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ABSTRACT: Aqueous dispersions of artificially synthesized,
mussel-inspired poly(dopamine) nanoparticles were inkjet
printed on flexible polyethylene terephthalate (PET) sub-
strates. Narrow line patterns (4 pm in width) of poly-
(dopamine) resulted due to evaporatively driven transport
(coffee ring effect). The printed patterns were metallized via a
site-selective Cu electroless plating process at a controlled
temperature (30 °C) for varied bath times. The lowest
electrical resistivity value of the plated Cu lines was about 6
times greater than the bulk resistivity of Cu. This process
presents an industrially viable way to fabricate Cu conductive
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fine patterns for flexible electronics at low temperature, low cost, and without need of sophisticated equipment.
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merging flexible electronic devices have exhibited signifi-
cant potential for a wide range of applications such as solar
cells,' batteries,> sensors,® antennas,* and displays.5 For any
flexible electronic application, an essential characteristic is
electrically conductive patterning. Solution-based additive
manufacturing techniques such as drop-on-demand (DOD)
inkjet printing® slot die coating,” and gravure printing® are
being widely investigated to fabricate flexible conductive
patterns. DOD inkjet printing is an excellent candidate because
it is a material-conservative, low-temperature process and is
easily incorporated into large scale roll-to-roll (R2R)
manufacturing infrastructures for flexible polymer substrates.
The commonly used ink materials in DOD inkjet printing
processes can be categorized into two types: metal nanoparticle
(NP) dispersions and metal precursor solutions.” NP inks
consist of metallic NPs and a carrier liquid solvent. The NPs
have specifically designed surface properties which allow them
to be stably dispersed in an appropriate solvent. Precursor ink is
an inorganic metal salt or organic metal complex that is
dissolved in a solvent. After inkjet printing, the solvent
undergoes evaporation and metal NP or precursor deposits
on the substrate. A postprinting process is typically necessary to
render either type of deposited structure electrically conductive.
Polymer capping layers and surfactants are employed in the
formulation of NP inks to prevent aggregation and particle
precipitation; these agents are generally neither conductive nor
volatile. The postprinting process removes these agents and
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initiates sintering, thereby improving the electrical conductivity.
For precursor inks, the postprinting process chemically reduces
the metal species from its ionic to elemental state which is
electrically conductive. The standard postprinting process
applies heat that potentially puts substrate materials at risk of
thermal degradation/deformation, especially when low-cost
polymeric substrates are used (e.g., polyethylene terephthalate
(PET), etc.). A few nonthermal or local surface thermal
techniques have been reported including plasma,'®'" laser,"
electrical,"® and photonic'* methods. However, sophisticated
equipment and their associated high-cost processes are
inevitable.

Silver (Ag) is the most broadly investigated conductive ink
material due to its low bulk resistivity (1.6 X 107 Q m) and
resistance to oxidation; however, like other noble metals, it is
expensive ($0.708/gram).'> Copper (Cu) is preferred because
it exhibits a bulk resistivity (1.7 X 107 Q m) comparable to Ag
but is significantly cheaper ($0.007/gram).'* However, the
main challenge of using Cu-based raw material for inkjet
printing arises from the spontaneous formation of Cu oxides;
when synthesized Cu NPs oxidize, both their resistivity and
sintering temperature increase dramatically.” Research efforts to
overcome the Cu NP oxidation have taken two directions:
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utilizing an organic oxygen barrier material as particle capping
layers to retard oxidation kinetics'® and synthesis of Cu—noble
metal core—shell NPs to achieve long-term stability."” Cu
precursor inks are usually stable against oxidation under room
environment.'® Notwithstanding, the postprinting process for
both Cu NP and Cu precursor must be implemented in
reductive, inert atmospheres or under vacuum to prevent oxide
formation, which inherently increases process complexity."

Site-selective Cu electroless plating (ELP) is a method that
can be used to fabricate conductive patterns on flexible
substrates. It is a low temperature process that does not cause
substrate damage if a proper plating bath is used. During ELP,
formation of Cu oxides is dramatically inhibited. The general
ELP uses a solution of metal salt, complexing agent, reducing
agent and additive(s) (such as a bath stabilizer and a pH
adjusting agent).”® Metal nucleates on a catalytically active
surface on which further metal reduction and growth occurs.
This is the intrinsic autocatalytic nature of the ELP process.
Site-selective ELP can be achieved by plating a substrate which
has a prepatterned catalyst/seed layer. Studies have been
conducted exploring inkjet printing for ELP seed pattern-
ing>' "> The Pd-based ink is the most widely investigated
material due to its well-established catalytic activity for
initiation of various metal deposition from a wide range of
ELP solutions.”* However, the suitability of Pd-based inks is
limited by their substrate-dependent adhesion.”'>* Addition-
ally, the hi§h price of Pd prohibits its use in many
applications.”

