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ARTICLE INFO ABSTRACT

Keywords: 3D ice lithography (3DIL) is an emerging method for fabricating polymeric 3D objects with submicrometer
Au(acac)Me; patterns. However, there are no studies on 3DIL using metal-containing precursors. In addition, unlike numerous
Thermosets

post-processing studies of two-photon polymerization (2PP) and focused electron beam-induced deposition
(FEBID), there are no 3DIL post-processing investigations. Here, we present a 3DIL process using an organo-
metallic precursor (gold dimethyl acetylacetonate, Au(acac)Mey), and its first post-processing study. We inves-
tigated 3D processing parameters and post-processing using Ar-, air annealing, and O plasma. X-ray
photoelectron spectroscopy (XPS), atomic force microscopy, energy-dispersive X-ray spectroscopy, and trans-
mission electron microscopy were used for materials analysis. Our results show (i) 3DIL processed materials
exhibit thermoset properties, as they decompose rather than melt at elevated temperatures; (ii) free metal atoms
diffuse and form clusters, here, gold nanoparticles with a diameter of around 10 nm were formed; (iii) oxygen
treatments remove carbon-based ligands while leaving noble metals behind. Also, Ar annealing leads to less
material loss than air annealing, while O, plasma generates oxidized Au states and efficiently removes carbon
ligands. Ar annealing at 600 °C reduces the carbon XPS signals significantly and increases the gold XPS signal by
ten times, giving a good purification effect but with a high material removal of around 95 %. We printed large Au
metalorganic 3D structures (>1000 times larger volume than FEBID), which suggests 3DIL bridges the gap be-
tween the capabilities of 2PP and FEBID. The unique capabilities of organometallic compounds to detect envi-
ronmental changes can position 3DIL for sensing applications, and 3DIL is a safe and non-toxic technique to
manufacture nanoparticle-containing 3D structures, which may have applications in many fields such as nano-
photonics, drug delivery, and catalysis.

Gold nanoparticles

1. Introduction polymerization of patterns smaller than 100 nanometers [9]. Its starting

materials (precursors) are acrylate or silane-based photopolymers [10,

Technological advances require the development of micro- and
nanoscale components with smaller sizes, higher precision, and 3D
features. This is essential in fields such as electronics [1,2], optics [3,4],
microfluidics [5,6], and communication [7,8]. Two-photon polymeri-
zation (2PP), focused electron beam-induced deposition (FEBID),
focused ion beam-induced deposition (FIBID), and 3D ice lithography
(3DIL) are complementary additive manufacturing (AM) technologies
that fabricate complex 3D objects at the submicrometer scale. Each
method offers unique resolution, materials, and throughput advantages.
2PP relies on the nonlinear absorption of two photons to induce the
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11], with the noteworthy emergence of bio-cross-linking materials [12,
13]. This technique produces intricate polymer and composite devices
for optical, photonics, communications, and healthcare applications
[14-16]. In FEBID and FIBID, an electron or ion beam dissociates a
vaporized precursor adsorbed onto the substrate surface. Its wide range
of materials includes precursors developed for chemical vapor deposi-
tion (CVD) [17]. These metalorganic precursors contain carbonyl,
halogen, or alkyl compounds [18]. FEBID/FIBID allows the single-step
growth of composite materials with applications as metal contacts
[19,20] and fine probe tips [21,22], in superconductivity [23,24], in
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magnetism [25,26], in photonics [27,28], as structural elements [29],
etc. Fundamentally different from 2PP and FEBID is 3DIL. 3DIL is a
layer-by-layer additive process involving freezing layers of a gasified
precursor over the substrate surface and then patterning the obtained ice
layers using an electron beam [30]. As a recently reported novel tech-
nology, 3DIL does not fit into any ISO/ASTM 52900 standard categories.
It shows similarities with vat photopolymerization-based processes as it
relies on cross-linking to form 3D objects, but it uses an electron beam
rather than a light source, doesn’t require a vat, and isn’t limited to
photosensitive materials. It also shares some key features of directed
energy deposition, as focused electron beams deliver energy required for
cross-linking of precursors. We demonstrated microfluidics and nano-
photonic applications using 3DIL [30]. It can create features as small as
4 nm [31].

