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Highlights

e A strategy was established to coat printed hybrid polymer microstructures with gold
e The influence of procedure parameters on the gold layer quality were investigated

e The morphology, thickness and conductivity of the gold layers were characterized

e Electrical resistivities lower than twice that of bulk gold can be reached

e This conformal method can be used to coat micrometric structures of arbitrary shapes

Abstract

Two-photon polymerization is a femtosecond laser-based technique enabling printing of three-
dimensional structures down to submicron resolution within photocurable polymers. Rendering
the dielectric 3D printed structures conductive can be of great interest for various applications in
domains such as energy, photonics, or multifunctional devices. In this work, the microstructures
of interest are made of a silicon-zirconium hybrid organic-inorganic polymer exhibiting low

shrinkage during development. A simple and efficient metallization method by electroless plating



is investigated to deposit a gold layer on the surface of the printed microstructures. The influence
of the method parameters on the quality and properties of the deposited layer is studied. Among
these parameters, the surface modification agent concentration and step duration, as well as the
seeding solution concentration, must be adapted to the specific case of the considered hybrid
microstructures. The concentration of metal ions in the plating bath is the most influential
parameter on the morphology of the deposited gold layers. In particular, higher concentrations lead
to smooth and continuous layers with electrical conductivities lower than twice that of bulk gold.
Finally, the deposited layers are shown to coat 3D printed microstructures of arbitrary shapes, thus

confirming the conformality of the method at the micrometric scale.
Keywords
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1. Introduction

Macroscopic-scale 3D printing is now ubiquitous for a wide variety of materials including
thermoplastics, polymers, ceramics, metals, concrete, composites, and biomaterials [1]. In
contrast, 3D printing with-a resolution down to the submicron scale has remained limited to direct
laser writing (DLW), and more particularly to two-photon polymerization (TPP) of photocurable
polymers by femtosecond lasers [2—4]. The fabricated nano/micro-structures have applications
mainly in optics [5-7], micromechanical systems [8,9], biocompatible scaffolds [10-12],
microrobotics [13], and anticounterfeiting [14]. Leveraging the possible photoreduction of certain
metallic ions concomitant to the TPP process, metal-salt-based photoresists have been proposed to

obtain conductive metallic nano/micro-structures [15-17]. However, such resists do not permit a



truly three-dimensional structuration. Hence rendering conductive at least the surface of 3D
dielectric nano/micro-structures is of great interest to extend the breadth of potential applications
of these structures to multifunctional devices [18], especially in the fields of flexible electronics

[19], photonics [20] or catalysis [21].

Several methods exist to coat dielectric polymers with a metal layer and thus to endow them with
properties that are usually associated with metals, such as reflectivity, magnetic. properties or
electrical conductivity [22]. These methods, known as electroless methods, can be carried out
either in gaseous or liquid phases (see Fig. 1). Nevertheless, covering three-dimensional structures
with a conformal metal coating is not straightforward. Physical vapor deposition (PVD) methods
are restricted to planar surfaces since they possess directional deposition effects [23]. In general,
chemical vapor deposition (CVD) technigues-are not conformal on the surface of complex
geometries because of the limited mass diffusion that leads to a difference of deposition rate on
the inner and outer surfaces of the structure. In fact, among CVD techniques, only atomic layer
deposition (ALD) is known for its high quality, 3D conformality and smooth surface coating [24].
However, ALD possesses several drawbacks such as a limited number of vaporizable precursors,
a long duration to grow a thick film as well as a high precursor gas energy usage (about 60% of
the precursor is'wasted).and high energy consumption. In comparison, electroless plating offers
overwhelming. advantages: conformality on complex geometries, mild conditions (generally, at
room temperature and in aqueous media), simple reaction procedure (no special reactor required)
that can even be conducted in a microfluidics environment [25], and low cost (surface catalyst and

electroless plating bath only needed) [26].
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Fig. 1. Schematic of polymer metallization techniques.

More particularly, electroless plating is a chemical reduction of metal‘ions in an aqueous medium
containing a reducing agent. Contrary to other techniques, where metal deposition directly follows
surface conditioning, electroless plating consists of three main.steps: 1) surface modification, 2)
surface activation, or seeding, with a catalyst, and 3) plating, that is the chemical deposition onto
the seeded substrate of a metal film from a solution (the electroless plating bath) containing a
reducing agent and a metal derivative..In principle, it is possible to deposit any metal on a polymer
substrate as long as an appropriate catalyst is used to activate the surface. Table S1 (see Section 1
of the Supplementary. Material) lists-a variety of polymeric surfaces that can be metallized using
the electroless plating technique (here, with the most widely used metals, i.e., Ni, Cu, Ag, Au)
with different surface activation methods. Because of its higher cost, gold plating is not as
developed as nickel'and copper plating, but it remains very important, as a noble metal, to prepare

uniform patterns for microelectronics [27], fuel-cells [28], or surface-enhanced sensing [29,30].

