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Abstract: Two-photon laser polymerization (TPP) is a state-of-the-art technology that allows for
the submicron-resolution printing of freeform 3D objects to be harnessed in various applications,
including physics, biology, medicine, and materials science. The TPP is based on using
photosensitive polymeric materials that impose restrictions on the minimum feature size and limit
the functionality of printed structures within the capabilities of polymers. One of the promising
yet insu [ciehtly studied methods for overcoming these limitations is pyrolysis—high-temperature
annealing of polymer objects in an inert atmosphere. It may allow both to decrease the size of
the objects and modify their chemical composition. Here, we compare the e [eck of pyrolysis on
solid objects being tens of micrometers in size printed by TPP from three commercially available
photoresists: IP-Dip, OrmoComp, and SZ2080. For the annealing temperatures of 450°C and
690°C in an argon atmosphere, we assessed the changes in size, chemical composition, and
adhesion to the silicon wafer substrate. Our data may be promising for developing pyrolysis as a
standard post-processing method for structures created via TPP technology.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Two-photon polymerization (TPP), or direct laser writing, proved to be a powerful tool to fabricate
three-dimensional microstructures with a minimum feature size of down to 100 nm [1,2]. TPP
enables microscale manufacturing of arbitrary 3D structures, including light-fueled automotive
microwalkers [3], 3D invisibility optical cloaks [4], multi-lens objectives [5], free-form coupling
elements [6], optical waveguides [7], microoptical elements [8], biocompatible microparticles [9],
mechanical metamaterials [10], fiber-tip gas sensors [11], 3D cell sca [alts [12], and pH-driven
micro-grippers [13]. One of the promising applications of TPP is producing of the refractive
X-ray optical elements [14-16].

Despite some brilliant opportunities provided by TPP, its material selection is limited to polymer
photoresists. Due to polymer transparency in the visible range, lack of electrical conductivity,
mediocre mechanical properties, and low thermal and radiation stability, the practical application
of TPP structures remains limited. For example, TPP-fabricated X-ray optics degrades after
being exposed for several hours to intense X-ray radiation [16,17]. Moreover, material choice in
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TPP defines a fundamental limit of resolution that can be achieved [18]. Conventional resolution
of commercially available Nanoscribe GmbH Photonic Professional GT2 with the family of
acrylic-based IP photoresists is 1000 nm along the optical axis of the focusing objective and
400 nm resolution in the objective focal plane, with a minimal feature size of 160 nm [19]. The
feature size of OrmoComp structures is down to 150 nm [20]. Feature size of SZ2080 structures
has been found to be 5% smaller than that of IP-Dip structures [21].

Post-processing technique — pyrolysis — simultaneously provides resolution enhancement
with introducing new functionalities. Slow heating in an inert atmosphere eliminates organic
parts and turns the material into either a glassy carbon or ceramics [22,23], depending on the
precursor. The pyrolyzed materials have demonstrated high thermal and radiation stability
[23-26] along with increased mechanical strength [27]. TPP with a subsequent pyrolysis has
been successfully applied to make carbon nanoelectrodes for neurotransmitter sensing [28],
custom tips [29] for atomic force microscopy, photonic crystals in visible range [30,31], and
ultrastrong mechanical metamaterials [32,33]. A series of previous studies in this field have
addressed the resolution enhancement by pyrolysis [21,30,32,34-36] and calcination [37,38]
with the ratio of shrinkage down to 10% of initial size. However, a closer look at the literature
reveals that it is hard to compare the results of experiments conducted in di [erént conditions
and evaluate important parameters for resolution enhancement. As previously reported in the
literature [39], the structure’s shrinkage is determined by a polymer precursor as well as the
pyrolysis temperature, atmosphere, and geometry of the printed structure.

The byproduct of TPP exposure is residual stress that causes non-uniform shrinkage and
delamination of the structures from the substrate [40]. The subsequent pyrolysis makes the
adhesion problem even more challenging [41]. Despite the apparent practical significance of this
question, only a few studies have addressed it systematically. The researchers have measured
the adhesion forces between TPP-made microstructures and glass surfaces with and without an
adhesion promoter just recently [42].