Post-processing methods enhance materials and device properties.
Since these three AM approaches are distinct, the suitable post-
processing techniques and their specific benefits vary: using thermal
processes or hydrogel infusion, polymeric 2PP devices can be converted
to metal oxides, which are shrunk to achieve a higher resolution [32],
and metals [33,34], while FEBID materials can be purified through
thermal annealing [35,36], plasma or gas treatments [37,38], electron
or ion beam curing [39,40], increasing their metal content. However,
post-processing of 3DIL-printed objects has not yet been investigated,
and since 3DIL is fundamentally different from 2PP and FEBID, the
methodology, mechanism, and potential haven’t been addressed in
other studies. Here we aim to address this research gap systematically by
examining the effects of three post-processing techniques—air anneal-
ing, Ar annealing, and O, plasma—on 3DIL materials and structures. We
have three hypotheses:

i. Oxygen at elevated temperatures and Oy plasma will remove
3DIL materials because the ligands are carbon-based. Metals that
do not react with Oy will remain.

ii. Energetic electrons cross-linked organic molecules that form
polymer-like structures, and since cross-linked polymers are
thermosets, we hypothesize that 3DIL materials are also
thermosets.

iii. Free metal atoms will diffuse and form clusters in 3DIL parts,
while most ligands are cross-linked and not mobile. Thus, main-
taining the original 3D structure.

We used an Au-containing organometallic compound to test our
hypotheses: gold dimethyl acetylacetonate (Au(acac)Mey). It is an
excellent candidate because we do not anticipate Au will react with O,
and the acetylacetonate ligands will likely cross-link. We determined the
optimal IL parameters through Monte Carlo simulations, dose tests, and
fabrication of 3D structures. Energy-dispersive X-ray spectroscopy (EDS)
mapping examined the elemental composition. We studied the effect of
post-processing methods (air annealing, Ar annealing, and O plasma)
on 2D thin films using X-ray photoelectron spectroscopy (XPS) and
atomic force microscopy (AFM). We investigated post-processing pa-
rameters on 3D-printed objects using scanning electron microscopy
(SEM) and EDS. Finally, we employed transmission electron microscopy
(TEM) to investigate Au mobility. This work builds on our previous
effort in 3D printing low-toxicity materials. In our latest paper, we
investigated nonane as a starting material and showed a proof-of-
concept print using the chosen gold organometallic precursor. Here,
we continue this story by presenting the first systematic study of 3DIL
using an organometallic precursor, including the post-processing
investigation of 3DIL patterned materials and 3D structures.

2. Materials and methods
2.1. Materials

The gold organometallic precursor is gold dimethyl acetylacetonate
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(Au(acac)Me,) from ABCR GmbH and was stored inside a freezer at
around —15 °C. The precursor decomposes in elevated temperatures,
and when exposed to air, humidity, and light. Therefore, special caution
must be considered during the process. Compared to other toxic gold
precursors (like Au(PF3)Cl, and the fluorinated derivatives Au(tfac)Me,
and Au(hfac)Mey), there are no associated health risks or safety concerns
according to its material safety data sheet (MSDS). Although there are no
standardized processes for Au(acac)Me; precursor, we performed sam-
ple preparation, transport, and testing based on ISO/ASTM standards,
and Table S1 is given in Supplementary Materials listing all the stan-
dardized methods.

2.2. 3DIL processes

We performed Monte Carlo simulations to determine optimal
manufacturing parameters using CASINO v2.5. We downloaded the
Benchy model from Benchy.com and sliced it using UltiMaker Cura. The
3DIL process occurs in a modified FlexSEM 1000 (Hitachi High-Tech)
using a custom 3D printing program. This software can control our in-
built gas injection system (GIS) and processes to generate patterns.
During the printing, the sample stage was cooled down with liquid ni-
trogen and stored in a tank connected directly to the stage. Beam con-
ditioning was performed each time according to the ASTM E986-04
standards to achieve the optimal beam shape for 3DIL. We invite the
reader to learn more about our 3DIL setup and process here [30,41].