Among photocurable polymers, acrylate-based polymers were the first polymers used for TPP [2],
and they remain the most widely used because of their extremely photoactive and chemically
tunable structure. Among them, Ormocomp, that belongs to the organically modified ceramics

(ORMOCER) family, has a good chelating ability to silver ions, which is very important for



activating the surface before Cu electroless plating. Hence, electroless Cu plating of Ormocomp
3D printed structures was reported to yield a uniform deposition of thick and continuous copper
coatings [19]. Other TPP polymers based on the combination of methacryloxypropyl
trimethoxysilane  (MAPTMS), zirconium propoxide (ZPO), and 2-(dimethylamino)ethyl
methacrylate (DMAEMA) were also successfully plated with silver [31,32]. Since NHz groups of
DMAEMA are especially active, they facilitate the coordination of metal ions and allow the growth
of the metal layer on the surface of the polymeric structures. To the best of our knowledge, Au
electroless plating of 3D structures printed by TPP has only been reported on structures made of
pentaerythritol triacrylate (PETA) [21]. In this case, the Au electroless plating protocol was
performed using an acid treatment followed by seeding with’an Au-dimethylaminopyridine (Au-
DMAP) complex and, finally, by plating in an/Au-NH20H bath. This simple, three-step electroless
procedure showed high efficiency on acrylate-based. polymers, and a uniform, somewhat

conductive, gold foam was obtained after removing the polymer by baking.

In this work, the polymer of interest for 3D printing via TPP is a hybrid silicon-zirconium organic-
inorganic photosensitive material (SZ2080) that is known for its excellent optical properties, its
good mechanical and chemical stability, as well as its very low shrinkage during development [33].
Compared to the resins plated in [31,32], it contains MATPMS and ZPO but no DMAEMA and,
thus far, electroless plating of structures printed out of pure SZ2080 has not been reported.
However, since PETA and SZ2080 both have active methacrylic groups, the principles of the
metallization method proposed by Kim et al. [21] for acrylate plastics are revisited and
successfully adapted to SZ2080 printed structures. Thereby, a simple and efficient method is
devised to cover the non-conductive surfaces of 3D printed SZ2080 hybrid organic-inorganic

polymer microstructures with highly conductive gold layers via electroless plating. The influence



of different experimental parameters on the quality and properties of the deposited gold layer are

investigated and reported in this work.

2. Experimental

2.1. Materials

The chemicals used to perform electroless plating in this work were purchased from Sigma-
Aldrich and VWR and were used without further purification. The list/of products, along with
their CAS number in parenthesis, is the following: gold(l11) chloride trihydrate (27988-77-8),
tetraoctylammonium bromide (14866-33-2), 4-dimethylaminopyridine (1122-58-3), sodium
borohydride (16940-66-2), hydroxylamine hydrochloride (540-11-01), hydrochloric acid (7647-

01-0) and toluene (108-88-3).

2.2. 3D printing

The polymer, SZ2080, is a sol-gel organic-inorganic hybrid composite containing silicon and
zirconium in a 4 to 1 molar ratio. It wassynthesized by adding a mixture of methacrylic acid and
zirconium propoxide (ZPO, 70% in propanol) to hydrolyzed methacryloxypropyl trimethoxysilane
(MAPTMS) according.to the method reported in [33], with the addition of 1 wt% of 4,4'-Bis-
(diethylamino)-benzophenone (IRG369) as the photoinitiator. Before printing, a drop of the
material was casted onto a glass slide and heated up to 90°C for 20 min. The laser used for TPP in
this work is a Pharos Yb:KGW laser operating at 515 nm with a 271 fs pulse duration, a repetition
rate of 1 MHz and a power of 0.5 mW. All structures were printed using a 20x NAO0.8 objective
(Plan-Apochromat from Zeiss), a hatching (horizontal step) of 0.4 um as well as a slicing (vertical
step) of 0.6 um for the parallelepided and of 0.5 um for the other two structures (see below). After

printing, the structures were developed in isobutyl methyl ketone for 45 min to remove the uncured
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material.

The structure used to study the influence of the electroless plating parameters is a parallelepiped
of dimensions 400 pm x 200 pum x 80 um with 55 um diameter through holes (see Fig. 2). The
other structures used to demonstrate the conformality of the coating (see Section 3.8) are two
adjacent cubic cells with inner diagonals of overall dimensions 220 um x 120 pm x 120 um with
20 pm diameter bars as well as a tetrahedron of overall dimensions 110 pm x 95" pum. x 90 pm with
5 um diameter bars. With the reported writing parameters, the printing times are ~22 min for the

parallelepiped, ~8 min for the cubic cells, and ~30 s for the tetrahedron.

2.3. Electroless plating procedure

The Au electroless plating procedure was adapted from the one proposed by Kim et al. [21] in the
context of polyacrylate plastics plating. It consists of three main steps and allows depositing a gold
layer on the surface of the insulating 3D printed SZ2080 structures (see Fig. 2). It includes:
1) surface modification with hydrochloric acid (HCI), 2) seeding with 4-dimethylaminopyridine-
stabilized gold nanoparticles (Au-DMARP), and 3) gold plating in a bath made of gold(l11) chloride
trinydrate (HAuCl4+3H20) dissolved in an hydroxylamine hydrochloride (NH2OH+HCI) aqueous
solution. Firstly, the HCI treatment provokes the ester hydrolysis of SZ2080 and leads to the
formation.of —COO: groups on the surface of the printed structure (the pKa of acrylic acid is
between 4.and 5, which means that, in a neutral medium, it mostly exists in the form of its
conjugate base COO"). The negative charge of carboxylates on the surface of the structure then
facilitates the attraction of the positively charged Au-DMAP nanoparticles that play a catalytic

role for the further gold layer deposition using hydroxylamine as a reductant.
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Fig. 2. Schematic illustration of Au electroless plating of SZ2080 3D printed structures.

