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ABSTRACT: A novel method is presented to fabricate high-resolution, high-aspect ratio
metal wires embedded in a plastic substrate for flexible electronics applications. In a sequential
process, high-resolution channels connected to low-resolution reservoirs are first created in a
thermosetting polymer by imprint lithography. A reactive Ag ink is then inkjet-printed into the
reservoirs and wicked into the channels by capillary forces. These features serve as a seed layer
for copper deposition inside the channels via electroless plating. Highly conductive wires
(>50% bulk metal) with minimum line width and spacing of 2 and 4 pm, respectively, and an
aspect ratio of 0.6 are obtained. The embedded wires exhibit good mechanical flexibility, with
minimal degradation in electrical performance after thousands of bending cycles.
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1. INTRODUCTION Here, we present a robust, low-temperature, and liquid-based
patterning method for obtaining high-resolution and high-
aspect ratio metal lines embedded in a plastic substrate that
combines three steps: (1) imprint lithography (1, (2) inkjet
printing (P)," and (3) electroless plating (P).*® We refer to
this method by the acronym, IPP. In IPP, first, microchannels
connected to reservoirs are molded into a coated thermoset
material using imprint lithography. Next, using a drop-on-
demand inkjet printer, a reactive Ag ink is delivered into the
reservoir, which flows into the microchannel via capillarity
resulting in a thin Ag trace upon annealing. Subsequently, the
channel is filled completely with metal by immersing the

Integration of electronics in flexible, large-area formats is
central for emerging applications, such as biosensing, drug-
delivery, information displays, identification tagging, and
inventory tracking.'~* Conductive wires are essential elements
of electronic circuitry, and high-resolution, high-conductivity
traces are crucial for achieving high-density, faster devices.'
Large-area formats require longer wires, which lead to higher
resistances. Because high-density circuitry constrains wire
widths, the ability to pattern high-aspect ratio (height/width)
traces is essential. The ability to embed wires within plastic
substrates would yield planarized circuitry ideally suited for substrate in a Cu electroless plating bath, where the Ag inside

subsequent processing steps (e.g, coating a thin organic film on the microchannels serves as a catalyst for selective deposition of
top of the wires). Cu

High-throughput printing methods, such as flexography,
gravure, offset, and screen printing, are widely used for
patterning large-area electronic devices.” However, a general

2. RESULTS AND DISCUSSION

drawback of these techniques is poor resolution, low-aspect Figure 1 shows a series of steps involved in the IPP process.
ratio (<0.1), and inhomogeneities in layer thickness. Recently, First, a master template is fabricated by etching reservoirs and
high-resolution (<10 pm) gravure-printed Ag lines have been channels in a silicon substrate (Supporting Information, Figure
demonstrated,"”"! but line consistency remains a concern, Sla). The width of the channels ranged from 1.5 to 100 ym,
particularly for these fine features. Inkjet printing of metal lines whereas the reservoirs are 400 ym in diameter. The master
from a diverse array of inks, including nanoparticle, metal— template, in turn, is used to create a polydimethylsiloxane
organic decomposition, or particle-free solutions, has also been (PDMS) “daughter” stamp (Supporting Information, Figure
demonstrated.'*™ !> However, the minimum width of inkjet and S1b). The stamp is then pressed into a curable epoxy
aerosol-jet printed features is ~20 um,'® due to limits on prepolymer liquid coated on a polyethylene terephthalate
droplet diameter and spreading on the substrate upon impact.
Although Sekitani et al.'” have demonstrated 2 ym Ag lines Received: October 30, 2014
using sub-femtoliter inkjet-printed droplets, multiple passes Accepted: January S, 2015
were required to obtain the desired metal content in the wires. Published: January 16, 2015
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Figure 1. Scheme showing IPP process steps. (a) Fabrication of a flexible, imprinted substrate by pressing a PDMS stamp into a PET substrate
coated with a curable epoxy prepolymer, solidifying the coating by UV illumination, and peeling the stamp after the coating is completely cured. (b)
Creation of high-resolution and high-aspect ratio metal wires by first inkjet printing of a reactive Ag ink into the microimprinted reservoirs. Capillary
flow drives the ink into and along the microchannels. Finally, the channels are completely filled with metal by immersing the printed substrate in a

Cu electroless plating bath.

(PET) film pretreated by plasma to enhance the adhesion
between the epoxy coating and the substrate. The prepolymer
is cured using UV illumination, following which the stamp is
delaminated to yield imprinted reservoirs and channels on the
epoxy-coated PET substrate.

