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In this work, a simple method was developed to fabricate micron scale three-dimensional (3D) conductive

objects on a flexible PDMS substrate. 3Dmicrostructures were fabricated by the two photon polymerization

(TPP) technique and metalized by a subsequent electroless plating step. The PDMS substrate was pre-

treated with plasma to develop temporary compatible wettability of the photopolymerizable resin

Ormocomp monomer. After the TPP fabrication, hydrophilic 3D microstructures were printed and

adhered well to the PDMS surfaces, which recovered hydrophobicity after the TPP process. The printed

3D microstructures were then activated and immersed in an electroless copper plating bath. Due to the

hydrophilicity differences, conformal conductive coatings were selectively and uniformly deposited on

the 3D microstructures. Several 3D metallic microstructures with complex shapes were demonstrated to

show the potential aspects of applying this technology for flexible 3D conductive objects.
Introduction

Recently, research on patterning conductive metallic features on
exible substrates have attracted extensive attention due to the
rapid development of wearable electronics and optoelectronic
devices.1–3 To achieve fast and accurate patterning, many prom-
ising printing techniques have been proposed to replace
conventional semiconductor technologies for conductivemetallic
pattern fabrication.4,5 These printing methods so far not only can
produce conductive track patterns on exible plastic substrates
with roll-to-roll mass production, but can also print features
accurately with sizes down to the micro-meter scale to meet the
demands of applications like micro-electronics and micro-
sensors. On the other hand, challenges remain unresolved to
reach a technologically important goal: extending the printed
structural dimensionality to the third dimension.6–8 Three-
dimensional printed conductive patterns can actually provide
a better synthetic route for optoelectronic applications such as
metamaterials, which are composed of an array of articially
structured metallic microstructures.9–11 Many striking optical or
electromagnetic phenomena, such as negative refraction,12,13

magnetic resonance,14 super lensing,15 and sensing,16 have been
demonstrated through the interaction between electromagnetic
waves and metamaterials in the literature. Moreover, recent
research has shown the feasibility of applying three-dimensional
tional Taiwan University, 114, Taipei,

ational Taiwan University, 114, Taipei,

tion (ESI) available. See DOI:

hemistry 2017
conductive patterns on electronic applications, such as sensors,
electrodes, and wireless devices.17–19 However, it is difficult to
achieve both miniaturization and true three-dimensional
metallic features. Moreover, rendering the substrate exibility is
attracting much research interests. Compared with conventional
rigid substrate such as glass or silicon, exible and stretchable
elastomer-based substrates have great advantages of exibility,
conformal manipulation, and lower costs.20–22

Most of 3D conductive patterns in the literature are fabri-
cated using a layer-by-layer strategy with planar lithography
techniques.23 To produce 3D metallic split ring resonators,
Kebin et al. used an approach based on multilayer photoresist
coating and electroplating.24,25 Gansel et al. obtained gold
helices by exposing helical cavities in a photoresist by direct
laser writing, and subsequently lled the cavities with gold by
electroplating.10 Although these studies have addressed the
issues for 3D metal microstructures, it is still cumbersome and
time consuming to produce complex 3D metallic microstruc-
tures by using these methods.9

On the other hand, combining microfabrication techniques
and electroless plating provides a simple and effective alterna-
tive for 3D conductive microstructures. Electroless plating is
a popular and mature technique to create metallic coating on
plastic objects, including 3D printed plastic parts.26,27 However,
although electroless plating is a commonly-used approach to
achieve conformal metal coating on plastic surfaces, challenge
remains to achieve selective coating on specic locations. Trace
metal particle residues can still form on substrate and results in
shorted electrical circuits or the low-performance of 3D metal
structures.9,28–30 To avoid this problem, commonly, a large UV
dose or plasma pretreatment is needed to modify the surface
RSC Adv., 2017, 7, 51663–51669 | 51663
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chemical properties to selectively activate the structures.29,31,32

By controlling the energy dose carefully, metal particles can
preferentially nucleate on the structure surface. However, these
techniques are demonstrated on rigid substrates and restrict
their potential applications in exible electronics.