In the surface modification step, a SZ2080 3D structure printed on a glass slide ' was first immersed
in an aqueous solution of HCI (18.5 wt%) for 2 h. Then, the glass slide with the printed structure

was rinsed, dipped in deionized (DI) water for 5 h, and dried under N2 flow.

For conducting the seeding step, the COO- modified structure (attached to the glass slide) was
immersed in the suspension of Au-DMAP nanoparticles for 15-h. Then, the seeded structure was
removed, dipped in DI water for 5 h, and dried under-N2 flow. Details on the Au-DMAP solution
used in this step are given in Section 2 of the Supplementary Material. In particular, in the case of
micrometric structures printed on a.glass slide, the as-synthesized solution was so dense that the
solution front was peeling the 3D printed structures off their glass slides upon either insertion or
removal of the slides in or out of the solution. Hence, the initial nanoparticle solution was
systematically further diluted 4.25 times before use in the plating procedure in order to reduce the

nanoparticle concentration, and thus the surface tension.

Concerning the electroless Au plating step, the seeded structure (attached to the glass slide) was
immersed in an aqueous solution of NH20H<HCl and HAuUCIls3H20 with respective
concentrations of 0.92M and 2x102 M, and the molar ratio between NH20H-HCI and
HAuUCI4+3H20 kept constant for other HAuCls+3H20 concentrations. The structure was left in the
plating bath for 5 min. Afterwards, the gold-coated structure was dipped in DI water for 2 h, and

dried under N2 flow.



Note that the information indicated in bold in the three steps described above corresponds to the
final values that were retained for the procedure tailored to the specific case of SZ2080 Au
electroless plating. Such a procedure yielded a coating demonstrating both conductivity as well as
a smooth and continuous layer morphology. Indeed, in this work, the influence of four main
parameters impacting the quality and properties of the deposited gold layer was studied-in detail.
These parameters are:

e Concentration of HCI in the surface modification step

e Duration of the surface modification step

e Duration of the electroless plating step

e Concentration of HAuCls+3H20O in the electroless plating step

2.4. Characterizations

The plated structures were observed with an FEI Quanta 600 FEG scanning electron microscope
(SEM) at an operating acceleration‘voltage of 15 keV in low vacuum mode (10 Pa), and with an
angular backscattered (ABS) detector in order to obtain images with contrasts based on the
difference in atomic numbers of the elements interacting with the electron beam. In the specific
case of the gold-plated polymer structures, interaction with the gold yields a very light contrast
whereas.interaction with the polymer yields a very dark contrast, which is convenient to evaluate

the uniformity of the gold layer deposited on the structure.

Energy dispersive X-ray (EDX) spectroscopy analyses were performed at 5.22 nA with an
acceleration voltage of 8 keV within the above-mentioned SEM with a PentaFET Precision
10 mm? X-act series detector from Oxford Instruments to determine the chemical composition of

the plated layers.



The roughness and thickness of the gold layers were measured using a Bruker Dimension Icon
atomic force microscope (AFM) with ScanAsyst. For roughness measurements, images were
acquired in peak force tapping mode on a 10 pum x 10 pum field of view with a pixel size of 5 nm.
Sa (arithmetical mean height) and Sq (root mean square height) of the probed surface were then
calculated after performing a first order plane fit leveling of the data. For the thickness
measurements, images were also acquired in peak force tapping mode but on a larger surface where
the layer exhibited a scratch uncovering the polymer substrate, and with a pixel size of 30 nm. The
thickness was then measured as the difference between the averageheight of the gold layer and

that of the polymer surface after performing a first order plane fit leveling.of the data.

Finally, the electrical properties of the gold layers were measured with a collinear four-point probe
system equipped with a Keithley 4200-SCS: A current |1 of 0.1 A was applied between the outer
probes and the electrical potential difference AV (in V) was measured between the inner probes.

The resistivity p (2.m) of the gold layer was then obtained via the relationship p =
n/In(2).C AI—V. t, with C a geometric factor (depending on the probes interspace and layer in-plane

dimensions), and t the layer thickness [34].

3. Results and.discussion

3.1. Influence of HCI concentration and of HCI treatment duration

Kim et al. [21] have reported a procedure to deposit a gold coating on polyacrylates using
electroless plating. Particularly, a concentrated aqueous solution of 37 wt% HCI was used for one
to two days in the surface modification step. In the case of SZ2080 microstructures, which are
much smaller, such an HCI treatment leads to the disappearance of the printed structures from the

glass slide possibly due to their dissolution or detachment from the slide. Thus, an adapted
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procedure had to be developed to yield a gold coating of good quality without degrading nor losing

the SZ2080 3D printed structures.