Before the 3DIL processes, we transferred the solid-state precursors
into a glass vial inside a glovebox filled with Ar gas. The glass vial was
cleaned thoroughly with acetone, ethanol, and distilled water. Then, the
clean glass vial was stored in a vacuum environment inside load-lock for
1 h to eliminate any possible contaminations before being loaded into
the glovebox. After precursor transfer, the filled glass vial was sealed
with aluminum foil to avoid light exposure during transportation. The
sealed glass vial was placed in a box with ice bags to maintain a rela-
tively cold temperature and installed onto the SEM system. The glass
vials were cleaned thoroughly, and the precursors were preserved ac-
cording to the ASTM D3694-96 standard. It usually takes 1 h before the
temperature of the glass vial slowly ramps up to around 20 °C. To inject
the precursor into the SEM chamber, we heated the glass vial to 25 °C
with a resistive heater, and we applied thermal grease to reduce thermal
resistance between the glass vial and the heater. A thermocouple was
attached at the bottom of the glass vial, which measured the tempera-
ture of precursors. Overheating at 30 °C could already decompose the
precursors and deteriorate printing results. Therefore, precise temper-
ature control is crucial and can be achieved by tuning PID controller
settings. The solid-state precursor could then evaporate and be injected
through a leak valve. A pressure gauge is used to monitor the pressure
inside our GIS, which is used to estimate the thickness of organometallic
ice being deposited.

To prolong the shelf-life of the precursor inside the glass vial and, at
the same time, have a good resolution of 3D objects, we chose 5 kV and
10 mC/cm? for the electron-beam acceleration voltage and the dose,
which can give a layer thickness of around 300 nm. For the 3DIL process
of tall structures, a large number of layers will be expected; this could
cause some practical issues, like the focus depth of the electron beam can
limit the structure fidelity, and the positioning error of the stage can also
be amplified. We also observed a varied layer thickness between
different batches of experiments, which could be caused by the unstable
precursor properties. Thus, calibration must be performed for optimized
3DIL results.

For purposes of 3DIL and post-processing, we used small pristine
silicon chips as substrates. For electrical characterizations, we used sil-
icon chips deposited with 6 ym thick silicon dioxide as insulating layers,
and the silicon dioxide was grown by a wet thermal oxidation process,
with processing temperature of 1075 °C and pressure of 1 bar. The chips
were cleaved manually and have a size of around 1 cm by 1 cm. The
corner position of the chips was used as alignment marks during
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precursor deposition and exposure at different layers. In this paper, we
present three letters, four 200 x 300 um? thin-films, and ten Benchys. To
establish a reproducible and reliable process, we fabricated more sam-
ples with different designs and substrates, which are listed in Table S2
with more details.

2.3. Characterization

A Zeiss Supra system was used for SEM imaging, and a high accel-
eration voltage of 15 ~ 20 kV was used for high-quality images without
charging effects. The sample preparation and size characterization were
performed based on the standardized ASTM E986-04. Surface
morphology was characterized by an AFM ICON PT system (Bruker).
XPS spectrum was obtained by XPS Nexsa (Thermo Fisher Scientific),
which is equipped with monochromatic Al K-alpha photons at
1486.6 eV. A large pattern area was created for XPS measurement, and a
single exposure was performed with an area dose of 5 mC/cm? and a
beam current of 500 pA. A relatively small acceleration voltage of 5 kV
was used, so the printing process can be accomplished in around 1 h
40 min, giving a thickness of around 155 nm and root-mean-square
roughness Ryys of 13.2 nm. Pass energy was 10 eV for all measure-
ments. The pressure of analysis chamber was around 6 x 10~ mbar, the
step size of spectrum was 0.1 eV and dwell time was 50 ms. Avantage
data system (Thermo Fisher Scientific Inc) was used for XPS data pro-
cessing, a linear background was assumed to fit the peaks on spectra
with Gaussian functions. Adventitious carbon signals were used as a
reference for analysis and fitting. The sample preparation, spectrum
collection, and data analysis were performed based on the standardized
ASTM E2735-15.

EDS measurements were performed with a detector by Oxford In-
struments. The working distance was around 7 mm, and 15 eV accel-
eration voltage was applied to achieve characteristic signals from Au_M,
while the signals from Au Lo was not detectable. We performed EDS
measurements according to the ASTM E1508-12 standard. For TEM
measurements, we created ice patterns on grids with SisN4 windows,
and the ice structures were inspected under a Titan E-Cell 80-300ST
system (FEI) with an acceleration voltage of 300 kV. Electrical proper-
ties were measured with a probe station EPS150Triax, where sheet
resistance was measured with both 2-wire and 4-wire modes. We also
compared electric resistance measurements with a microRSP-M300
system (Capres A/S) with a micro 4-point probe setup.