In this study, we develop a simple method to create 3D
conductive structures on a exible PDMS substrate, which is
a commonly used exible materials for electronic applications.20

To create microstructures with structural resolution down to
micron size, two photon polymerization (TPP) technique, an
advanced 3D printing technology for microstructures,33–35 is used
here. A photosensitive TPP resin, Ormocomp, is selected as the
microstructural material due to its good chelating ability to silver
ions, which can activate plastic surface for electroless plating and
thus metal can be easily plated on Ormocomp to form highly
adhesivemetal layers. Due to the hydrophobic and chemical inert
nature of PDMS, silver ions is incapable to activate PDMS surface
and yield in good selectivity in the metallization processes for 3D
microstructures. Finally, several microstructures with metal
coatings will be demonstrated to show the potential of this
technique on the fabrication of 3D conductive structures.
Experimental section
Fabrication of PDMS substrate

The schematic diagram of the fabrication procedures is shown in
Fig. 1. PDMS was prepared by mixing monomer and curing agent
(Sylgard 184A, Dow Corning) at a ratio of 10 : 1. Appropriate
amount of PDMS solution was then poured onto a clean glass
slide, which was used as the carrier substrate to support the
following TPP processes. PDMS thin lm was then prepared by
spin coating for 20 s at 2000 rpm, baking for 2 hours at 70 �C.
Because of hydrophobic nature of PDMS surface, the sample was
processed by air plasma (Eastern Sharp Co., Taiwan) for 60 s to
ensure the wettability in the following TPP fabrication processes.
Microstructure fabrication

In TPP processes, a drop (�1 mL) of a commonly used resin
Ormocomp (Microresist Co., Germany) was dripped on the
Fig. 1 Schematic diagram of the fabrication procedures. Patterns
were produced using TPP technique or printed by dispenser following
by electroless plating.

51664 | RSC Adv., 2017, 7, 51663–51669
aforementioned plasma treated PDMS substrate. 3D micro-
structures were then fabricated at the focusing point of an Nd-
Yag laser (532 nm, 130 kHz, 26 mW). Aer the TPP fabrication,
the sample is washed by methyl isobutyl ketone (MIBK) and
acetone to remove the remaining uncured Ormocomp resin.
Surface-metallization of microstructure

Before electroless plating, the samples are immersed in 10 wt%
silver nitrite solution for 90 s to activate the Ormocomp
surfaces. Copious rinsing was carried out aer the activation
step to avoid absorption of unattached silver ions on PDMS. The
electroless bath formulation was from our previous study.36 The
plating solution consisted of 2.7 g of CuSO4$5H2O (Sigma
Aldrich), 8.15 g of sodium potassium tartrate (J. T. Baker), 3.25 g
of NaOH (Mallinckrodt Chemicals), 0.1 L of DI water, and 25mL
of an aqueous solution of glyoxal (40 wt%, Alfa Aesar). The
activated 3D-printed samples were then immersed in electroless
plating solution at 55 �C for 70 s and then rinsed with DI water.
The samples were dried at room temperature under atmo-
spheric pressure. Finally, PDMS is peeled off from the glass
slide carefully. For electroless silver plating, the plating solution
consists of silver ammonia solution and 10 wt% glucose solu-
tion at a weight ratio of 1 : 12. The silver ammonium solution,
or the so-called Tollens' reagent, was prepared by the following
steps. 12.5 wt% AgNO3 aqueous solution and 4 wt% NaOH
aqueous solution were mixed at a weight ratio of 1 : 1.25.
Concentrated ammonia was then added dropwise until all the
Ag2O solid precipitate dissolved totally. The plating process was
conducted at a temperature of 35 �C for 1 minute.