To determine both suitable HCI concentration and treatment duration in the surface
modification step of the SZ2080 structures, a starting HCI concentration of 3.7 wt% was first
employed with a treatment duration of 5 h. The acid concentration was then increased to
11.1, 18.5 and 25.9 wt%. In all cases, the intermediate washing steps were fixed at 5 h, the
Au-DMAP treatment step at 15 h, the gold plating step at 30 min with an HAUCI4*3H20
concentration of 0.5x102 M, and the final washing step at 2 h. Backscattered electron (BSE)
SEM images of the corresponding plated structures are reported in Fig. 3. Note that all
images correspond to top views of the 3D printed structures, so that the observed surfaces
are entirely in focus.

With the 3.7 wt% and 11.1 wt% HCI concentrations (Fig. 3a;c), the overall gold layer
covering the structure exhibits non uniformities. Indeed, some areas appear with a darker
contrast on the SEM images (1%t inter-hole at the bottom left in Fig. 3a and 3" inter-hole at
the bottom in Fig. 3c). These darker areas indicate that the primary contribution to the
collected signal comes from the polymer that is underneath the gold layer, thereby revealing
that the gold layer is much thinner at these specific locations. For an HCI concentration of
18.5 wt% (Fig. 3e), the gold coating appears more uniformin contrasts at the surface of the
structure. Beyond this concentration, and notably after a 25.9 wt% HCI treatment, the
SZ2080 structure can no longer be found on the glass slide where it was printed. This is an
indication that either dissolution or detachment from the glass substrate occurred.

For all HCI concentrations presented in Fig. 3, aggregates can be observed on the surface of
the plated structures. These aggregates, in the form of bundled flakes, are constituted of gold
since they appear as the whitest elements in the SEM images (see, for instance, Fig. 3d). After
removal of the samples from the plating bath, gold always sediments at the bottom of the
beaker. It is thus assumed that some of Au®* NPs deposited on the structure in the seeding
step detach from it and disperse inthe plating bath. As a result, some gold flakes nucleate in
the plating bath away from the structure. Some of them migrate towards the structure
whereas others remain in the bath and eventually sediment. As will be seen in Section 3.3,
aggregates become less predominant and visible at higher gold concentrations.

Additionally, SEM images of the coatings at higher magnification (Fig. 3b, d, f) show that the
morphology of the gold layers evolves with HCI concentration. For a 3.7 wt% HCI concentration
(Fig. 3b), the gold layer is barely formed on the surface of the polymer since one can only observe
islands of lighter contrasts (gold) surrounded by large amounts of darker contrasts (uncovered
polymer), akin to a mud-crack pattern. As the HCI concentration increases to 11.1 wt% (Fig. 3d),
the dark crack-like network is less widespread and the lighter contrast areas start densifying. For

an 18.5 wt% HCI concentration, areas of light contrasts further densify, and the dark crack-like
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network no longer dominates the morphology. It is the densest layer obtained without losing the

printed structure as well as the most uniform layer at the scale of the plated structure.

i e i s
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Fig. 3. Backscattered electron (BSE) SEM images of the coated SZ2080 microstructures and
of the corresponding gold layers for a treatment duration of 5 h with an HCI solution of
concentration (a, b) 3.7 wt%o, (c, d) 11.1 wt% and (e, f) 18.5 wt%. The intermediate washing
steps were fixed at 5 h, the Au-DMAP treatment step at 15 h, the gold plating step at 30 min
with an HAuCls¢3H20 concentration of 0.5x102 M, and the final washing step at 2 h. The
arrows in the left panels indicate the centers of the areas where the zooms of the right panels
were taken.
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Next, the duration of the HCI treatment step was varied to elucidate whether concentration or
duration is predominant in this step. Since a 5 h treatment at 3.7 wt% appears insufficient to form
a dense layer, the duration of the treatment was increased to 24 h. As reported in Section 3 of the
Supplementary Material and in Fig. S2, increasing the duration of the 3.7 wt% HCI treatment step
from 5 h to 24 h has no impact on the overall uniformity nor on the local morphology of the formed
gold layer. Shorter treatment times were also tested for the highest HCI concentration that did not
cause any degradation of the structure (i.e., 18.5 wt%). A 1 h treatment duration leads to a slightly
less uniform overall coating (see the darker zone around the 3" inter-hole at the top of the structure
in Fig. 4a), whereas a 2 h treatment duration (Fig. 4c) appears to yield.a coating with an overall
uniformity similar to that obtained for a 5 h treatment duration (Fig. 3e). At a higher resolution,
the layer obtained in the 1 h treatment (Fig..4b) actually exhibits a much more widespread dark
crack-like network. Conversely, the 2 h and 5 h treatments (Fig. 4d and Fig. 3f, respectively) both
yield a much denser gold layer having the least amount of non-covered polymer, with the latter

layer being only marginally denser than the former.
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Fig. 4. BSE SEM images of the coated SZ2080 microstructures and of the corresponding gold
layers for a treatment with an HCI solution of concentration 18.5 wt% for a duration of (a, b) 1 h
and (c, d) 2 h. The intermediate washing steps were fixed at 5 h, the Au-DMAP treatment step at
15 h, the gold plating step at 30 min with an HAuCl4+3H20 concentration of 0.5x10-2 M, and the
final washing step at 2 h. The arrows in the left panels indicate the centers of the areas where the
zooms of the right panels were taken.