2.4. Post-processes

Plasma treatment was performed with a Tepla plasma ashing system
(PVA TePla America, Inc.). Samples were placed in a barrel-type mi-
crowave plasma ashing system with an Oy gas flow of 200 sccm,
generator power of 200 W, and pressure of 1.28 bar; the total processing
time was 6 min, during which the chamber temperature increased from
room temperature to 84 °C. Thermal annealing was performed in an STA
449 C Jupiter Thermo-microbalance system (Netzsch-Geratebau
GmbH), where chips were placed in a ceramic crucible in an Ar or air
atmosphere with a pressure of 1 bar. The system has a relatively small
furnace size and has good temperature uniformity. The heat treatment
setup is aligned with ISO 11358 standards. Before annealing, the furnace
was preconditioned by O, gas at 1000 °C to remove possible carbon
contaminations. Temperature was set to 250 °C for Ar and air for
comparison and annealed in 10 min (temperature ramping rate was set
to be 10 °C/min). Due to the small size of 3D objects, the weight change
due to post-processing is below the thermogravimetric resolution of

1 pg.
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3. Results and discussions

3.1. 3DIL processing and parameters optimization using gold dimethyl
acetylacetonate (AuDA) precursor

The 3DIL process, shown in Fig. 1a, occurred within a customized IL
instrument based on an SEM [42]. We cooled the substrates to cryogenic
temperatures (~ 80 K) with liquid nitrogen. We vaporized and injected
organometallic precursors into the system. The injection occurred
through a needle-shaped nozzle using our gas injection system (GIS) and
resulted in a disc-shaped deposition area of 5 mm in diameter. We then
focused the electron beam on the deposited organometallic ice,
cross-linking the material. A custom program, which we developed to
assist the 3D lithography process [30], reads the G-code from a sliced 3D
model, and monitors the printing process. When the procedure finished,
we heated the substrate at a rate of 1 K/s to room temperature. During
the thawing, the unexposed material sublimated, leaving behind the 3D
objects on the substrate. We retrieved the substrates from the ice
lithography system for characterization and post-processing.

To determine the most suitable 3DIL parameters, we assessed the
dimensions of the basic geometric unit or voxel. The voxels approximate
the interaction volumes between the primary electrons (PE) and the
frozen precursor. The diameter of the voxel must be slightly larger than
the target linewidth, as adjacent voxels are stitched together to form
larger areas in each layer. Similarly, their height should be slightly
larger than the deposited ice thickness to cross-link adjacent layers. The
voxel size is estimated by Monte Carlo simulations, which statistically
study the trajectory of incident electrons inside the irradiated material.

We simulated PE energies of 3kV, 5kV, and 7 kV to choose the
optimum acceleration voltage (Fig. 1b). The estimated voxel heights are
236 nm, 550 nm, and 792 nm, with corresponding voxel diameters of
180 nm, 404 nm, and 670 nm for PE energies of 3 kV, 5kV, and 7 kV,
respectively. As expected, higher PE energy leads to larger voxels. We
then compared the simulated voxel heights with the measured thickness
of cross-linked organometallic ice (Fig. 1c). The cross-linked material
was created by exposing an ice layer with a thickness of at least 3.2 pm,
measured with AFM, to PE energies ranging from 1.5 kV to 10 kV. The
simulations and experiments fit well for low PE energies; however, the
deviation is significant for higher PE energies. This presents a trade-off:
we can print high-resolution structures with low PE energy or achieve
high throughput with higher PE energy. We selected 5 kV for the PE
energy to have a high resolution while keeping a decent throughput. We
then quantified the deposition rate of the ice by measuring its thickness
when exposed to a PE energy of 10 kV with different injection times. The
ice thickness and the injection time are linearly related, and the rate is
225 nm/min (Fig. 1d).

In addition to selecting PE energy and measuring the ice deposition
rate, we needed to determine the optimum dose [30,43]. Here, we
patterned squares of 5 ym by 5 um with area doses from 1 mC/cm? to
100 mC/cm? and measured the cross-linked AuDA thickness using op-
tical profilometry. Dose test results for PE energies of 3 kV and 10 kV are
in Fig. 1e. A higher dose increases thickness until it saturates above a
critical dose. Fig. 1f displays the cross-linked ice thicknesses obtained at
different PE energies relative to doses. It indicates that thicker
cross-linked patterns can be achieved, but a larger critical dose is
necessary. However, overexposure should be avoided in 3DIL processes
since the horizontal dimensions of the patterns can be stretched, dete-
riorating the pattern fidelity. Besides, increased surface roughness and
bubbling can also be observed for higher doses. Both phenomena reduce
the adhesion between different layers and damage the quality of 3D
objects [30]. Therefore, we selected a dose of 10 mC/cm? for 5 keV PE.