Next, a reactive silver ink'™ is deposited into the reservoirs
using a drop-on-demand inkjet printer, where it is wicked along
the channels via capillary forces. Unlike flat substrates,
spreading of this low-viscosity ink is confined only to the
width of the channel. Upon drying and annealing of this ink, a
thin dep051t of Ag is left behind in the reservoir and the
channel.*" These channels are filled completely by immersing
the substrate in a Cu electroless plating bath, where the Ag
inside the microchannels serves as a seed layer for selective
deposition of Cu. In the final configuration, the filled
microchannels serve as conductive wires, whereas the reservoirs
serve as contact pads (Supporting Information, Figure S2).

A particle-free, reactive Ag ink is used to create the seed
layer, whose rheological properties are tailored to simulta-
neously facilitate inkjet printing and capillary flow (see
Supporting Information for details). This ink is devoid of any
organic binder. The surface of Ag metal obtained postannealing
is free from any organic residue, hence serving as an excellent
seed layer for Cu growth, as discussed later. Figure 2a shows a
plan-view scanning electron micrograph (SEM) of a 50 um
wide channel filled with Ag metal. The Ag ink remains confined
within the channel during the wicking process. The controlled
nature of capillary flow ensures that the lands are residue-free,
which is an advanta§e over other trench-filling methods (e.g,
doctor blade filling >23) The two leading edges near the
termination of ﬂow are also distinguishable, suggesting that for
the entire duration of capillary flow, the bulk liquid trailed the
liquid along the sidewalls. As the Ag ink in the reservoir
approached the capillary channel, the liquid was first imbibed
along the two corners of the channel forming a curved
meniscus, leading to a pressure gradient between the reservoir
and the channel (ie., the capillary pressure, AP).** Capillary
pressure in the dlrectlon of flow in an open, rectangular channel
can be described as™®

)
w

where 7 is the surface tension of the liquid, € is the contact
angle of the liquid on the walls of the channel, and d and w are

AP = y(cos 9)(% + W
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Figure 2. Capillary filling of Ag ink in microchannels. (a) Top-view
scanning electron micrograph showing the termination point of the Ag
ink inside a 50 ym wide, 10 pm deep imprinted channel on a plastic
substrate. (b) Variation of Ag ink travel length with different channel
depths and widths. The total length of the channels was S cm. Cross-
sectional SEM displaying (c) Ag metal deposited on the sidewalls and
bottom of a S ym wide channel post drying and annealing of the ink,
and (d) region of increased Ag thickness near one of the bottom
corners of a channel.

depth and width of the channel, respectively. This pressure
gradient drives ink flow down the channel against the
competing flow resistance arising from friction at the channel
walls.”®

To investigate the effect of channel geometry on the travel
length, the reactive Ag ink, with a volume equivalent to
reservoir volume, was introduced and flowed within long (S
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Figure 3. Electroless plating of Cu in printed microchannels. Focused ion beam cross sections showing Cu growth in a 2.5 ym wide channel after (a)
3 min, (b) 6 min, and (c) 9 min of immersion in the plating bath, and a 10 ym wide channel after (d) 3 min, (e) 6 min, and (f) 9 min of immersion.

The depth of the channel in both the cases is 2.5 pm.

cm) channels of varying widths and depths (Figure 2b and
Supporting Information, Figure S3). Beginning with the widest
channels, as shown on the right in Figure 2b, travel length
initially increased upon decreasing the channel width at a
constant channel depth. However, for narrow channels (<15
um), the opposite trend occurred, as discussed below. Travel
length also increased upon increasing the channel depth at any
constant value of width. For a continual supply of liquid to a
closed capillary channel, liquid flow never terminates, although
the speed of the advancing liquid front continuously decreases
along the channel length.”” By contrast, in open channels, the
movement of the ink is also accompanied by solvent
evaporation, which results in a localized increase in viscosity
at the advancing liquid front (the part that exists in the channel
for the longest duration). Eventually, this liquid front
completely solidifies, and further ink flow is inhibited. Once
formed, the solidification front advances inward toward the
reservoir.