Hence, increasing the HCI concentration has a much more pronounced effect than increasing the
treatment duration at lower HCI concentration. In particular, in the case of SZ2080 structures, the
highest concentration of HCI that can be used without damaging the structures is 18.5 wt%. Such
a treatment increases locally the surface roughness of the polymer via nano-pitting (see Section 4
of the Supplementary Material), thereby creating preferential sites for the attachment of
nanoparticles in the next step of the electroless plating procedure (i.e., surface activation or

seeding) as also reported after H2SO4 treatment of acrylate-based polymers [35].
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In conclusion, the gold layer is found to be the most uniform and dense in only two cases: 18.5 wt%
HCI for 2 h and 18.5 wt% HCI for 5 h. Even though the layer obtained in case of the 5 h treatment
is marginally denser, in the interest of accelerating the procedure, a 2 h treatment with an 18.5 wt%

HCI solution was finally retained for further investigation of the other parameters.

3.2. Influence of the plating step duration

After defining the optimal parameters for the surface modification step, the influence of the
electroless plating step duration on the coating quality was studied..Note that the seeding step
parameters (solution concentration and step duration) were not further investigated. Indeed, the
highest possible concentration of the Au-DMAP solution“was selected but dictated by surface
tension considerations (see Section 2.3, and Section 2 of the Supplementary Material). The longest
time was also selected while favoring the shortest overall procedure, and it corresponds here to an
overnight step (15 h). Herein, the plating time was decreased with a fixed concentration of
HAUCIs+3H20 of 0.5x102 M and SEM.images corresponding to plating times of 20, 10 and 5 min

are reported in Fig. 5.

By comparing Fig. 4¢ (30 min) to Fig. 5a, ¢, e (20 min, 10 min, 5 min, respectively), it appears
that for the considered HAuCI4+3H20 concentration, the plating step duration has no impact on the
overall uniformity of the coating since none of the presented plated structures exhibits significantly
darker areas on its surface. Furthermore, changing the plating duration does not affect the presence
of aggregates at the surface of the plated structures because all structures bear gold aggregates.
The local morphology of the obtained layers (Fig. 4d and Fig. 5b, d, f) is also similar in that the
dark crack-like network is no longer dominating the morphology. However, none of the gold layers
is fully continuous since darker contrasts corresponding to the underlying non-conductive polymer

can be distinguished in all layers regardless of the plating time.
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In summary, a plating time of 5 min is sufficient to obtain a stabilized layer, that is a layer with a
morphology that does not evolve further when increasing the plating time, even if it presents some

local discontinuities.

Fig. 5. BSE SEM images of the coated SZ2080 microstructures and of the corresponding gold
layers for a plating step duration of (a, b) 20 min, (c, d) 10 min and (e, f) 5 min. The HCI surface
modification step. was performed with a solution of concentration 18.5 wt% for 2 h. The
intermediate washing‘steps were fixed at 5h, the Au-DMAP treatment step at 15 h, the
HAuUCI4s3H20 concentration at 0.5x102 M, and the final washing step at 2 h. The arrows in the
left panels.indicate the centers of the areas where the zooms of the right panels were taken.

3.3. Influence of the gold salt concentration used in the plating step

In order to study the influence of the concentration of HAuCl4*3H20 used in the plating step on
the gold layer, the initial gold salt concentration—that is 0.5x10-2 M (in the order of the one chosen

by Kim et al. [21] for polyacrylate plastics, i.e., 0.625x102 M)—was varied, thereby covering the
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following concentrations: 1x102 M, 2x102 M and 3x1072 M, for a plating duration of 5 min. The

corresponding SEM images are reported in Fig. 6.

100 ym

Fig. 6. BSE SEM images of the coated SZ2080 microstructures and of the corresponding gold
layers for a plating step duration of 5 min with a concentration of HAuCl4e3H20 of (a, b) 1x10
2 M, (c, d) 2x102 M and (e, f):3x102.M. The HCI surface modification step was performed with
a solution of concentration 18.5 wit% for 2 h. The intermediate washing steps were fixed at 5 h,
the Au-DMAP treatment step.at 15 h, and the final washing step at 2 h. The arrows in the left
panels indicate the centers of the areas where the zooms of the right panels were taken.

Compared to theinitial concentration of 0.5x10-2 M (Fig. 5€), higher concentrations of 1x102 M,
2x102 M and 3x102 M (see Fig. 6a, Fig. 6¢ and Fig. 6e, respectively) yield gold layers exhibiting
a much higher uniformity since the plated structures show much more homogeneous overall
contrasts throughout the structure. Additionally, as already mentioned in Section 3.1, the amount
of gold aggregates at the surface of the plated structures decreases with increasing HAuCl4+3H20

concentration. Some are still present for a concentration of 1x10-2 M but they become rare at
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concentrations of 2x102 M and 3x102 M, as can also be seen on other microstructure geometries

shown in Fig. 8.