After determining the optimal PE energy and dose, we verified the
presence of Au (Au_M signal at 2.120 keV) and C through EDS (Fig. 1g).
However, quantifying the proportion of elements is challenging due to
the precursor’s carbon content and the substrate’s Si signals.

Finally, to validate the optimized parameters and demonstrate the
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Fig. 1. (a) Process flow of 3DIL with organometallic precursors. (b) Monte Carlo simulations showing the interaction volumes of PE in Au(acac)Me; ice. (c)
Comparison between simulated voxel height and measured thickness of cross-linked ice at different PE energies. (d) The thickness of deposited ice with injection
times. (e) Dose test with PE energies of 3 kV and 10 kV, showing squares written with different doses. (f) Dose curves with PE energies of 1.5 kV, 3 kV, 5 kV, 7 kV,
and 10 kV. (g) EDS spectrum of a single square pattern showing e.g. Au. SEM pictures of (h) horizontally placed “DTU” characters, (i) two Benchy boat structures, and
(j) upstanding “DTU” characters, with EDS mapping, showing C and Au elements.
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capabilities of 3DIL, we printed 3D objects and analyzed them with EDS
to assess the elemental distribution of C and Au. Fig. 1h shows 4.7-um-
thick “DTU” characters lying horizontally on a Si substrate. Fig. 1i dis-
plays Benchy boat structures, well-known 3D models for AM process
control. The boats’ lengths are 40.4 um and 31.3 pym, and their heights
are 14.3 pm and 10.7 um, respectively. The 3D features (tilted sidewalls,
suspended structures) demonstrate excellent shape fidelity. Fig. 1j dis-
plays upstanding 7.2-microns-thick “DTU” characters, with well-defined
hanging and suspended structures on the “T” and “D”. EDS mapping
revealed a uniform distribution of C and Au elements throughout the as-
printed “DTU” structures. These 3D objects verify the success of the
parameter optimization and the capability of 3DIL to print organome-
tallic microstructures with excellent shape qualities.

Compared with our previous work based on nonane, 3DIL processing
of Au(acac)Me; yields a smaller voxel depth and hence a thinner layer
thickness (Table 1). This is in line with our expectations because the
larger Au atoms in AuDA interact more strongly with electrons than
lighter elements. AuDA 3DIL requires a lower dose and exhibits a higher
throughput than nonane 3DIL, at the same acceleration voltage. These
results imply that other organometallic materials might require a lower
dose than alkane compounds and achieve a higher resolution. Despite
using the same AuDa precursor, comparing our findings to FEBID is
challenging because the FEBID dose (3 orders of magnitudes larger than
3DIL) depends on the type of geometries desired, planar or pillar, and
the target metal content [44]. FEBID processing of ethylene [45], an
organic compound, for instance, occurred at a higher dose than
Mes-Au-tfac in one study [46] and at a lower dose in another [44].

3DIL and FEBID can achieve feature sizes as small as 4 nm [31], and
5 nm [47], respectively. However, with a printing speed up to a thou-
sand times faster than FEBID [48], 3DIL is more efficient for creating
larger structures, as discussed in the following paragraph. Moreover,
while FEBID relies on post-processing and post-grows [49,50], 3DIL does
not require post-processing treatments. FEBID is therefore well-suited
for fabricating nanoscale devices, whereas 3DIL is more effective for
manufacturing larger, submicrometer-scale, objects.

Comparing print dimensions, 2PP offers devices up to the millimeter
scale [51]. Unfortunately, it is limited to photopolymer materials and
composites with low functional material concentration [52]. E.g. the
maximum weight percent (wt%) of Au depends on the resin composition
and varies from 0.01 wt% to 1 wt% [52]. FEBID Au-containing struc-
tures are much smaller than 2PP. E.g. Au pillars are 100 nm in diameter
and 2.2-um-tall pillars, and 50-nm-thick thin films are 20 pm x 5.0 pm
[53-55]. This corresponds to volumes of 1.7 e 1072 pm3 and 5.0 pms,
respectively. In this study, 3D Benchy boats were 40.4-um-long and
14.3-pm-tall. In addition, we patterned 155-nm-thick thin films that
measure 200 pm x 300 pm, corresponding to a volume of 9300 pm?®.
Thus, 3DIL is an effective method for producing submicrometer struc-
tures using pure organometallic precursors, which is impossible with
2PP. The 3DIL printing rate using AuDa is much faster than FEBID, and
below we investigated the printed materials and post-processing.