The travel length of the reactive silver ink in an open channel
can be roughly estimated as the product of the average flow
velocity and the time at which solidification sets in at the
advancing liquid front. The onset of solidification depends
upon the vapor pressure of the ink and height of the liquid
inside the channel but not on channel width (exposed surface
area to volume ratio of liquid in channels with different widths
but same depth is constant). The average flow velocity, on the
other hand, has a strong dependence on the width of the
channel. Decreasing the channel width, while maintaining a
constant depth, enhances capillary pressure (from (eq 1)).
However, flow resistance also increases upon decreasing the
width, with the effect being especially pronounced in very
narrow channels. Resistance to flow in a closed microchannel of
width w is inversely proportional to w*>**® hence, a similar
dependence can also be expected for open microchannels.
Therefore, average flow velocity increases and subsequently
decreases upon decreasing the channel width for a fixed depth,
dictated by the relative dominance of either capillary pressure
or flow resistance, respectively (Figure 2b). Interestingly, the
travel length increases upon increasing the channel depth, for a
constant width. Although increasing the channel depth
decreases capillary pressure (from (eq 1)), it also reduces the
effect of viscous dissipation from the channel floor, besides
increasing the time for solidification at the advancing liquid
front. Therefore, both flow velocity and travel time of the ink
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increase in deeper channels. It is worthwhile noting that
maximum travel length observed for our experiments is close to
6 mm, which should be adequate for most printed circuits
applications. Work is underway to increase this travel length by
further reducing the initial ink viscosity and suppressing
evaporation during the ink migration process.

Cross-sectional SEM provides insight into the dynamics of
flow and drying of the Ag ink inside a microchannel. Figure 2c
reveals that a thin Ag deposit is present on both the sidewalls
and bottom of a 5 ym wide channel. The presence of Ag on the
sidewalls indicates that during the entire capillary flow, the
liquid filled the channel almost to the top.>” It is also testimony
to the pinning of the contact line to the top of the walls during
drying. Similar to the coffee-ring effect on flat surfaces,* the
pinned contact line initiates liquid flow from the center toward
the wall during drying, leading to a region of slightly increased
Ag thickness near the walls and a region of uniform thickness
away from the walls (Figure 2d). This is consistent with results
obtained for polymer and latex solutions dried within similar
confined geometries.”"*>

Capillary filling enables patterning of the reactive Ag ink in
high-resolution channels. However, the channels are only
partially filled with metal after drying and annealing of the ink.
To obtain high-aspect ratio conductors, complete filling of the
channels with metal is required. This is accomplished by
electroless deposition of Cu. Upon immersing the substrate in
the plating solution, Cu ions from the solution diffuse toward
the Ag metal inside the microchannels, where they are reduced
to Cu metal.”® Figure 3 displays focused ion beam (FIB) cross
sections, which illustrate time-dependent growth of Cu inside
Ag-filled microchannels (widths: 2.5 and 10 pm, depth: 2.5
um). The temperature of the bath is maintained at 55 °C. After
3 min of immersion, Cu grows exclusively atop Ag present on
both the sidewalls and the bottom of the channel (Figure 3a,d).
The thickness of Cu increases with plating time, with an
average growth rate of ~300 nm min~". Interestingly, side
overgrowth near the top of the channel sidewalls is also seen
after a plating time of 6 min, indicating isotropic growth of Cu
around an individual Ag seed (Figure 3e). Eventually, after 9
min, both the 2.5 and 10 gm channels are flush with Cu with an
overgrowth of 0.8 and 3 yum, respectively, on either side of the
channel (Figure 3c,f). Advancing Cu metal fronts from both the
sidewalls and the bottom seamlessly merged to completely fill
the channels, yielding very high-aspect ratios (height/width) of
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Figure 4. Electrical properties and bendability of Cu/Ag wires. (a) Schematic of the two-point probe method to measure electrical resistance of the
wires. (b) Variation of wire resistance with length for different channel widths, but constant depth (4 ym). Both 2.5 and 20 ym have only three data
points, because of termination of capillary flow of the Ag ink before 1.5 mm. (c) Variation of linear resistance and resistivity (derived from (b)) with
channel width. The resistivity values do not show a major change over the entire range of widths. (d) Schematic depicting the experimental set up for
the bending test. The substrate, attached to a stationary block and a sliding stage, is bent to a certain radius and restored to its initial state to
complete one bending cycle. (e) Electrical resistance of the wires as a function of bending cycles under different bending radii (0.6 and 1.2 cm). (f)
SEM showing a microcrack along the width of a wire after 1000 bending cycles at r = 0.6 cm.

0.6 and 0.1 for the 2.5 and 10 ym channels, respectively. Note
that the aspect ratios can be further improved by inhibiting the
side-overgrowth through the addition of special additives to the
electroless plating solution.*® The surface morphology of the
plated Cu is characterized using atomic force microscopy,
which revealed that the root-mean-square roughness over a 25
um’* area was 81.8 + 5.2 nm (Supporting Information, Figure
S4).