In this paper, we performed a comparative analysis of three commercially available photoresists
— IP-Dip, OrmoComp, and SZ2080 — as precursors for TPP with subsequent pyrolysis. We used
an X-ray lens on a pedestal [17,43] as a printed model object. Structures’ elemental composition,
shrinkage, and adhesion to the substrate were studied as a function of pyrolysis temperature.

2. Materials and methods

We have selected three commonly used photoresists for printing by TPP, which di Cefsignificantly
in properties and chemical composition. Ip-Dip is widely used for printing high-resolution
structures by commercial Nanoscribe printer. IP-Dip is suitable as a material for X-ray optics
[14,44], and IP-Dip structures have been successfully pyrolyzed before [21,30,32]. OrmoComp is
a biocompatible material used for printing optical elements for the visible light, and is promising
as a material for the X-ray optics as well [14,17,43]. There is no reference information about
OrmoComp structures treated by pyrolysis. However, according to Fraunhofer Institute for Silicate
research [45], some experiments were successfully performed on making nanoporous SiO,
hollow fibers from ORMOCER photoresists by pyrolysis. SZ2080 is low shrinkage photoresist
excellent for high resolution printing by TPP [46]. This photoresist turns into ceramics during
pyrolysis [36,37], which might be useful for the purposes that require high stability under extreme
irradiation. Seniutinas et al. [21] showed that dimensions of structural elements as well as the
size of the entire printed structure could be controlled at the nanoscale by combining isotropic
plasma etching and pyrolysis as post processing steps for IP-Dip and SZ2080.

All structures made of these photoresists were printed on the 500- m-thick silicon wafer. The
substrates were cleaned with acetone, isopropyl alcohol, and distilled water and afterwards placed
in the piranha solution [47] for 30 minutes with the following distilled water rinsing and drying.
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2.1. Materials

IP-Dip is a TPP-specialized organic negative-tone photoresist produced by Nanoscribe GmbH. IP-
Dip’s molecular formula is CH2Ng 0010034 [48]. This resin contains 60-80% of pentaerythritol
triacrylate (PETA). This photoresist is a fluid medium designed for dip-in laser lithography
[49]. According to the provider’s datasheet, the refractive index of unexposed material at the
wavelength of 780 nm is 1.52, perfectly matching the focusing optics. The refractive index of
polymerized photoresist is approximately 1.53 at 780 nm, depending on UV-exposure time and
intensity [50]. IP-Dip was drop-casted on a silicon wafer and used according to the standard
operating procedures provided by Nanoscribe [51]. The structures made of IP-Dip were developed
by placing in PGMEA (supplied by Sigma-Aldrich) for 25 minutes with the following treatment
in isopropyl alcohol (with 99% chemical purity) for 5 minutes. I1P-Dip has numerous advantages:
superior resolution, dip-in operation mode (allowing printing high structures easily), organic
components that carbonize under pyrolysis.

OrmoComp is a hybrid organic-inorganic photoresist produced by Microresist Technology
GmbH. Its molecular formula is C,; SOgSiH3zg [43]. OrmoComp belongs to organically modified
ceramics (ORMOCER) commonly prepared by sol-gel processing. The polymer’s refractive
index is approximately 1.513 at 780 nm [50,52]. OrmoComp is a high viscous liquid. Though it
is possible to use OrmoComp in a dip-in operation mode for TPP, we applied standard operation
mode, with oil immersion between the objective and the sample. The sample represented a cell
with an OrmoComp layer placed between silicon and glass substrates. OrmoComp droplet was
deposited on the silicon substrate and covered with a glass coverslip to make a cell. A stack of
duct tape pieces (produced by Brauberg company) controlled the cell’s height. One duct tape
layer had a thickness of approximately 40 m. We used three duct tape layers to make cells
with a height of 120 m. More details of the sample preparation can be found elsewhere [14].
After TPP exposure, the cells were immersed in methyl isobutyl ketone for 2 hours to remove the
untreated photoresist and rinsed with isopropyl alcohol.