Table 1
Comparison of 3DIL and FEBID printing parameters for organic and organo-
metallic precursors.

Method Precursor Acceleration Voxel Critical area dose
voltage [kV] depth [nm]  [mC/cm?]
3DIL Nonane 3 420 5
3DIL Nonane 5 600 12.5
3DIL Au(acac) 3 240 4
Me,
3DIL Au(acac) 5 480 8
FEBID Me, 2 - 5.7 ¢ 10°
[45] Ethylene 3 3.2010°
FEBID Me,-Au- 3 10*-2.3 ¢ 10*
[46] tfac
FEBID Mes-Au-
[44] tfac
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3.2. Post-processing of e-beam cross-linked organometallic thin-films

To study the influence of post-processing methods on 3DIL and test
hypothesis 1, we performed thermal annealing and oxygen-based
plasma treatment, as demonstrated for FEBID [56] and 2PP [57,58].
We analyzed the as-printed and post-processed materials using XPS for
chemical composition and AFM for step height and surface roughness.
For XPS and AFM analysis we needed to pattern larger organometallic
ice thin-films (200 x 300 prnz) on Si chips, which have a root mean
square surface roughness (Ryms) of less than 0.3 nm. We obtained
cross-linked AuDa thin films with a layer thickness of 155 nm and sur-
face roughness of 13.2 nm.

Fig. 2a shows the surface-sensitive XPS spectra of Au4f peaks, where
the Au4f;,; peak at a binding energy (BE) of 83.9 eV and the Au4fs,,
peak at 87.6 eV, both characteristic of metallic Au signals [59]. After
annealing in air and Ar at 250 °C, Au4f signals increased significantly.
This is due to enhanced Au contents on the surface of organometallic ice,
as annealing removed carbon. O plasma post-processing (max 84 °C,
see methods for details) resulted in oxidized Au4f signals at around
86.3 eV (Au4fs5) and 90.0 eV (Au4fi). The oxidized Au4f peaks are
typically found in gold nanoparticles (AuNPs) where Au cations are
bonded to oxygen [60,61]. They are caused by bonding between Au,
scarcely distributed in the thin film, and high-density O radicals,
generated in the plasma chamber. Fig. 2b shows the Cls signals with BE
at 284.7 eV. Oy plasma reduces the C content tremendously, while air
and Ar annealing increase the intensity of the “tail” with BE between
286 eV and 290 eV, which are oxidized states of C. The increased C “tail”
for Ar annealing is due to the air exposure, which leads to the oxidation
of carbon atoms with dangling bonds. All three post-processing methods
lead to material losses, indicated by a much smaller layer thickness of
10 nm (air annealing), 17 nm (Ar annealing), and 15 nm (O, plasma).
This corresponds to around 90 % loss compared with the initial thick-
ness of 155 nm. Post-processing reduces surface roughness, as shown in
Fig. 2c as we measured the Rypsina 1 pym by 1 um area to be 2.1 nm (air
annealing), 2.5 nm (Ar annealing), and 2.4 nm (O3 plasma). This cor-
responds to around 80 % reduction compared with the initial Ryys of
13.2 nm.

We did additional annealing studies using argon gas because air
annealing leads to significant material loss, and O plasma treatment
generates oxidized Au states and material loss. We used three different
parameter combinations in the annealing process: 450 °C for 10 min,
450 °C for 30 min, and 600 °C for 10 min. Optical microscopy examined
the morphology of patterns after post-processing (Fig. 3a). Post-
processing at 450 °C for 10 min resulted in an observable metallic
color on the pattern surface. However, we did not observe the “shiny”
metallic color with a longer annealing time of 30 min, and the pattern
was hardly observable with a higher annealing temperature of 600 °C
(indicated by the white box in the figure). We also used AFM to char-
acterize the patterns after annealing, and the layer thickness was
measured in an area of 1 ym by 1 ym to be 20 nm, 17 nm, and 8 nm,
with Rypps of 2.1 nm, 1.6 nm, and 0.8 nm, respectively. This corresponds
to a 90 % material loss compared with the initial thickness of 155 nm. It
is also equivalent to around 90 % of Ryps reduction compared with the
initial Ryps of 13.2 nm. XPS Au4f peaks, shown in Fig. 3b, show low Au
peaks for the thin-film processed at 450 °C for 10 min but display a
significantly increased peak intensity either by a longer annealing time
or a higher annealing temperature. Cls signals, compared in Fig. 3c,
suggest that C concentration is not reduced when annealed at 450 °C,
however, 600 °C can reduce the signals of both C peak at BE of 284.7 eV
and the “tail” of oxidized C states. Ar annealing at 600 °C achieves a high
purification effect for Au but produces severe material removal (around
95 %).