The local morphology of the gold layer also evolves drastically with increasing concentration (see
Fig. 6b, d, f). For a concentration of 1x10-2 M (Fig. 6b), the layer no longer exhibits the dark crack-
like network that was characteristic of the 0.5x10? M HAuCI4+3H20 concentration. It appears that
the layer has further grown, displaying gold flakes at its surface. Dark contrasts'still appear but in
the form of isolated holes that are well separated from each other. At HAuCls+3H20 concentrations
of 2x102 M and 3x10? M (Fig. 6d and Fig. 6f), the holes get progressively filled and the gradient
in contrasts decreases. Only lighter contrasts remain, indicating that the'gold layer is now fully

continuous.

It is also worth mentioning here that the kinetics of the reaction is concentration dependent. From
a 1x102 M HAuUCI43H20 concentration, three stages can be clearly distinguished during the
plating step: 1) the freshly made aqueous solution of HAuCl4+3H20 and NH20H<HCI is
transparent and bright yellow; 2) once the seeded structure is inserted, the bright yellow color
progressively disappears, and the selution becomes colorless; 3) in a final stage, the solution turns
cloudy and brownish (and eventually a precipitate is formed). As the concentration increases, the
duration of stage 1 decreases and that of stage 2 increases. In fact, at a 0.5x10> M HAuCl4+3H20
concentration, stage 2 is not visible, and one seems to transition directly from stage 1 to stage 3.
In all cases however, 5 min are sufficient to enter stage 3. It can be hypothesized that the plating
reaction occurs during stage 2 when the gold of the plating bath migrates towards the seeded
structures, and that during stage 3, only the seeds that have been dispersed in the solution further
react. This explains why plating times beyond 5 min do not change further the morphology of the

obtained layer. Ending the plating step during stage 2 after the solution becomes colorless has been
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explored, but the obtained layer morphology was varying slightly from sample to sample. As a
matter of fact, estimating visually when the solution becomes fully colorless is quite user
dependent. As a result, setting a plating time of 5 min, whichever the concentration, appears to

yield consistent results without significantly lengthening the overall procedure.

3.5. Chemical composition

EDX spectroscopy spectra gathered with identical operating conditions on a 40 pum x 27 um area
on the coatings obtained after a 5 min plating with HAuCIl4e3H20 concentrations of 0.5x102 M
and 3x102 M are reported in Fig. 7a. For the 0.5x102 M concentration (yellow curve in Fig. 7a),
the predominant peak is Au. Other peaks in the spectrum correspond to C, Si and O, that are
constitutive elements of the underlying polymer. For the 3x10:2M concentration (orange curve in
Fig. 7a), the Au peak largely dominates the spectrum; while only a faint peak related to C appears
in the rest of the spectrum. This indicates that, in both cases, gold has formed on the surface of the
structure. However, in the interaction:volume between the beam and the probed zone, much more
gold is detected for the higher concentration than for the lower concentration. Since for the latter,
the underlying polymer is also detected, this indicates that the layer obtained with the 3x102 M

concentration is much thicker than the one obtained with the 0.5x10-2 M concentration.

EDX maps were then.collected with identical operating conditions across the entire surface of the
two above-mentioned samples. Fig. 7b shows the Au maps and Fig. 7c the Si maps, such that in
both cases the top half corresponds to the sample plated with a 0.5x102 M HAUCIls*3H20
concentration and the bottom half corresponds to the sample plated with a 3x102 M HAUCl4¢3H20
concentration. In the Au maps of Fig. 7b, the signal is generally more intense in the lower half,
thereby showing that more gold is sampled by EDX when the HAuCl4+¢3H20 concentration is

higher. Furthermore, in the top half corresponding to the 0.5x10-> M HAuUCIls+3H20 concentration,
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the intensity is not uniform throughout the sample (one can, for example, notice that the top right
corner and the aggregates between the first inter-hole are yellower than the rest), which indicates
that gold is not deposited uniformly at the surface of the sample whereas it is at the surface of the
sample plated with a 3x102M HAuCls3H20 concentration. This is consistent with the
observations made when analyzing the contrasts in the BSE SEM images in the previous sections.
Additionally, contrasts linked to Si sampling are barely noticeable in the lower half of Fig. 7c in
which the holes of the structures cannot be clearly distinguished, whereas both contrasts and
intensities are more marked in the upper half corresponding to the sampled plated at lower
concentration. This implies again, as already inferred from the spectra of Fig. 7a, that the layer
obtained with the 3x10-2 M concentration is much.thicker than the one obtained with the 0.5x10-

2 M concentration since the underlying polymer is only detected in the latter case.

0.5x102M 0.5x102M
__05x10°M

3x102M 3x102M 100 Mm

Fig. 7. (2) EDX spectroscopy spectra of the gold layers deposited on SZ2080 microstructures for
a plating step duration of 5 min with a concentration of HAUCI4+3H20 of 0.5x102 M (yellow) and
3x102 M (orange). The HCI surface modification step was performed with a solution of
concentration 18.5 wt% for 2 h. The intermediate washing steps were fixed at 5 h, the Au-DMAP
treatment step at 15 h, and the final washing step at 2 h. The insets show the coated structures, and
the arrows indicate the centers of the 40 um x 27 um areas where EDX data was collected. (b) Au
EDX maps and (c) Si EDX map, where the top half corresponds to the 0.5x10-2 M concentration
sample and the bottom half corresponds to the 3x10-2 M concentration sample.
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Even though the gold layer obtained for 0.5x10? M seems to be percolating (see Fig. 5f), at least
from a morphological standpoint, the layer is not conductive (see Section 3.7). Hence, only the
roughness, thickness, and electrical conductivity of the coatings obtained for HAuCl4+3H20

concentrations from 1x102 M are investigated in more details in what follows.