Poly(dopamine) (PDA), a marine mussel inspired polymer,
was recently found capable of initiating metal ion reduction
indicating its potential as an ELP catalyst.”® PDA exhibits
universal adhesion as demonstrated for a wide range of both
organic and inorganic materials.”® PDA can be synthesized as
continuous coatings on any object by inducing dopamine
polymerization in a pure water phase™ or as suspended
spherical NPs in water—alcohol mixtures at controlled pH.*’

In our previous work, we inkjet printed poly(dopamine)
nanoparticles (PDA-NP) on both glass and PET substrates
followed by site-selective Ag ELP.*® Results exhibit a substrate-
independent method to fabricate highly conductive Ag patterns.
However, possibilities of extending this approach to other
conductive metal systems (such as Cu) have not been
investigated.

In this study, we report the effect of site-selective Cu plating
conditions on the morphology and electrical resistivity of inkjet
printed PDA-NP lines on polyethylene terephthalate (PET)
substrates. The influences of cyclic bending on adhesion and air
exposure on Cu lines are assessed.

PDA-NP was synthesized according to a published
protocol”” with minor modification (see the Supporting
Information). The ink was formulated by mixing PDA-NP
with distilled deionized (DI) water at a concentration of 0.25
wt % followed by 10 min ultrasonication (3510, Branson). The
particle size distribution and zeta potential were characterized
by dynamic light scattering (DLS) (ZetasizerNano, Malvern).
The PDA-NP average diameter was about 340 + 55 nm. The
zeta potential of PDA-NP was measured as —31.0 + 0.5 mV,
indicative of good stability of the ink dispersion. Particle
precipitation was not observed over a 30-day period.

The viscosity and surface tension were measured as 1.0 + 0.1
mPa-s by a rotary viscometer (TA1000, TA Instruments) and
72.1 + 0.1 mN m™! by a bubble tensiometer (BP100, Kruss),

respectively. These values were close to those of pure water due
to the very small PDA-NP loading.

A single-nozzle inkjet printer was used to print the PDA-NP
suspension onto plasma-treated PET substrates (Melinex
STS06, Dupont) to form arrays of five lines (see the Supporting
Information). After printing and solvent evaporation, PDA-NPs
assembled into a pair of continuous lines with a minimal
amount of noncontinuous deposition within the region
between the line pair (Figure 1a). This phenomenon is caused

Figure 1. Typical scanning electron microscope (SEM) images of (a)
printed lines of polydopamine nanoparticles and (b) lines subject to 15
min copper electroless plating, respectively. The lines indicate the
approximate regions that are shown at higher magnification from both
top and cross-sectional perspectives. The arrows in the cross-sectional
SEM image of the copper plated lines indicate penetration of copper
into the interstitial space of the polydopamine nanoparticle layer.

by a convective flow driven by nonuniform evaporation from
the liquid/air interface, and was extensively studied for drops
and referred to as the “coffee ring effect”.”” In our previous
study, we defined this pair of lines as twin lines due to their
similarity.***°The width of a typical as-printed PDA-NP twin
line was measured as 3.9 #+ 0.6 ym in this study.

A potential mechanism of PDA-induced ELP has been
suggested to involve the electrostatic interaction of metallic
ions with surface catechol groups of PDA followed by catechol
oxidation to quinone and reduction of metallic ions to
elemental metal”® The newly deposited elemental metal
further catalyzes the redox reaction for continuous deposition.
In this study, Cu ELP was performed by immersing the printed
PDA patterns in a chemical bath at 30 °C for different
durations (see the Supporting Information).

The morphology of the printed twin line before and after the
plating process was characterized by scanning electron
microscopy (SEM) (Supra SSVP, Zeiss) from both top and
cross-sectional perspectives. For the as-deposited lines, each
twin line typically consists of a single-particle thick PDA-NP
structure. After 15 min of Cu ELP, a layer of Cu was plated on
top of the PDA-NPs with some penetration into the interstitial
space of the PDA-NP layer (Figure 1b). The plated Cu layer
exhibited continuous structure with large grain size. It is also
worth noting that no line width broadening was observed after
Cu ELP.

Cu thickness was measured by the analysis of the cross-
sectional SEM images. The thickness value is exhibited in
Figure 2a based on the average of at least 8 different cross-
sectional SEM pictures at each ELP time. The metal thickness
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Figure 2. Structural and electrical performance characterization of
deposit: (a) Cu thickness (z) evolution; (b) individual twin line
resistance; (c) individual twin line resistivity change as a function of
Cu electroless plating time ().

increased linearly with increasing ELP time. The plating rate of
the Cu ELP process was measured to be about 42 nm/min. A
maximum thickness of 682 + 23 nm was achieved at the 15 min
plating time.