These findings support our first hypothesis: oxygen at elevated
temperatures and O, plasma remove 3DIL the cross-linked carbon-based
ligands, but the non-reactive Au remains.

Comparing IL to FEBID and 2PP, there are similarities and
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Fig. 3. (a) Optical microscopic images of large area 2D patterns of organometallic ice, both as printed and post-processed with various annealing parameters. The

Au4f and Cls signals were also compared for the patterns in (b) and (c).

differences. E.g. for FEBID, post-annealing in air and Oy plasma treat-
ments can increase metal content, producing higher purity and con-
ductivity for Au-containing geometries. However, C cannot be
completely removed [44,56]. In contrast, our study revealed through
XPS that C vanished from 2DIL thin films after exposition to O, plasma.

The XPS signals of Au correlate with a previous FEBID study [62], where
reduced Au4f;/, signals are observed at 84.0 eV for Au(acac)Me; pre-
cursor irradiated by electrons on amorphous carbon and silver sub-
strates. In 2PP, oxygen treatments remove carbonaceous residues from
the prints’ surface to enhance material properties and result in drastic
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material loss [63].
3.3. Post-processing of 3D structures

To test our second hypothesis, that 3DIL materials resemble ther-
moset polymers, we thermally annealed 3D organometallic structures.
Fig. 4 shows Benchy boats as printed and post-processed with Ar
annealing at different temperatures for 10 min. SEM and optical
microscopic images show the morphological changes.

The as-printed structures have dimensions of 40.4 pm and 31.3 um in
length and 14.3 ym and 10.7 ym in height, respectively (Fig. 4a).
Annealing at 450 °C does not cause noticeable changes under SEM
compared with the as-printed boats. Similar to Fig. 3a, a “goldish” color
is visible with optical microscopy (Fig. 4b). We did not observe the
drastic material loss seen earlier with the 2D patterns. This may be due
to the larger surface area of the 2D layer compared with 3D objects. At
600 °C, the bottom layers of the structures started to vanish (red arrow
in Fig. 4c), along with the corners (green arrow in Fig. 4c). This
morphological change is also apparent under optical microscopy,
showing dark surfaces with high optical absorption. At 800 °C, we
observed a significant material loss, and the entire structures started to
detach from the Si substrate, as highlighted by the blue arrows in Fig. 4d.

We performed and compared EDS mapping in Fig. 4. Ar annealing
significantly reduced O signals, especially at a high annealing temper-
ature of 800 °C. However, we did not observe significant changes in the
intensity of C and Au signals. This analysis provides important infor-
mation regarding the parameter window for thermal annealing of 3D
organometallic structures created by 3DIL.

We did not observe any melting evidence with material removal at
elevated temperatures. Together with the above 2D annealing studies,
our results show that 3DIL processed AuDa have thermoset properties
because thermosets do not melt and directly decompose at higher tem-
peratures. In contrast to organometallic FEBID devices, elevated tem-
peratures (higher than 400 °C) can induce void formation and shape
distortion due to a large volume loss of C [56]. This is because they are
nanocomposite materials formed by an amorphous carbon matrix with
scattered metal [64]. In 2PP, photopolymers cross-link to form ther-
mosets and decompose in the range of 400-450 °C [65], and our studies
suggest IL-processed AuDa is more temperature-stable than 2PP
materials.