To study the effect of the channel geometry on the electrical
properties, we used the two-point probe method (Figure 4a) to
measure the resistance of the Cu/Ag wires in channels with
different widths (2.5 to 20 pym) at a constant depth (4 ym).
Figure 4b illustrates the resistance of all wires, irrespective of
the channel width, varied linearly with length in accordance
with Ohm’s law, suggesting dimensional invariance of the wires
along their length. The contact resistance (between the
tungsten probes and the wires) was nearly independent of
the wire width, which is also a signature of a true conductor.
The calculated resistivity is similar for all wires, with an average
value of 2.96 + 0.1 € cm, which translates to a conductivity of
57% of bulk Cu (Figure 4c). This is impressive considering the
maximum temperature employed during the entire process was
100 °C during annealing the Ag ink. The resistance per unit
length of the wire scales inversely with the channel width. For
example, linear resistance almost doubles upon decreasing the
channel width by a factor of 2. Despite the low line width, very
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low values of linear resistance (down to 1 Q mm™" for 10 ym
wide channels) are achieved due to the low resistivity and high
aspect ratio of the patterned wires. We also studied the effect of
channel shape on resistance of the wires (Supporting
Information, Figure SS). Interestingly, the resistance of wires
in nonlinear channels is slightly higher than those in linear
channels of the same length, which may result from thinner Ag
deposits around bends in the channel.

To investigate mechanical flexibility and durability of the Cu/
Ag wires, we examined the change in electrical resistance of five
wires (width: 1S pum, depth: 4 yum) subjected to repeated
bending cycles at two different radii of curvature (r) (Figure
4d). As shown in Figure 4e, for r of 1.2 cm (~0.4% tensile
strain), electrodes subjected to 1000 repeated bending cycles
exhibited only a slight increase in their electrical resistance
relative to the initial value. For r of 0.6 cm (0.8% strain), the
electrical resistance increased gradually, with a 1.5-fold increase
after 1000 cycles. None of the patterned wires exhibited
complete failure. The SEM image reveals formation of
microcracks along the width of the wires, parallel to the axis
of bending (Figure 4f). Although the bending performance is
acceptable for most flexible electronics applications, it may be
further optimized by employing thinner wires or an
encapsulating layer to shift the stress-neutralization plane
during bending into the Cu layer.>* We also investigated the
adhesion of the Cu/Ag wires (widths: 2.5—100 pm, depth: 4
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um) using the scotch tape and ultrasonication tests. Although
wider wires (>30 ym) showed delamination in some locations,
the narrower wires displayed exceptional adhesion to the
molded epoxy substrate and remained anchored to the channels
even after three consecutive tests.

Figure S highlights the versatility of this method to produce
high-resolution conductors. Figure Sa shows a top-view SEM of

Figure S. IPP patterning of high-resolution, complex features. SEM
images of a patterned (a) 2 ym wide Cu/Ag wire and (b) UMN
feature on a plastic substrate. The lighter region is metal. Optical
micrographs showing (c) a crossbar pattern (line width and spacing: §
um) and an array of 4 ym wide lines with a spacing of (d) 12 ym, (e)
4 pm, and (f) 2 pm. Darker regions are metal. Occasional shorting in 2
pm wires is evident.

a 2 pum wide Cu/Ag line. Despite such high resolution, line
consistency and sharp edge definition over a length scale of tens
of microns are clearly evident. Because capillary flow is
impartial to the shape of the channel, complex patterns such
as “UMN?” (line width: 12 ym) and crossbars (line width and
spacing: S ym) can also be easily produced, without breaks or
defects. For device applications, miniaturized line spacing is
critical to performance along with line width. To determine the
minimum line spacing obtainable using this approach, we
fabricated an array of channels (line width and depth: 4 ym)
with an initial spacing of 15, 7.5, and S ym. After the printing
and plating steps (plating time: 15 min), the width of the
individual Cu/Ag wires was 7 ym, and the spacing reduced to
12, 4, and 2 pm, respectively (Figure S d—f). No shorts were
observed for lines with 4 pm spacing, but the 2 ym lines
exhibited occasional shorting (Figure Sf). To our knowledge,
such high-resolution, high-aspect ratio metal patterning of
conductive features embedded in plastic substrates using an
additive, liquid-based process has not been reported previously.