The electrical resistance of each array of plated lines was
assessed by a method we previously reported”®*° (see the
Supporting Information). The average resistance of each twin
line after ELP processes is shown in Figure 2b. The minimum
time required to achieve a conductive structure was
approximately S min with a large resistance value of about
7722 Q. The resistance decreased significantly to about 724 Q
for an ELP time of 10 min. The resistance then decreased
slowly with increased plating time to a final resistance of 165 €
for an ELP time of 15 min. The resistivity of each twin line was
calculated according to p = RwzL™" where p is the resistivity, R
the line resistance, w the line width, 7 the thickness, and L the

length, respectively. The calculated resistivity values are shown
in Figure 2c. The resistivity values decrease with increasing ELP
time and the trend is similar to the resistance change shown in
Figure 2b. The lowest resistivity value achieved after 15 min
ELP was 1.1 X 1077 Q m, a value approximately 6 times that of
bulk Cu.

Materials composition was confirmed by X-ray diffraction
(XRD) (XDS2000, Scintag) as shown in Figure 3. The broad
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Figure 3. X-ray diffraction results of the printed polydopamine
nanoparticle arrays before and after 15 min Cu electroless plating. The
dotted lines indicate 26 values of face-centered-cubic copper according
to the Joint Committee on Powder Diffraction Standards (JCPDS) file
04—-0836.

diffraction peaks occurring at 26 angles of apgproximately 47 and
54° are attributable to the PET substrates.”’ The existence of
printed PDA-NP lines does not introduce any additional
diffraction patterns. For the patterns after 15 min Cu ELP, two
characteristic diffraction peaks were exhibited associated with
face-centered-cubic Cu crystalline at 43 and 51° (for Cu (111)
and (200) planes, respectively). The 26 locations of the
diffraction peaks are consistent with the Joint Committee on
Powder Diffraction Standards (JCPDS) file 04—0836. The
XRD characterizations were all conducted within 30 min of the
completion of the Cu ELP process. The absence of the
diffraction peaks of cuprous or cupric oxide is perhaps due to
the small amount of native oxide that is undetectable.
Additional oxide characterization was beyond the primary
focus of this study.

The bending robustness of Cu patterns was assessed using a
cyclic bending test. During each cycle, the substrate was
cyclically bent between concave and convex geometries with
known radius of curvature (2.5 mm or 5 mm). The number of
cycles ranged from 1000 to 10000, while the bending frequency
was maintained at 100 cycles/min. The resistance of each line
versus number of bending cycles is shown in Figure 4a. All the
test samples were plated for 15 min. Only a slight increase of
resistance with cycles was observed when the 5 mm bending
radius was applied (Figure 4a). The resistance increases from
the as-plated value 165 to 170 Q (about 5% increase). For the
2.5 mm bending radius, the resistance value increased to 187 Q,
a 13% increase compared to the value prior to bending. The
resistance increase due to bending is likely due to the formation
of cracks as shown in Figure 4a (SEM images).

The adhesion of the plated metal lines was assessed
qualitatively by a tape peel test. Briefly, a tape (Scotch600,
3M) was carefully adhered to the patterns and subsequently
removed by peeling it off parallel to the substrate. Then the
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Figure 4. Robustness characterization of the inkjet printed polydopmaine nanoparticle (PDA-NP) lines followed by 15 min Cu electroless plating:
(a) Twin line resistance change after cyclic bending (SEM images show the formation of cracks after 10000 bending cycles with 2.5 mm bending
radius); (b) tape peel adhesion test; (c) influence of air exposure time on plated line resistance (R) relative to its as-plated resistance (R,) (the inset
is the first 4 h air exposure result as indicated by the arrow).

remaining patterns were observed by an optical microscope resistance of the Cu lines does not change significantly with
(AxioObserver Al, Zeiss). The plated lines (15 min Cu ELP) cyclic bending characterized by a S mm bending radius. The
demonstrate good adhesion on PET substrates (Figure 4b). resistance of Cu lines increases over long-time storage, probably
Subsequent to adhesive tape attachment and removal, no because of oxidation. This process demonstrates a simple, low
evidence of delamination or structural change was observed. temperature and low-cost method of fabricating fine conductive
Furthermore, there was no apparent degradation of adhesion Cu patterns for flexible electronics applications.

after 10000 bending cycles.
Figure 4c shows the resistance as a function of air exposure
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time in a room environment. The Cu lines were formed by ELP © Supporting Information

for 15 min. Cu line resistance increases gradually to a value 1.43 Details of materials, polydopamine nanoparticle (PDA-NP)
times its as-plated value after 720 h. The likely reason is the synthesis, PDA-NP size characterization, substrate preparation,
formation of Cu oxides when elemental Cu is exposed to air. inkjet printing process, electroless plating process, electrical
The resistance within the first 4 h of air exposure shows no resistance measurement and printing of complex patterns. This
increase relative to its as-plated resistance (Figure 4c, inset). It material is available free of charge via the Internet at http://
confirms that the Cu line resistance increase shown in the cyclic pubs.acs.org.

bending test (Figure 4a) was not influenced by air exposure as
the bending test and the resulting resistance measurement were
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