S72080 is a hybrid organic-inorganic sol-gel photoresist produced by IESL—FORTH, Greece
[53]. Its polymer network resembles Ormocomp with some Si and N atoms replaced with
Zr atoms, with chemical formula C4H12SiZrO, [54]. The zirconium additive hardens the
polymerized resin. The refractive index of SZ2080 is 1.5 at the wavelength of 632.8 nm [46].
However, Zukauskas et al. [55] found that TPP processing parameters, such as laser intensity
and scanning velocity, can variate the refractive index of up to 1%, i.e., n = 0.015. A droplet of
$Z2080 resin was deposited on the silicon wafer and pre-baked at 100°C for 100 minutes. After
the prebake step, the second layer of the resist was placed on the first one and covered with a
glass in order to create a cell and dried on a hotplate at 100°C for 100 minutes to condensate the
hydroxy mineral moieties and form an inorganic matrix. This pre-processing hardens photoresist
material, that facilitates precise TPP manufacturing on the SZ2080 workpiece. SZ2080 structures
were developed in methyl isobutyl ketone for 2 hours, likewise OrmoComp cells.

2.2. Fabrication of structures by two-photon polymerization

TPP was performed on two di [erent setups. IP-Dip and Ormocomp structures were exposed by
using Nanoscribe Photonic Professional. SZ2080 and other Ormocomp structures were printed on
a home-built TPP setup. We used Ti-Sapphire Chameleon Coherent femtosecond laser with the
80 MHz pulse rate and 780 nm wavelength. Plan-apochromat LD LCI 25 /NA0.8 or 100 /NAL.3
objective lenses focused laser radiation. Two-axis fast steering mirror (FSM-300-M-01, Newport
corporation) deflected light to move the focal spot in the lateral plane. More details can be found
in Ref. [43]. The laser power varied from 5 to 14 mW, depending on the photoresist material and
laser velocity. The latter was approximately 300 m/s for Nanoscribe (PS3 option) and 900 m/s
for the home-built setup. Both hatching and slicing distances were 0,2 m.
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The same X-ray lens on the high pedestal was used as a printing model for all three photoresists
(see Fig. 1).This is a model of bi-concave parabolic refractive lens, which can be used for
X-ray focusing. The lens model has been chosen due to its non-trivial shape, which allowed us
to evaluate pyrolysis influence on geometric parameters and elemental composition. Table 2
specifies the model’s main parameters. The lens has a parabole radius of 5 m, a round aperture
of 28 m, length, width, and height of 40,2x34x30 m?3, correspondingly. The lens is placed on
a pedestal with a height of 50 m. This kind of structure’s support is necessary to eliminate the
influence of substrate during pyrolysis; the substrate does not shrink during pyrolysis, therefore
the adhesion forces would also prevent the structure’s bottom layers from shrinking. The higher
layers would shrink less than expected until the certain height, from which the uniform shrinkage
is observed. Fabrication of a single whole lens with a pedestal using the home-built setup in
galvo scan mode takes approximately one hour. When using Nanoscribe, the lenses were printed
in a piezo scan mode. Therefore, in order to shorten the printing time, the lens and the pedestal
were printed separately. In the piezo scan mode with the aforementioned printing settings, the
fabrication of one lens without a pedestal takes approximately 4 hours. The pedestal has been
printed in shell&sca [altl fill mode, in which solely framework of the pedestal is printed with 5

m-thick walls. The printing time of the pedestal in these conditions reaches approximately 20
minutes. In the solid fill mode (used to print the lens), the fabrication time of one pedestal by
Nanoscribe is estimated to be of 8 hours. During the development process, these structures with
hollow pedestals were treated with UV radiation to polymerize the photoresist material inside
the pedestal. For UV-curing, the structures were irradiated for 30 minutes using high-pressure
mercury-vapor lamp. The radiation intensity was 12 mW/cm? in the spectral range of 280-400
nm.

