW graph where the widest
DFW was obtained at shorter λ and dramatically
decreased by ≈ 28.6 times in the infrared spectral
range. The highest DFW values were calculated for
500 nm and 700 nm when PI was used. Interestingly,
the absence or presence of PI changed DFW only 1.2
times for 500 nm but 16 times for 700 nm. It can be
said that the addition of 1%wt. of IRG369 not only
expanded the λ range suitable for photopolymerisation
but also had an influence on controlling the DFW for
each λ individually. Next to SZ2080TM, considering
other organic and hybrid materials it is expected that
using femtosecond pulses various wavelengths can be
exploited to initiate the MPP process, disregarding the
usage of PI, yet strongly influencing the DFW. The
reason why PI affects DFW is not only higher absorption
at the visible spectrum but also ionisation energy.
Photoinitiators require less energy to be excited, thus
photopolymerisation thresholds are lower compared

Figure 3. Voxel dimensions: smallest and obtained at fixed power: (a)measured smallest lateral and longitudinal voxel dimensions at
each λ; (b) voxel dimensions dependence on λ, when Pave ≈ 1 mW; (c) an example, representing the same lines from top and angled
perspectives. Manufactured using 900 nm.

Figure 4. Dynamic Fabrication Window and absorbance spectra: (a) DFW dependence on λ in photosensitised and pure pre-polymer;
(b) absorbance spectra of photosensitised and pure SZ2080TM pre-polymer. Photosensitised pre-polymer has two peaks of linear
absorption (1PA) at 245 and 360 nm. Pure pre-polymer has one linear absorption peak at 245 nm (depicted as normalised to the
peak of photosensitised pre-polymer). Non-linear absorption (two/three-photon (2PA and 3PA)) is depicted by multiplying the x-
axis of the linear absorbance spectrum and dividing the y-axis by two and three times, respectively; (c) chemical formulas and struc-
tures of SZ2080TM and IRG369 (Gailevičius et al. 2019).
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to pure monomer. This case was more detailed
explained in previous publication (Samsonas et al.
2023). Additionally, different PIs are capable to generate
different amounts of free radicals. Thus using high-
efficiency molecules such as 7-diethylamino-3-thenoyl-
coumarin (Vyatskikh et al. 2018) could alter not only
the DFW but increase voxel lateral and longitudinal
dimensions.

Also interesting was the variation of the aspect ratio
(AR) of the generated voxel size within the DFW at
different λ. AR was defined as a ratio of longitudinal to
lateral voxel dimensions. Obtained graphs are depicted
in Figure 5. The AR was found to behave similarly as
reported previously (DeVoe et al. 2003; Sun et al.
2003): AR rapidly increased or had an initial high value
at the very start region of DFW, and then tended to

decrease or stay constant until the damage intensity
Idam was reached. At low powers, the voxel developed
faster in a longitudinal direction than in the lateral,
which is expected based on the Equations (5) and (6)
and was observed for every λ within the investigated
range for both pre-polymers. With increasing Pave,
the lateral and longitudinal growth speeds remained
constant resulting in constant AR. However, for
l = 700− 1000 nm in photosensitised pre-polymer,
and for l = 700− 900 nm in pure pre-polymer, a
further increase of power caused a decrease of AR,
implying that the growth in the lateral direction had
increased. As no photopolymerised lines and pillars
were obtained with l = 1100 nm and 1200 nm in pure
pre-polymer, no-photopolymerisation and optical
damage zones were marked on the graphs.

Figure 5. Dependence of aspect ratio on average power/intensity for different λ: (a) AR in photosensitised pre-polymer and (b) AR in
pure pre-polymer. The coloured background in the graphs marks non-photopolymerisation, photopolymerisation and optical damage
zones.
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4. Discussion

The voxel formation was a high-interest research field
regarding the MPP technique. Two main approaches
were considered for it: a single-voxel method and a
line-width method. The former method allows obser-
vation of a single voxel, which is the smallest building
unit in MPP (Hahn et al. 2020). The width, height and
shape of the voxel can be assessed by varying an
exposure dose. However, to make 3D objects, sample
translation or beam scanning is applied, thus making
a line the main and practical building unit in MPP.
Hence, line formation at varying exposure dose by
changing Pave or scanning speed v was found to be a
better proxy. The lines can be formed in two ways:
attached to the substrate, or suspended as in the RB
method. When attached, the impact of shrinkage
during development is reduced. Using this method
only the line width is usually assessed but height esti-
mation is also possible (Guney and Fedder 2016). By
making suspended lines, both width and height are
easily assessed. Although AR can also be calculated,
this parameter is less common in the literature (Guney
and Fedder 2016; Sun et al. 2003; Williams et al.
2017). Line-height can be partly influenced by spherical
aberration which depends on focusing numerical aper-
ture NA, depth of focus and refractive indices mismatch
(Horváth, Ormos, and Kelemen 2017). In this study, care
was taken to minimise spherical aberration by ∼ 8 µm
RB writing depth.