3.6. Gold layer roughness and thickness

The gold coatings obtained for the plating procedure using HAuCls4e3H20 concentrations of 1x10-
2 M, 2x102 M and 3x102 M for a plating duration of 5 min were investigated in more details. As
a reminder, the HCI surface modification step was performed with a solution of concentration
18.5 wt% for 2 h. The intermediate washing steps were fixed at 5 h, the Au-DMAP treatment step

at 15 h, and the final washing step at 2 h.

AFM scans were performed on the gold layers deposited on the surface of the 3D printed
structures. The measurements were taken at the same location for the three cases because the
structures, even after HCI treatment, still bear-long-range undulations resulting from the printing
process, which are specific to the selected location (see Fig. S3, and Section 4 of the
Supplementary Material). The AFM scans are shown in Fig. S5, and the corresponding roughness
values are reported in Table 1. At another location, where the layers were voluntarily scratched,
larger AEM scans were performed so that they encompassed the scratch as well as the pristine gold
layer on hoth sides of the scratch. The layer thickness was then obtained as the difference between
the average heights of the gold layer and of the scratch area where the polymer was uncovered.
The reported standard deviation corresponds to the average of the standard deviations of the

heights.
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Table 1. Roughness values (i.e., arithmetical mean height Sa and root mean square height Sq) and
thickness of the gold layers deposited at the top surface of the SZ2080 structures for a plating step
duration of 5 min with different concentrations of HAuCls+3H20. The HCI surface modification
step was performed with a solution of concentration 18.5 wt% for 2 h. The intermediate washing
steps were fixed at 5 h, the Au-DMAP treatment step at 15 h, and the final washing step at 2 h.

HAuUCI43H20 Arithmetical mean Root mean square height | Thickness/standard
concentration | height roughness Sa (nm) roughness Sq (hm) deviation (nm)
1x102 M 39 50 64/8
2x102 M 38 49 177/11
3x102 M 26 33 232/9

The roughness values from the AFM scans show that the roughness decreases first slightly when
increasing the HAuCIls+3H20 concentration from 1x102M to 2x102 M, and then more markedly
when increasing the concentration up'to 3x102 M. This is consistent with the SEM images
showing the morphology of the corresponding gold layers in Fig. 6 as well as the height scans
reported in Fig. S5. Indeed, as the HAuCl4+3H20 concentration increases, the holes initially
present in the 1x10-2 M. concentration layer get progressively filled to finally lead to a more

continuous gold layer when reaching 3x102 M.

As the HAuCI4+3H20 concentration increases, the thickness of the layer increases as could be
expected since more gold is available to nucleate and coalesce at the surface of the structure during
the plating step. Hence, the layer thickness can be directly and simply controlled by tuning the
concentration of HAuCl4e3H20 used in the plating step. As discussed in Section 3.4, beyond a
5 min plating duration, time has no more effect on the gold layer morphology and thickness

because all the available gold is consumed in the first minutes of the reaction and the bath becomes
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transparent, especially above 1x10-2 M. Trying to control the layer thickness via plating duration,
i.e., by removing the structures before full completion of the reaction, would thus be too uncertain
or cumbersome as the kinetics of the reaction also depends on the temperature of the room, which
may not always be exactly regulated. This is in contrast with other deposition techniques, such as
sputtering and ALD, in which the layer thickness can be precisely controlled by the duration of

the deposition process [36,37].

3.7. Gold layer electrical conductivity

The conductivity of the gold coatings was measured with a collinear four-point probe system in
which the probes are 2.6 mm apart. There exists no system; to the best of our knowledge, that can
be used to conduct electrical sheet resistance measurements or resistivity measurements directly
on micrometric structures (400 um x 200 um x 80 um; in the present case). Hence, as detailed in
Section 6 of the Supplementary Material; the measurements were instead conducted on the glass

slides bearing the structures since they-were submitted to the same electroless plating procedure.

With a current bias of 0.1'A, the set'20 V compliance was reached when conducting the
measurements on the layer obtained with an HAuCls*3H20 concentration of 0.5x102 M. The
applied current was progressively decreased down to 100 nA but the system still reached
compliance, indicating that the resistance between the probes was higher than 200 MQ. It can thus
be concluded that, despite displaying a seemingly percolating morphology (see Fig. 5f), the layer

obtained with a 0.5x102 M concentration is not conductive.

On the other hand, the gold layers obtained with HAuCls*3H20 concentrations of 1x102 M, 2x10-
2 M and 3x102 M were found to be conductive. Their corresponding resistivities are reported in

Table 2, as well as their relative resistivities when compared to bulk gold resistivity (2.44 x 108
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Q.m). Increasing the HAuCl4¢3H20 concentration appears to increase the conductivity of the layer.
However, the effect of the concentration increase is stronger on the thickness evolution than it is
on the resistivity, as highlighted in Fig. S8. Indeed, going from 1x102 M to 3x10-2 M multiplies

the thickness by 3.6 whereas it only decreases the resistivity (or increases the conductivity) by 1.2.