Fig. 1. Model of X-ray lens on solid pedestal, all sizes are in m: a - 3D view, b - vertical
cross-section along the optical axis of the lens

In most of the previous works, the pyrolyzed structures had rod lattice. Though this lattice design
is highly e [cieht, various, especially optical, applications require solid-state microstructures.
Additionally, solid-state structures are better suited for measuring elemental composition and
adhesion.

2.3. Pyrolysis

The pyrolysis was performed in a horizontal tube furnace (SNOL, NPO Tehnokom) under the
constant argon flow (approximately 30 ml per minute). The process includes three stages:
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« heating from room temperature to peak temperature with a constant heat rate of 1.5°C per
minute;

* keeping the sample under peak temperature for a dwell time of 30 minutes;

« switching o [fhe furnace and cooling down to room temperature, which takes several
hours;

According to literature, peak temperature in post-processing varies significantly, from 300°C
[56] up to 1500°C [37]. We relied on thermogravimetric analysis (TGA) to choose two pyrolysis
temperatures out of this range. Figure 2 shows the temperature-dependent mass loss of the
S$Z2080 material.SZ2080 polymer film was produced by the standard protocol, but it was exposed
to the UV radiation and separated from the substrate instead of TPP processing. For UV-curing,
the films were irradiated for 24 hours with the radiation intensity of 25 mW/cm? in the spectral
range of 280-400 nm. The measurements were performed on NETZSCH STA 449 device
(NETZSCH-Geratebau GmbH), combined with QMS 409 mass-spectrometer. The SZ2080
material was heated in argon flow (30 ml per minute) with a heat ramp of 5°C per minute in the
range from 40 to 1000°C. The mass loss and its derivative are shown on the left panel. The mass
loss slightly decreases from the initial temperature, which indicates the removal of the partially
cross-linked resin (or unreacted resin) within the cured SZ2080. The polymer starts to decompose
at 360°C. The mass loss derivative allowed us to determine the temperature of phase transitions.
The most significant loss occurs at the temperature of 396°C, and additional extremum can be
seen at 451°C. Total mass loss during thermal decomposition amounted to 44,2%. The right
panel shows mass-spectrometric detection of common polymer decomposition products — H,O,
CO, CH,0, CO,. Stages of polymer decomposition detected from TGA correspond to the release
of these products. At the first stage, near 400°C, water, carbon monoxide, and carbon dioxide
release. At the second stage near 450°C we observe a peak of CO release, among with reduced
evaporation of H,O and CO,. Mass-spectrometry helps us to detect the third stage near 490
°C with a small peak of formaldehyde evaporation and a continuous process of CO release.
Thermal decomposition process stops at temperatures exceeding 600°C. To summarize, the most
considerable mass reduction occurs in the range of 400-450°C.

Fig. 2. Thermogravimetric analysis of SZ2080 photoresist. Left panel: mass loss (blue line)
and mass loss derivative (red) during heating in Ar atmosphere. Right panel, top-to-down:
TGA mass loss (black) and mass-spectrometric detection of decomposed components - H,O
(red), CO (green), CH,O (violet), CO, (blue)

Similar results on IP-Dip and Ormocomp can be found in the other works. Ormocomp’s
thermal decomposition starts at 360°C with the major mass loss within the range of 400-500°C
[57]. Mass reduction stops at 500°C with 15% of the initial mass remained. TGA of IP-Dip [30]
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shows a similar curve with extremum of mass loss at 450°C. Because of the major mass loss at
450°C for all three photoresists, we expected both a uniform shrinkage of the printed structure
and a significant loss of the organic part of the material, which is particularly appealing for many
applications, especially manufacturing the X-ray optics. Based on this data, we have chosen first
pyrolysis temperature point of 450°C.

According to TGA, at temperatures exceeding 600°C, mass loss almost completely stops for
all photoresists under study, indicating that all the organic components have been released, and
the material’s elemental compound becomes stable. Therefore, any pyrolysis temperature in the
600°C-1000°C range is expected to lead to the same elemental compound and the resemblant
value of shrinkage ratio. It was reasonable to choose the second pyrolysis temperature point
near the lowest threshold and we picked 690°C, as there is already some research on pyrolysis of
IP-Dip and SZ2080 TPP-made structures for this temperature [21].