Techniques other than measuring voxels or line
dimensions were developed to investigate MPP. For
example, the kinetics of photopolymerisation (Mueller
et al. 2014), the exposure-time method (Yang et al.
2019), the repetition rate method (Baldacchini, Snider,
and Zadoyan 2012), and the two-beam initiation
threshold (2-BIT) method (Tomova et al. 2016) were
dedicated to assessing the nef of MPP. All the aforemen-
tioned methods, including the line-width method, are
discussed in a recent review by Liaros and Fourkas
(Liaros and Fourkas 2021). They highlight that knowing
nef is mandatory to create new and enhanced photo-
reactive materials, however, every technique is limited
by certain conditions and thus not suitable for a reliable
determination of nef . Recently, Johnson et al. provided a
detailed theoretical model to explain physical processes
in MPP when self-deactivation – inhibition due to
absorption in triplet state – is occurring, and applied it
to the experimental results of the line-width model to
determine nef (Johnson and Yijie Chen 2022). They also
showed that nef can acquire higher values as self-deacti-
vation can cause an increase in the molar extinction
coefficient.

The application of the line-width method for the
determination of nef is broadly debated in the MPP com-
munity. The main question was whether it is at all poss-
ible to assess nef . Equations (8) and (9) were used to
determine power laws of photopolymerisation (Juodka-
zis et al. 2005), however, another idea that nef cannot be
determined from the line-width was argued (Fischer
et al. 2013). By comparing results obtained for the
photoresist with IRG369 (PI) employing a laser system
operating at l = 800 nm, R = 1MHz and t = 150 fs
(Fischer et al. 2013) with results of our research at 800
nm, both approximations – no matter whether nef was
included in the model or excluded – fitted the data
well at the low pulse energies. As mentioned before,
we made approximations on the lateral voxel dimen-
sions including only the lines thinner than 800 nm.
Other authors (Fischer et al. 2013) have applied a
similar approximation only for the lines up to 450 nm
in thickness. A linear voxel growth at R from 0.5 to 1
MHz using ps pulses was observed (Malinauskas, Danile-
vičius, and Juodkazis 2011). The presence of thermal
accumulation was assumed to cause this behaviour.

We have obtained nef parameter values from the fit
results. Using pre-polymer with IRG369, the best
approximations were obtained for 1200 and 1100 nm,
yielding the value of nef = 4.6 and 4.1, respectively.
Under such conditions, we should expect absorption
to be around 260–270 nm, which is close to the absorp-
tion peak of the photosensitised pre-polymer at 245 nm
(Figure 1 d). For l = 1000 and 900 nm, nef was calcu-
lated to be 3.1 and 2.6, resulting in absorption at ≈
320–345 nm, which comes from the second absorption
maximum in the photosensitised system at 360 nm.
While nef for 800 nm was assessed to be 2, resulting in
absorption at 400 nm, which according to the measured
spectra has low absorbance. This result agrees with the
2-BIT method measurements, where 800 nm was
absorbed with an order of non-linearity of 2 for IRG369
(Tomova et al. 2016). The same result was shown
earlier by applying the exposure-time method (Fischer
et al. 2013). For shorter λ, the value of the nef parameter
was assessed to be even smaller: 1.2 for 700 nm, 0.9 for
600 nm and only 0.8 for 500 nm. It has been reported,
that PI, which has a strong absorption at 260–280 nm,
absorbed 800 nm irradiation via a 3-photon process
(Tomova et al. 2016). In our case, a pure pre-polymer
had a comparable spectrum. Non-linearity of only 2.5
was assessed from the best fit. For 900 and 1000 nm,
nef was 1.6 and 2.7, respectively. Higher non-linearity
would be expected for this λ range, but such a discre-
pancy can be explained by a narrow DFW at 800, 900
and 1000 nm, as not a sufficient amount of data was
acquired for a better fit. A narrow DFW is a drawback
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in MPP technology, as the photophotopolymerisation
threshold and optical damage threshold values are
close, thus making the photopolymerisation process
less controllable.