Contact angles of Ormocomp solution on PDMS were
measured by dripping 1 mL of liquid drops on the surface. The
contact angle was observed by an in-house goniometer. The
composition and morphology of copper thin lm were deter-
mined by scanning electron microscopy (Nova NanoSEM 230)
with an accelerating voltage of 5 kV. The crystalline structure
was examined with X-ray diffractometer (Rigaku Ultima IV)
using a 2q angle ranging from 15 to 80 degree with a 0.02-degree
step size.
Results and discussion

The adhesion of Ormocomp resin on PDMS is crucial to the
microstructure fabrication. Aer TPP process, the printed
microstructures on pristine PDMS disappeared aer removing
the excessive uncured Ormocomp liquid with solvent rinse,
possibly due to the weak adhesion of Ormocomp micro-
structures on hydrophobic PDMS surfaces (Fig. S1†).20 To
enhance the adhesion, plasma treatment is used and shows
effective improvements on the adhesion (Fig. S1†). To verify the
adhesion differences, as shown in Fig. 2(a), millimeter-size
straight line patterns are printed with a micro-dispenser and
cured on pristine PDMS. The cured patterns detach easily by
simply bending the PDMS substrate, showing low affinity
between Ormocomp resin and PDMS.

Plasma treatment on PDMS surface can effectively avoid the
delamination or detachment of printed structures (Fig. 2(b)).
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Cured Ormocomp threads printed on (a) pristine and (b) plasma-treated PDMS. (c) Time evolution of Ormocomp monomer liquid on
PDMS after plasma treatment. The inset pictures show the contact angle of Ormocomp monomer liquid on PDMS.
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Ormocomp is a UV-sensitive organic–inorganic hybrid polymer
and belongs to the class of Ormocers. The chemical characters
of these hybrid organic–inorganic polymers has been known to
be compatible with glass because the hydroxyl and alkoxyl
groups of Ormocomp can react with the Si–OH groups of the
glass surface.37 In literature, PDMS surface can be oxidized by
plasma treatment to form Si–OH bonds to improve the surface
hydrophilicity.38–40 As shown in Fig. 2(c), aer plasma treatment,
the contact angle of Ormocomp monomer liquid on PDMS
decreases greatly from 61 degree to 15 degree due to strong
surface oxidation.38 However, the polymeric structural changes
are temporary. The contact angle raises quickly to 32 degree in
an hour, indicating the plasma treatment is effective only for
a short duration, and gradually increases to 45 degrees aer
three days. The increase of Ormocomp wettability on PDMS
indicates the formation of high energy groups such as Si–OH
bond on the surface. These functional groups can react with
Ormocomp monomers37 and the chemical bonds enhance the
adhesion between PDMS and cured Ormocomp. As shown in
Fig. 2(b), the adhesion of Ormocomp on PDMS improves
Fig. 3 (a) Picture of cured Ormocomp circular lenses. (b) SEM image
of a circular lens on sample (a) after processed with silver nitrate
activation step. (c) The EDX image of (b) showing silver distribution. (d)
Picture of cured Ormocomp circular lenses coated with copper thin
films. (e) SEM image of a circular lens in (d). (f) EDX image of (e) showing
copper distribution.

This journal is © The Royal Society of Chemistry 2017
signicantly and the printed Ormocomp patterns could with-
stand a high degree of bending without separation or delami-
nation. Moreover, the printed Ormocomp strips can attach on
PDMS substrate with strong adhesion for a long time: the same
bending experiment is carried out one month aer fabrication,
and Ormocomp strips still adhere well on PDMS as those in
Fig. 2(b). To create attached 3D structures on PDMS, the
samples in the following sections are prepared on PDMS
immediately aer plasma treatment to ensure surface the
wettability.
Electroless plating