To summarize, based on the TGA data and the pertinent literature, we have selected two peak
temperatures for the pyrolysis process: 450°C, 690°C.

2.4. Characterization of printed structures

The printed structures were characterized before and after pyrolysis by scanning electron
microscopy (SEM) performed on Nova NanoSEM 230 microscope. We have also performed
X-ray energy dispersive analysis (EDX) to find out the changes in the elemental composition
of the photoresists. EDX analyzer (Bruker company) has been coupled with SEM microscope.
EDX does not reveal light elements, such as hydrogen, helium, as well as probably lithium and
beryllium [58]. Still, the method is useful and can be combined with SEM easily. The declared
error of measurement is 15% of the value. As hydrogen is the lightest element and quickly
evaporates with the temperature increase, we assumed that there is no hydrogen in the pyrolyzed
structures.

3. Results and discussions

Tables 1-3 summarize the obtained results. Table 1 presents photoresists’ elemental analysis
before and after pyrolysis made by energy-dispersive X-ray spectroscopy (EDX). The expected
values in Table 1 are calculated from the polymer’s molecular formulae. The rest data were
obtained by EDX of the printed structures before and after pyrolysis. The values before pyrolysis
are in good agreement with the expected values in despite EDX low accuracy. After pyrolysis,
the elemental composition changes, which shows the partial release of some elements.

Table 2 shows shrinkage parameters calculated from the SEM images. As expected, the
structures shrunk after pyrolysis. Using the SEM images, we measured the structures’ geometric
parameters, i.e., width, length, height, and aperture diameters, for all pyrolyzed and non- pyrolyzed
structures that remained on the substrate, and these values were averaged to characterize the
shrinkage parameters as one of the pyrolysis results.

3.1. IP-Dip

According to EDX (see Table 1), the initial structure contained 77.5% carbon and 22.5% oxygen.
Meanwhile, the structures pyrolyzed at 450°C consist of carbon by 94%, while just 6% of oxygen
persists. Therefore pyrolysis at 450 C turns Ip-Dip structures into amorphous carbon with a
slight additive of oxygen impurities. Further temperature increase might help remove the residual
oxygen and turn IP-Dip into pure glassy carbon.

Figure 3 shows SEM images of IP-Dip lens before (a) and after (b) pyrolysis at 450 C. All
scale bars are 20 m. Out of 16 printed structures 15 lenses survived pyrolysis. The pyrolyzed
lens demonstrated the shrinkage of the linear size for up to 2.1 times. Previously [30,32], 5x size
reduction of IP-Dip structures has been demonstrated. However, shrinkage is size-dependent and
is more prominent for narrow and thin structures. We pyrolyzed solid structures in our work,
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Table 1. Elemental analysis of IP-Dip, OrmoComp, and SZ2080 structures
before and after pyrolysis with peak temperatures of 450 C and 690 C.

Photoresist ‘ C,at. % ‘ O, at. % ‘ N, at. % ‘ Si, at. % ‘ Zr, at. % ‘ S, at. %
IP-Dip
Expected 74.57 25.35 0.08 0 0 0
Before 775 225 0 0 0 0
After450 C | 94 6 0 0 0 0
Ormocomp
Expected 68 26 0 3 0 3
Before 67 26 0 4 0 3
After450 C | 44 43 0 13 0 0
After 690 C | 3 70 0 27 0 0
SZ2080
Expected 43 45 0 10 2 0
Before 43 45 0 10 2 0
After 450 20 51 0 26 3 0
After 690 3 66 0 30 1 0
Table 2. Shrinkage parameters.
Length, m | Width, m | Height, m | Aperture diameter, m | Shrinkage ratio
Model dimensions 40.2 34 80 28 -
IP-Dip
450 © Before 40.1 349 80.6 243 -
After 19.4 16.5 40.3 11.7 2.1
Ormocomp
450 C Before 40.1 338 78.1 217 -
After 19.6 16.6 37.8 11.2 20
690 C Before 40.2 34 79.1 28 -
After 16.9 14.2 36.0 115 24
S72080
690 C Before 40.2 34 75.7 28 -
After 253 215 434 16.6 1.6

Table 3. Comparison of pyrolyzed structures’ key parameters: shrinkage and
survival rate for pyrolysis temperatures of 450 C and 690 C, adhesion,
pyrolyzed material.