Table 2. Resistivity of the gold layers for a plating step duration of 5'min with different
concentrations of HAuCls+3H20. The HCI surface modification step was performed with a
solution of concentration 18.5 wt% for 2 h. The intermediate washing steps were fixed at 5 h, the
Au-DMAP treatment step at 15 h, and the final washing step at 2 h.

HAuCI43H20 Resistivity Relative resistivity

concentration (108Q.m) to bulk gold
1x102 M 4.63 1.90
2x102 M 4.50 1.85
3x102 M 3.72 1.53

Nevertheless, the obtained layers display very good electrical properties when compared to bulk
gold since the least conductive layer is only 1.90 more resistive than bulk gold when the most
conductive layer is'1.53 more resistive than bulk gold. Very similar results were obtained for
copper.electroless plating of plastics with resistivities between 1.1 times [38,39] and 3 times [40]
that of bulk copper.'Reported electrical results on gold electroless plating of plastics are however

more disparate with resistivities ranging from 860 times [41] to 4,550 times [21] that of bulk gold.

3.8. Conformality of the gold coating on more complex structures

Finally, conformality of the coatings obtained with HAuCIl4+3H20 concentrations of 1x1072 M,

2x102 M and 3x102 M was demonstrated on lattice structures having different densities and bar
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diameters. Double body-centered cubic lattices with overall dimensions 220 pm x 120 pm x 120
pm and 20 um diameter bars (Fig. 8a, c, e), as well as tetrahedra with overall dimensions
110 pm x 95 pm x 90 um and 5 pum diameter bars (Fig. 8b, d, f), all show a good conformality of
the coatings on non-planar and aerated structures. As also noticed on the parallelepipedic
structures, gold aggregates are nearly absent on the structures coated with 2x102 M and:3x102 M

HAuUCI4+3H20 concentrations (Fig. 8c-f).

25 pm

Fig. 8. BSE SEM images of coated SZ2080 3D microstructures for a plating step duration of 5 min
with a concentration of HAuCl4¢3H20 of (a, b) 1x102 M, (c, d) 2x102 M and (e, f) 3x102 M. The
HCI surface modification step was performed with a solution of concentration 18.5 wt% for 2 h.
The intermediate washing steps were fixed at 5 h, the Au-DMAP treatment step at 15 h, and the
final washing step at 2 h.
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4. Conclusions

A simple and efficient metallization method by electroless plating was investigated to deposit gold
on the surface of hybrid organic-inorganic polymer microstructures 3D printed by TPP. The
influence of the method parameters on the quality and properties of the deposited gold layer were
studied. The conditions were set to be mild enough to avoid detachment or dissolution of the
structures, but effective enough to yield a continuous and electrically conductive gold deposition

at minimal duration and material cost.

After studying the different parameters of the electroless plating procedure, the gold plating

procedure can be fixed as follows for the SZ2080 3D printed structures:

1) 2 h surface modification treatment with 18.5 wt% HCI concentration,
2) 5 hsoaking in deionized H20,

3) 15 h Au-DMAP treatment,

4) 5 h soaking with deionized-H20,

5) 5 min electroless plating step using 2x102 M HAUCIls+3H20,

6) 2 h soakingiin.deionized Hz0.

In the surface modification step, HCI concentration is the predominant parameter. A higher
concentration—up to-18.5 wt%, after which the structures are no longer preserved on their
substrate—leads to a better overall uniformity and continuity of the layer. Conversely, increasing
the treatment time beyond 2 h does not lead to any improvement in the quality of the gold layer,
and, in fact, further increases the long-range roughness present at the surface of the structures
because of the printing process. In the seeding step, the concentration of the Au-DMAP solution
needs to be adapted so that the surface tension of the solution front does not peel the structures off

their substrate upon insertion or removal. The final morphology and properties of the obtained
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gold layer are largely controlled by the HAuCl4e3H20 concentration in the plating bath, rather than
they are by the plating duration. It appears that a 2x10-2 M concentration yields an overall uniform
and continuous layer, with no local heterogeneities, almost no aggregates, a relatively smooth
surface as well as a nearly metallic conductivity. The retained procedure is also shown to be
reproducible (see Section 7 of the Supplementary Material). Finally, it leads to the depaosition of a
continuous gold layer on the surface of SZ2080 3D printed structures of arbitrary shapes without
further refinement of the parameters, contrary to ALD for which an .intensive tuning of the

parameters, sometimes involving modeling, may be necessary [42].

The entire workflow of the method, with associated times, is reported in Fig. S10 of the
Supplementary Material. Future investigations by the authors on the present topic include two
main directions. The first concerns selectivity, so as to deposit a gold layer on the 3D printed
structure but not on the substrate to which it is attached. The second aspect relates to the electrical
measurements for which further developments need to be specifically conducted to handle objects
of micrometric size. In a broader perspective, rendering 3D printed dielectric microstructures
conductive is a topic of interest for numerous applications ranging from photonic crystals and

metamaterials [43] to'micro electromechanical systems [44] to complex 3D micro-electrodes [45].
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