To produce uniform metal coatings on Ormocomp structures,
a simple electroless plating method is applied here. Silver
nitrate is used here to serve as a seeding catalyst for electroless
metal deposition and help the creation of plated copper thin
lm on polymer surfaces.36 As shown in Fig. 3(a), 1 mL Ormo-
comp monomer liquid is dropped on PDMS by a dispenser and
then cured by UV light to form a circular lens with approxi-
mately 300 mm in radius (Fig. 3(b)). Aer submerged in silver
nitrate solution, a catalytic layer selectively coated over the
circular lens can be observed clearly from the EDX image
(Fig. 3(c)). A clear contrast between the Ormocomp lens (green
regions) and PDMS (black regions) conrms that silver catalysts
are deposited. The catalyst selectivity can be attributed to the
hydrophilicity differences between PDMS and Ormocomp
surfaces. Although aer the plasma treatment, both PDMS and
Ormocomp become hydrophilic, the PDMS surface recovers the
hydrophobicity in a few minutes (Fig. S2†) while the Ormocomp
remains hydrophilic.30,38,41 Due to the hydrophobicity, the
seeding agent (aqueous silver nitrate solution) cannot activate
the PDMS surface and leaves PDMS surfaces uncoated in the
electroless plating process. On the other hand, Ag+ ions can
absorbed onto Ormocomp surfaces, possibly due to the exis-
tence of electron donating ligands in Ormocomp molecular
structure such as thioether and alkoxyl groups,42 which can
attract silver ions through electrostatic interactions.43 The
absorbed silver ions on Ormocomp serve as seeds for autocat-
alytic copper recovery in electroless plating bath. Aer the
RSC Adv., 2017, 7, 51663–51669 | 51665
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Fig. 4 (a) Resistance of plated copper thin films on Ormocomp threads versus the immersion time in copper plating bath. (b) Picture of copper
plated Ormocomp threads. (c) Top view SEM image of deposited copper thin films after 70 s deposition. (d) The cross-sectional view of (c).
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plating process, the lenses are coated with a copper layer and
show shiny luster under room lights (Fig. 3(d)). The lens
structure aer the plating bath remain intact on the PDMS
(Fig. 3(e)), indicating the adhesion between Ormocomp and
PDMS is strong enough to survive in the basic plating bath.
Moreover, the EDX results show that copper layers only grow on
Ormocomp and leave PDMS surface uncoated (Fig. 3(f)). The
metallized lens area has a strong adhesion on PDMS. As shown
in Fig. S3,† the circular lens array on PDMS adheres fairly well
with good mechanical stability even under stretching condi-
tions. To examine the adhesion of the plated copper layers,
Ormocomp thin lm are coated on PDMS by bar coating. Aer
the subsequent seeding and electroless plating steps, a contin-
uous copper layer (Fig. S4†) with a shiny red color can be ob-
tained. The plated copper thin lms attach well to the substrate
and remain complete under tape tests (Fig. S4†). The conduc-
tivity of the plated copper thin lms depends strongly on the
plating time. To optimize the plating time, Ormocomp threads
of 500 mm in width (Fig. 4(b)) and 2 cm in length are immersed
in copper plating bath for various times. As shown in Fig. 4(a),
Fig. 5 (a) EDX spectrum and (b) XRD patterns for plated copper thin film

51666 | RSC Adv., 2017, 7, 51663–51669
for deposition time longer than 70 s, the resistance remains
constant and plateaus. The SEM image (Fig. 4(c)) shows that the
copper thin lms are composed of closely packed spherical
grains of 20 to 30 nm in diameter. Moreover, from the cross-
sectional SEM image, the continuous copper thin lm has
a thickness of 150 nm (Fig. 4(d)) aer electroless deposition for
70 s. The resistivity of the plated copper thin lm is about 2.8 �
10�8 U m, about 1.75 times of the resistivity of bulk copper.
Basic elemental analysis