3.4. Free metal mobility during post-processing

To test our final hypothesis, we created different patterns of organ-
ometallic ice on a TEM grid for TEM inspection. Fig. 5a shows a rect-
angular pattern (labeled by the white dash box) in the center of a TEM
grid, which is composed of spiral-shaped metallic heaters and a Si3N4
film (in green color). There are a group of openings on the SizgNy film,
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and TEM inspection was performed at the edge of these windows. Fig. 5b
shows an SEM image of lines and dots printed close to the window edge,
the resolution of the printed structures is around 2 pm. Fig. 5¢ shows the
SisN4 window on the TEM grid, where the printed rectangular film is
located and extends over the edge. After the annealing process in a
vacuum at 450 °C, we observed AuNPs scattered in the cross-linked
AuDA thin film (indicated by the yellow arrows). A high-resolution
TEM image (Fig. 5d) reveals well-resolved Au (111) (d = 0.24 nm)
and Au (200) (d = 0.20 nm) crystalline lattices on a single AuNP with a
diameter of around 10 nm. Similar results were also achieved for sam-
ples printed with lines and dots. These TEM findings are coherent with
our observations of metallic colors (Figs. 3a and 4b), because the “shiny”
metallic color is associated with a high optical reflection coefficient,
which is caused by the interaction of light with free electrons in metals
[66,67]. However, we did not expect electrical conduction due to the
large distances between the Au nanoparticles. Micro four-point probe
(M4PP) [68,69] conductivity measurements confirmed the insulative
property of shiny thin films.

These findings confirm our third hypothesis that mobile Au atoms
diffuse to form clusters. This is similar to 2PP, where elevated temper-
atures permit the diffusion of mobile metals, enabling the fabrication of
AuNPs-containing devices. These 2PP devices target applications such as
photonics, nanoplasmonics, or drug delivery [52,70]. FEBID can also
produce nanoparticles that through post-growth thermal annealing
serve for growing sites of nanostructures, such as carbon nanotubes
[71]. But to our knowledge, FEBID gold nanoparticles have not been
reported yet.

In summary, our work reveals the influence of different post-
processing methods on 3DIL objects: uncovering their thermoset prop-
erties and the ability of mobile metal atoms to form clusters. Addition-
ally, we presented ligand removal using oxygen-based post-processing.

4. Conclusions

This work is a pioneering investigation of 3DIL and post-processing
methods using metalorganic precursors. We have demonstrated that
(i) 3D objects can be created by 3DIL with Au(acac)Me;, precursor; (ii)
printed 3D objects can be purified with different post-processing
methods, including O, plasma treatment, Ar annealing, and air
annealing; (iii) Ar annealing at 600 °C can achieve a high purification
effect for Au but with a significant material removal; (iv) Printed 3D
objects exhibit thermoset property; (v) AuNPs can be created under
thermal annealing process. These findings supported our three hypoth-
eses. Firstly, oxygen-based treatments can remove carbon-based ligands
while leaving noble metals behind. Secondly, 3DIL with AuDA is an
effective method for fabricating submicrometer structures that behave
like thermosets, which exhibit distinct mechanical properties and ther-
mal stability compared to thermoplastics [72]. Lastly, mobile metals will

Fig. 4. Post-processing of Benchy structures with Ar annealing. SEM images, optical microscopic images, and EDS mapping are compared: (a) as printed. (b) 450 °C

for 10 min. (¢) 600 °C for 10 min. (d) 800 °C for 10 min.



B. Chang et al.

Vaceum

Printed

Edge of Si.N, window

Additive Manufacturing 98 (2025) 104645

Fig. 5. TEM experiments with IL patterns. (a) Optical microscopic image showing a large pattern (in white dash box) printed at the center of a TEM grid. (b) SEM
image showing dot and line patterns close to the edge of Si3N4 window. (¢) TEM image of AuNPs (indicated by yellow arrows). (b) Lattice fringes of a poly-

crystalline AuNP.

diffuse at elevated temperatures to form AuNPs. The capabilities of
organometallic compounds to detect environmental changes can posi-
tion 3DIL for applications such as cancer or cardiovascular disease
detection and gas sensing (environmental detection) [73,74]. We also
infer that 3DIL processing of aromatic precursor might yield quantum
dots [75] for quantum devices. Besides, High-density data storage was
also reported [76] for 2DIL, and 3DIL could further increase data den-
sity. Similarly, 2D perovskite research [77] could be translated into
high-efficiency mixed dimensional 2D-3D perovskite structures for op-
toelectronics applications [78,79]. Lastly, 3DIL can be used to manu-
facture AuNPs, which can be applied for drug delivery [52,70],
biomedicine [80], biology [81] and catalysis [82]. Our study paves the
way for further research on electron beam processing of metalorganic
materials and post-processing, expanding the list of 3DIL materials and
potential applications.
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