. Shrinkage ratio Survival rate, % . .
Photoresist Adhesion | Pyrolyzed Material
450 C | 690 C | 450 C | 690 C
IP-Dip 2.1 - 94 0 moderate glassy carbon
OrmoComp 2.0 2.4 100 100 good glass
SZ2080 - 1.6 88 75 poor Zr-doped glass
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while the 5 shrinkage was achieved for the woodpile structures made of thin single-voxel rods
with a diameter of approximately 0.5 m. Additionally, shrinkage depends on the degree of
cross-linking: structures with a high degree of cross-linking are less shrinkable [37]. We exposed
our structures to UV-radiation during development to add mechanical stability to the pedestals.
This treatment increased the cross-linking degree of the structures and therefore resulted in lesser
shrinkage.

The shrinkage changes in the direction perpendicular to the substrate: shrinkage grows
with the increase of distance from the substrate. This phenomenon is brought about by the
structure-to-substrate mechanical stress and adhesion. The structure adhesion to the silicon
substrate is strong enough to hold the pedestal’s lower layers and prevent the same shrinkage
as in the upper part of the lens. The influence of the substrate is observed for the pyrolyzed
structure up to the height of 10 m. At higher altitudes, the structures shrink isotropically. The
microstructure’s adhesion deteriorates along with pyrolysis: while the base of the unpyrolyzed
structure is fully connected to the substrate, after pyrolysis, the edges of the pedestal base are
visibly lifted above the substrate. This implies that the pedestal base is partially detached from
the substrate due to pyrolysis.

We also performed the pyrolysis of the IP-Dip lenses at 690 C, but no structures remained
at the substrate. The latter can be explained by the strong impact of pyrolysis on adhesion: the
adhesion worsens at higher temperatures; therefore, the structures detach from the substrate.

3.2. OrmoComp

The elemental compound of OrmoComp structures before and after pyrolysis is presented in
Table 1. The initial material contained 67% carbon, 30% silicon, and 66% oxygen. Pyrolysis at
450 C leads to 44% carbon, 13% silicon, and 43% oxygen. The lens pyrolyzed at 690 C consists
of 3% carbon, 30% silicon, and 66% oxygen. As we see, the amount of carbon drops with the
temperature, while percentages of silicon and oxygen rise. The temperature of 450 C is not
high enough to remove the carbon-containing substances from the OrmoComp structure. After
pyrolysis at 690°C we can state that the obtained material consists of SiO, with a small fraction
of carbon inclusions. This fact is in good agreement with TGA, which indicated final mass loss
at 500 C and led to the dramatic shrinkage ratio increase with the temperature rising.

Figure 3 (c,d,e) shows SEM images of OrmoComp lens before pyrolysis (a) and after pyrolysis at
450 C (b) and 690 C (c). All printed lenses successfully survived pyrolysis at both temperatures.
The shrinkage ratio grows from 2.0 at 450 C to 2.4 at 690 C (see Table 1). Similar to IP-Dip
structures in Fig. 3(a,b), one can notice height-dependent shrinkage near the substrate caused by
the structure’s adhesion to the substrate. The structures shrink isotropically at the altitudes higher
than 18 m. The latter height value relates to pyrolyzed structures, which can be translated to the
height of 36-44 m for the initial structures. In contrast with IP-Dip structures, the adhesion of
OrmoComp structures does not change, regardless of the pyrolysis temperature. The structures
before and after pyrolysis at 450 C and 690 C are equally well connected to the substrate.