A comprehensive work on the determination of nef
using the line-width method was performed by Williams
et al. (2017). They conducted the experiment in epoxy
photoresist SU8 using an acid-based photosensitiser
PAG, which makes the research a lot different from our
work as photopolymerisation mechanisms and post-
treatment were distinctly different: cationic versus
radical, post-bake versus no post-bake. Additionally, it
is known that epoxy photoresists do not suffer from
shrinkage as radical ones do. However, some similarities
in experiment design l = 800 nm, t ≈ 100 fs, R = 1 kHz
or 76 MHz were present. Only the line width was calcu-
lated from the suspended lines, but the authors have
varied v in a wide range from 6 µm/s to 800 µm/s.
They also found that Equation (8) (not including nef)
did not fit wider lines well, thus only lines thinner than
700 nmwere used for the analysis. By plotting a logarith-
mic dependency of photopolymerisation threshold
power on v, the authors have determined nef = 3 for
800 nm excitation. An investigation of nef versus λ was
performed by combining Z-scan (500–800 nm) and
line-width (725–875 nm) methods. Z-scan gave the
values of nef from 1.8 at 3.2, and the line-width
method revealed that nef increased from 2.2 at 700 nm
to 3.2 at 875 nm. Meanwhile, our estimation showed
that nef ≈ 2 for 700 nm and 600 nm, and 1.5 for 500 nm.

Knowing nef for a certain combination of photoresist
and laser systems would lead to more comparable
results obtained by different academic and applied prac-
titioners in 3D printing/ photopolymerisation. In this
study, we demonstrated that employing ultrashort
pulses of 100 fs duration photopolymerisation within a
wide λ range (500–1200 nm) is possible, while R = 1MHz
and v = 100mm/s were constant. This is markedly
different from results reported for long pulse ns (Liao
et al. 2007) and CW regimes (Nguyen et al. 2016; Thiel
et al. 2010) photopolymerisation where precise λ has to
be used (e.g. 532 nm was reported). In this study, we
were not limited to only assessing the line width and
height but evaluated the DFW for each λ and the behav-
iour of the AR within it.

The employed approach was able to precisely assess
nef within the entire λ range by the best fit and the proof-
of-concept was demonstrated. This research confirms
that a tunable λ and τ laser source could be an
efficient tool for further and deeper investigation of nef
in both PI and PI-free photo-polymers.

The discussion in this section so far was about the
effective process order nef , which is a result of the fit.

Equations of the fit (Section 2.7) are derived for a Gaus-
sian beam/pulse. Hence, it was called a local fit par-
ameter. Figure 2 shows a departure from that order
parameter, which can be approximated with distinct
regions following slopes g = 0.5, 1, 2. These γ slopes
show a change in energy deposition mechanism and
were referred to as global parameters as discussed next.

One of the most distinct and unexpected experimen-
tal observations was a step-like increase in lateral cross-
section at longer l ≥ 800 nm and larger power for resist
with PI (sensitised for � 360 nm). The power region of
increase is at pulse energy E >1 nJ with slope change
g � 2. It is instructive to estimate average intensity
I = 2E/(pr2t) at the focus for E = 1 nJ pulse energy of
l = 1mm, t = 100 fs pulse focused with NA = 1.4 objec-
tive lens into the Airy disk of radius r = 0.61l/NA = 436
nm. One finds I = 0.334 TW/cm2. This is high intensity
considering that at around ∼1 TW/cm2 there is a dielec-
tric breakdown at different λ and t = 0.1− 0.5 ps. The
dielectric breakdown is expected to be driven by ava-
lanche ionisation acting along other run-away mechan-
isms. Noteworthy is that the used I<10 PW/cm2

when instantaneous ionisation takes place by
tunnelling which is λ-independent. The rate of avalanche
ionisation scales as l2. In the chosen presentation of
Size versus. Power, the effect of different fluence
F = E/(pr2) and intensity I = F/t at different λ is irrele-
vant. Since F, I/ l−2 it is compensated for the ava-
lanche-dominated electronic excitation due to the
mentioned rate scaling as l2. Hence, the step-like
changes in lateral voxel size should originate from
different mechanisms indicating that the photo-chemi-
cal reactions can be induced via various numbers of
photons – X-photons.

We put forward here a conjecture that fast size
increase of voxels, hence, energy deposition has an
origin of strong electronic excitation which creates
epsilon-near-zero (ENZ) conditions 1p � 0, where sub-
script p notifies strong free carrier (electronic) plasma
formation at the focus (see Figure 6 a). The most
efficient energy absorption is taking place in photo-
excited material when 1 . 1p . 0 (breakdown). At this
regime, electron density ne � ncr, which defines a
strongly reflective medium (plasma) with reflectance
Rr � 1. This transitional state from dielectric-to-metallic
(plasma) is defined as Die-Met (Gamaly and Rode 2018).
When the real part of 1p = 1, the electron density
becomes ne = (n20 − 1)ncr, where n0 is the refractive
index of unperturbed dielectric (Gamaly and Rode
2018). It is relevant to calculate a volumetric energy
density wd / ne

ncr
F [J/cm3] for the estimation of 3D photo-

polymerisation (Skliutas et al. 2021); e.g. for the linear
growth of ne via linear absorption versus fluence F, the
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wd / F2 follows g = 2 dependence. Likewise, a two-
photon absorption with nef = 2 dependence of ne gen-
eration rate translates to the 3D absorbed energy
density wd / F(nef+1) = F3.