1845

3. CONCLUSIONS

We have demonstrated a new approach, referred to as IPP, for
patterning highly conductive wires through capillarity-induced
flow of inkjet-printed reactive Ag ink into microimprinted
channels on a plastic substrate followed by a Cu electroless
plating step. Specifically, high-resolution metal wires with
minimum line width and spacing as low as 2 and 4 um,
respectively, have been achieved using this approach. High-
aspect ratio features, as high as 0.6, are obtained after the Cu
deposition. The Cu/Ag wires display excellent conductivity
(>50% of bulk metal), which is invariant over different channel
dimensions, making them suitable candidates for flexible
electronic devices and circuits. Because of their high aspect
ratio and electrical conductivity, wires as fine as 2.5 ym exhibit a
very low linear resistance (<5 © mm™"). The embedded wires
exhibit good flexibility and resilience, with minimal degradation
in electrical performance after thousands of bending cycles.
Since our patterning approach is compatible with roll-to-roll
processing, it can be readily implemented in a continuous,
additive manufacturing process.

4. MATERIALS AND METHODS

Master Template Fabrication. Silicon wafer (100) was first
cleaned by a Piranha solution (5:1 H,SO, with H,0,) for 20 min at
120 °C and then rinsed with deionized (DI) water and dried. The
wafer was prebaked at 115 °C for 1 min. Photoresist (Shipley 1813)
was spin-coated (3000 rpm) on the silicon wafer for 30 s, followed by
softbake at 110 °C for 1 min to drive off solvents. A predesigned mask
was placed above the photoresist-coated silicon wafer and exposed to
UV light for S s in an ultraviolet exposing system (Karl Suss MABAG).
The silicon wafer was immersed in the developer solution for 1 min,
rinsed with DI water, and dried. The patterned silicon wafer was then
dry-etched to a required depth by reactive ion etching (SLR 770 Deep
Trench Etcher). The etch rate was 0.9 yum min™". Lastly, the patterned
silicon wafer with reservoirs and channels was washed in acetone and
isopropyl alcohol to remove the photoresist and rinsed with DI water.
The patterned silicon wafer was placed in a hexamethyldisilazane
(HMDS) vapor bath for 2 h.

Polydimethylsiloxane Stamp Fabrication. For preparing the
PDMS stamp, PDMS monomer and its curing agent (Dow Corning,
Sylgard-184) were thoroughly mixed in a 10:1 weight ratio,
respectively, and vacuum-degassed for 30 min. The master template
substrate was placed in a plastic Petri dish, and 30 g of the PDMS
prepolymer mixture was poured over the substrate and allowed to level
out. The prepolymer mixture was then cured in an atmospheric oven
at 60 °C for 12 h. After completely curing, the PDMS stamp was
delaminated from the silicon master template. The stamp was then
placed in an oven at 120 °C for 2 h to enhance its modulus.

Imprinted Flexible Substrate Fabrication. A 25 uym thick
coating of a flexible, UV-curable polymer, NOA-73 (Norland Products
Inc.), was applied to a 7S pm thick PET substrate. Prior to the coating,
the PET substrate was air—plasma treated for 3 min to promote the
adhesion of the coating. The PDMS stamp was inserted into the liquid
coating and pressed using a glass roller to drive out any entrapped air
bubbles at the coating—stamp interface. The coating was cured by
exposure to UV light for 20 min. Following complete cure, the stamp
was delaminated, leaving behind imprinted features in the NOA/PET
substrate.

Inkjet Printing of Ag Ink. An 80 ym diameter drop-on-demand
inkjet nozzle was employed for printing the Ag ink. The optimized
waveform consisted of a rise time of 5 us, dwell time of 20 us, fall time
of 5 ps, drive voltage of 100 V, and jetting frequency of 360 Hz. The
diameter of a single ejected droplet was ~65—7S ym. The nozzle was
aligned to an imprinted reservoir, and a fixed number of droplets was
delivered to the reservoir. Prior to printing, the imprinted substrate
was air—plasma treated for 3 min for surface-energy enhancement to
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facilitate capillary flow. The printed substrate was annealed on a hot
plate at 100 °C for S min.

Cu Electroless Plating. The Cu electroless plating solution
contained 2.704 g of CuSO,-SH,0, 8.15 g of ethylenediaminetetra-
acetic acid disodium salt, 3.25 g of NaOH, 100 mL of DI water, and 25
mL of an aqueous solution of formaldehyde (37% by weight). The
temperature of the bath was maintained at S5 °C. The printed
substrate was kept in the bath for a known amount of time and taken
out, rinsed with DI water, and dried using an air gun.
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