We carried out a separate experiment with the pedestal to find out the height of isotropic
shrinkage. In this experiment, we pyrolyzed at the temperature of 690 C the parallelepipeds
with 34 40.2 m base, coinciding with the sizes of lens’ base, and a height of 30, 40, and
50 m. Figure 4 shows SEM images of pyrolyzed pedestals.The structures’ size reduction
is non-uniform along the vertical direction. The pedestal bases remained the same size after
pyrolysis, which infers an excellent adhesion of OrmoComp structures to the silicon substrate.
This strong adhesion holds the bottom pedestal layers and therefore prevents the structure from
isotropic shrinkage. The deformations of the pedestal caps illustrate shrinkage at the designated
height. The top edge of the 30- m pedestal (left panel in Fig. 4) is bent dramatically. The
40- m pedestal cap (center panel) is less curved, but a lack of flatness can still be observed. The
50 m-thick pedestal (right panel) has a flat top edge. We observe the isotropic shrinkage of
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Fig. 3. SEM pictures of structures printed from IP-Dip, OrmoComp, and SZ2080. Upper

row: IP-Dip lens (a) before pyrolysis, and (b) after pyrolysis at 450 C. Middle row:

OrmoComp lens (c) before pyrolysis , and after pyrolysis at (d) 450 Cand (e) 690 C. Bottom
row: SZ2080 lens (f) before pyrolysis, and (f) after pyrolysis at 690 C. All scale bars are 20
m.
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50 m-thick pedestal starting at a certain distance from the substrate. The height of isotropic

shrinkage for initial structure equals 38 3 m. Based on these findings, conducted before the

main experiments, we placed the structure’s model on top of a solid pedestal with a height of 50
m.

Fig. 4. SEM images of OrmoComp pedestals after pyrolysis at 690°C with 30 m (left), 40
m (center), and 50 m (right) initial height; all three scale bars are 10 m.

3.3. SZ2080

According to the TGA (see Fig. 2), we expect the resin’s total conversion to the non-organic
compound at 490-500 C. The elemental compound of the pyrolyzed SZ2080 structures is shown
in Table 2. Initially, SZ2080 structures contained 43% carbon, 45% oxygen, 10% silicon, and 2%
zirconium. The structures pyrolyzed at 450°C consisted of 20% of carbon, 51% of oxygen, 26%
of silicon, and 3% of zirconium. After pyrolysis at 690°C the amount of carbon amounted to
3%, with 51% of oxygen, 26% of silicon, and 1% of zirconium. As the pyrolysis temperature
increases, the percentage of carbon drops, while the amount of oxygen and silicon grows. SZ2080
photoresist turns mainly into SiO, during the pyrolysis at 690 C with small persistent amounts
of carbon and zirconium. The transformation is not completed during the 450 C pyrolysis: the
amount of carbon reaches 20%. This confirms that the temperature of 450 C is not high enough
to remove the organic parts from the compound, as we see on TGA.

Figure 3 (f,g) demonstrates SEM images of a typical structure — lens on a high solid pedestal—
made of SZ2080 before and after pyrolysis at 690 C. This lens successfully survived pyrolysis;
however, only 75% of SZ2080 structures endured pyrolysis, and 35% of pyrolyzed structures have
visible defects, such as cracks and hollows. In contrast, pyrolysis at 450 C does not induce the
structures’ damage. The shrinkage ratio at 690 C is 1.6 (see Table 2). The structures pyrolyzed
at 450 C were not suitable to determine the shrinkage ratio, but viable to perform the elemental
analysis.

In contrast with Ip-Dip and OrmoComp lenses, the SZ2080 lens demonstrates isotropic
shrinkage of the whole structure, independent of the height. We also observe the gap between the
lens and the substrate and a trace of the initial pedestal edges on the substrate after pyrolysis.
These facts indicate poor adhesion, which leads to the 25% structures’ loss. The result leads to a
conclusion that SZ2080 is most suitable for the stand-alone structures and not recommended for
the ordered arrays of structures printed on one substrate.