Another contributing mechanism to the fast evol-
ution of plasma density at the focus is expected due to
the recently harnessed near-field enhancement used
for nanolithography on dielectric nano-film (Zhen-Ze
et al. 2020). The principle of larger energy deposition

in the region of lower permittivity 1 ; ñ2 – the plasma
region at the focus – in comparison to the surrounding
resist (r-index) is shown in Figure 6(a). There the
normal components of the displacements have to

obey 1rEr = 1pEp. For intensity I/ E2, an increase at

the focal (plasma) region takes place when np , nr as

Ep
Er

( )2
= nr

np

( )4
, where the real parts of the refractive

index np,r at focus and surrounding resist.
The described enhancement of absorption due to

ENZ state formation complimented with its spatial
in-homogeneity and further enhanced at the focal
region via, the so-called optical-FIB (O-FIB, optical-
focused ion beam) mechanism revealed by Sun et al
(Zhen-Ze et al. 2020) (described above), which was
driving the excitation at focus towards the dielectric
breakdown. This behaviour is captured as a global
slope change γ which is apparently λ-dependent as evi-
denced in Figure 6(b). The family of curves in (b) also
illustrates that fs-laser pulses can be used with very con-
trolled energy deposition even close to the run-away
breakdown.

Figure 6. Energy deposition at the focus. (a) Gaussian intensity distribution and its axial cross-section. (b) Lateral voxel size evolution
(same as in Figure 2) with revealed global slope γ change tendencies. The fit-obtained nef order parameter values are shown at the
corresponding lines. The insets of Airy patterns are plotted to scale with λ. See text for discussion. SEM images of lines produced at 500
and 1200 nm with low powers (below diffraction limit) are depicted.

Figure 7. Experimental design. The layout of the experimental setup: tunable λ and τ laser system CRONUS-3P, τ measurement (APE
CARPE) and beam attenuation control (VNDF), custom-made microscope setup: piezo-stage stack for X and Ymovements, Z axis stage,
focusing objective, CCD camera.
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An additional important factor in enhanced energy
deposition is the presence of the longitudinal Ez com-
ponent, which is responsible for the resonant absorp-
tion (Juodkazis et al. 2008) (see Figure 6 a). It allows
depositing more energy as compared to the paraxial
E-field incidence where electronic plasma screens
(reflects) incoming laser pulse. This mechanism is
present at all wavelengths and contributes to the
change of the global γ-slope. The most efficient
energy deposition takes place close to critical plasma
density which is λ dependent: ncr = me10v

2/e2,
where me is the electron mass, e its charge,
v = 2pc/l is the cyclic frequency of light and 10 is
the permittivity of free space.

5. Conclusion

3D nanolithography with ultra-short t ≈ 100 fs pulses at
a wide visible-to-near-IR spectral range of
l = 400− 1200 nm (a three octaves frequency span)
proceeds via multi-photon excitation defined by
effective order exponent nef = 0.8− 4.6. The deviation
of the lateral voxel size from analytical curve was
observed and had a distinct step-like onset most
expressed at a longer wavelength and higher power.
This augmented energy deposition is consistent with
ENZ state formation at the focal region which causes a
larger portion of incident light intensity to be absorbed
yielding a large lateral cross-section of photopoly-
merised voxel (line) (Joglekar et al. 2004). The validation
of the approach was realised in an SZ2080TM as a model
material and should be viable with other widespread
materials such as commercial IP photoresins, PETA and
other cross-linkable materials.

Here, we have shown that femtosecond laser 3D
nanolithography can be implemented at various
wavelengths and even without the need for PI. Of
course, every selected wavelength and presence or
absence of PI influenced DFW, revealing that lasers
of various wavelengths can be optimised for special-
ised structuring results. For example, shorter wave-
lengths showed higher production throughput and
lower photo-chemical energy conversion yield. This
is advantageous in the MPP community, as could
enable rapid paralleled multi-beam fabrication
further increasing throughput. However, contrary to
the literature, the efforts carried out toward reaching
the highest structuring resolution did not directly
reveal that some specific wavelength is advantageous
for such purposes.

In perspective, deeper insights are still required into
the mechanism of heat accumulation, which is depen-
dent on scan speed and laser repetition rate, as well as

focal spot size. The tunable wavelength, together with
pulse chirp, duration and burst-mode operation,
which is becoming a standard in commercial fs-laser
sources can provide further improvements. Consider-
ing the trend of the last 20 years of Moore’s law
scaling with an average fs-laser power doubling
every two years (Han et al. 2021), the high-throughput
applications will benefit from parameter-optimised 3D
nano-printing.
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