To identify the chemical composition of the plated copper thin
lm on Ormocomp, energy-dispersive X-ray (EDX) spectrum is
used to examine the sample (Fig. 5(a)). The results conrm the
existence of copper with other chemical elements such as C, O,
Si, and S, which can be found in the molecular structure of
Ormocomp. Trace silver signals are also found in EDX results,
due to the silver nitrate catalyst used in the activation step
before electroless copper plating. X-ray diffraction (XRD)
patterns is also used to further examine the crystalline struc-
tures of plated copper layers (Fig. 5(b)). A characteristic
s.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 (a) CAD design and SEM images of a 3D micro coil. The Ormocomp is coated with copper thin film using electroless plating as shown in
the inset SEM images. (b) EDXmapping image of sample (a). The yellow color shows copper distribution. (c) SEM image of a 3D split ring resonator
array. (d) A picture of sample (c) to demonstrate the flexibility.
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reection peak at 44� indicates the (111) plane Bragg's reec-
tions of face-centered-cubic (FCC) copper structure. No obvious
copper oxide peaks are found, indicating little oxidation occurs
aer the copper thin lm synthesis.

Metallized 3D microstructures

3D microstructures with copper coatings can be fabricated by
TPP and subsequent electroless plating steps. Fig. 6(a) shows
the SEM image of a 3D printed micro coil with copper plating.
With the ability of TPP, one can create 3D micro structures
easily. The subsequent activation step only activates the
Ormocomp surfaces, as shown previously in Fig. 3. Thus,
selective metal coatings with good coverage are found only on
the 3D Ormocomp structures (Fig. 6(b)). The inset picture in
Fig. 6(a) shows the surface morphology of the copper coating on
the printed 3D structures on a PDMS substrate. The image
reveals that thick and continuous copper coatings are deposited
uniformly on Ormocomp surfaces. Fig. 6(b) shows the EDX
mapping image and reveals that metal deposition mainly
occurred on Ormocomp without contaminating PDMS
Fig. 7 (a) SEM image of a 3D printed micro-gear. The Ormocomp surfa
morphology on the PDMS substrate and (c) the gear structure. (d) EDX s

This journal is © The Royal Society of Chemistry 2017
substrate, indicating great selectivity of the metallization
process on 3D microstructures. We also fabricated 3D split ring
resonators covered with copper by using the aforementioned
TPP/electroless plating method, as shown in Fig. 6(c). These
ring resonators comprise of beams of 5 mm width. Aer elec-
troless plating steps, the plated copper thin lms only grow on
3D structures and show a shiny copper luster, as indicated in
the top-side view optical microscopy image in Fig. 6(d). Besides,
the sample can attach on curve surface in a conformal manner
(Fig. 6(d)). The structures adhere well to PDMS even aer
repeated bending, illustrating the potential of this technique on
fabricating exible metamaterials. Using the same technique,
one can also fabricate microstructure with silver coatings by
electroless silver plating (Fig. 7(a)). Similarly, only Ormocomp
surfaces are activated and thus silver layers grow on selectively
on the printed structures (Fig. 7(c)) rather than the PDMS
surfaces (Fig. 7(b)). The EDX analysis also conrms that the
nanoparticles deposited on the structure are silver (Fig. 7(d)).
These examples demonstrate the feasibility of applying this
method in fabricating conductive parts for exible electronics.
ce is coated with silver layer using electroless silver plating. (b) Surface
pectrum of the plated layer on the gear surface.

RSC Adv., 2017, 7, 51663–51669 | 51667
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Conclusions

In this study, a simple method is developed to fabricate 3D
microstructures with conductive metal coatings on PDMS
substrate. The structures are fabricated by two photon poly-
merization technique and metallized by subsequent electroless
plating steps. A plasma treatment was used to develop
compatible wettability between the photopolymerizable resin
Ormocomp monomer and PDMS substrate. The samples were
then immersed in copper plating bath for 70 s at 55 �C and
copper thin lms were successfully deposited on the 3D struc-
tures with conformal coating. Due to the chemical nature
differences, the metal layers grow preferentially on the 3D-
printed Ormocomp structures rather than the PDMS
substrates. Several exemplar 3D objects with complex geome-
tries are also demonstrated to show the coating uniformity and
substrate selectivity. This study provides a general guideline for
3D conductive pattern formation and demonstrate the feasi-
bility to fabricate micron-size features with arbitrary geometries
on exible substrates. This method can be further extended to
other 3D printing systems and opens a new avenue to potential
applications in exible electronics.
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