3.4. Discussion

Table 3 compares pyrolyzed structures made of IP-Dip, OrmoComp, and SZ2080, by three
major parameters: shrinkage, elemental compound, and adhesion. OrmoComp demonstrated the
best adhesion, independent of pyrolysis. The predictable shrinkage of OrmoComp structures,
together with good adhesion and 100% survival rate, makes this photoresist promising for more
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complex printing, for example, an ordered array of structures. This feature may be demanded for
creating compound X-ray lenses [17], metasurfaces and other devices. On the other hand, the
adhesion of SZ2080 is relatively weak. Poor adhesion of SZ2080 to silicon substrate determined
that only a few SZ2080 structures successfully survived pyrolysis without falling or misplacing.
Nevertheless, there is an advantage in poor adhesion: low structure-substrate interaction leads to
the isotropic shrinkage. SZ2080 lenses shrunk uniformly, while OrmoComp and IP-Dip lenses’
pedestals distorted in a non-linear manner in the area near the substrate. Therefore, the pyrolyzed
structures made of SZ2080 can be useful if their orientation is insignificant, or, even better,
free-standing structures are required. IP-Dip showed medium case: its adhesion is weaker than
OrmoComp, but better than SZ2080. In our experiments, IP-Dip structures did not survive the
pyrolysis at a temperature of 690°C. However, in previous studies IP-Dip structures have endured
heating of up 900°C [32]. Thus, high temperatures may be tangible with special preparation
of the substrate’s surface for better adhesion to photoresist structure, i.e., using an adhesion
promoter.

Di Cerknt resins demonstrate di [ereént shrinkage. Ip-Dip and OrmoComp show high shrinkage,
while SZ2080 is harder to shrink. This tendency is consistent with the previous data on SZ2080
and Ip-Dip [21]. We explain this by inorganic hard silicon carcass, which remains persistent for
OrmoComp and SZ2080. Inorganic components lower the shrinkage of the pyrolyzed resins,
especially for Zr-enforced SZ2080 carcass. The temperature of 450°C allows one to achieve
isotropic shrinking in the range of 2.0-2.1 for di Lerknt photoresists. As the pyrolysis temperature
increases up to 690°C, the shrinkage grows up to 25%: 2.4 for OrmoComp and 1.6 for SZ2080.

The EDX results show that the Ip-Dip turns mainly into glassy carbon during pyrolysis. This
transformation is almost complete at 450 C, which is seen by the increased amount of carbon
atoms with a decreased amount of oxygen atoms in elemental analysis. The glassy carbon
possesses good electrical conductivity and has a wide range of applications, such as 3D free-form
electrodes [28,59] and durable mechanical metamaterials [10,32,60]. OrmoComp and SZ2080
transform into silicon dioxide with nearly stoichiometric compound at 690 C. This transformation
occurs because of carbon removal. The amount of released carbon increases with the pyrolysis
temperature.

4. Conclusions

We have pyrolyzed polymer structures made by TPP and analyzed the e [ect of pyrolysis on
elemental composition, shrinking and adhesion. IP-Dip turns into glassy carbon after pyrolysis
at 450 C, while OrmoComp and SZ2080 turn mainly into SiO, at 690 C. Out of the three
examined photoresists, OrmoComp demonstrates the best adhesion, SZ2080 the worst, and
IP-Dip the medium one. The adhesion quality correlates directly with the structures’ survival
rate under pyrolysis and the observed height of isotropic shrinkage. Organic IP-Dip is more
shrinkable than organic-inorganic SZ2080 and OrmoComp, and size reduction grows with the
pyrolysis temperature. Structures made of SZ2080 shrink uniformly, while OrmoComp and
IP-Dip structures have uniform shrinkage starting at some level from the substrate. As the
pyrolysis temperature increases up to 690°C, the shrinkage grows up to 25%: 2.4 for OrmoComp
and 1.6 for SZ2080. Though there is no evidence that TPP-printed OrmoComp structures were
pyrolyzed before, in this research OrmoComp demonstrated a good fit for pyrolysis.

The results of the current work have straightforward application in material science and can
provide a starting point for any research that involves additive manufacturing with pyrolysis
post-processing.
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