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ABSTRACT: Stretchable electronics have important applications in health
monitoring and integrated lab-on-a-chip devices. This paper discusses the
performance of serpentine stretchable interconnects printed using self-
reducing, silver reactive inks. It details process optimization, device
fabrication, and device characterization, while demonstrating the potential
applications for reactive inks and new design strategies in stretchable

electronics. Devices were printed with an ethanol stabilized silver diamine

reactive ink and cycled to stretch ratios of 140 and 160% over 1000 cycles with less than 2.5% variation in electrical resistance.
Maximum deformation before failure was measured at 180% elongation. Additionally, interconnect deformation was compared to
finite element analysis (FEA) simulations to show that FEA can be used to accurately model the deformation of low-strain
printed interconnects. Overall, this paper demonstrates a simple and affordable route toward stretchable electrical interconnects.
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dvances in conventional microelectronics go hand-in-hand

with the exponential decrease in component size. As
component sizes have decreased, new models for packaging
have emerged with the microelectronics industry rapidly
adopting System-on-a-Chip (SOC) approaches that combine
multiple functionalities on a single chip.' For example, the
processing chips in today’s smart phones integrate CPU, GPU,
and even motion processing onto a single die. However, some
applications do not lend themselves to integration at the chip-
level. For example, newer lab-on-chip biomedical sensors use
discrete components to sense environment and transmit data.”’
Many of these devices require electronics spread across large
areas with sensors at one location sending data to a processing
unit in another location and then to an antennae circuit
elsewhere. For “hard” devices, like our smart phones, this is not
a problem; however, spanning large distances while maintaining
electrical contact can be difficult for stretchable electronic
devices.""® These devices, ranging from integrated display
panels®’ to health sensors,” require stretchable and deformable
electrical interconnects between hard components to enable
conformal devices.”"’

Connecting hard components through stretchable intercon-
nects is a common approach for stretchable electronic design
and fabrication. In this approach, high-quality functional devices
are fabricated using traditional methods and then these
“islands” are connected with a stretchable electrical inter-
connect. These stretchable interconnects can be fabricated
using highly malleable/compliant electronic materials, such as
low-temperature liquid metals,'" or by designing the
interconnect to mitigate local strain through out-of-plane
deformation (e.g., buckled devices,”” pop-up interconnects,”*
and serpentine-shaped interconnects™''~'*). Although flexible
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and stretchable interconnects are readily fabricated using
conventional lithography techniques, integrating these hard
components with the stretchable interconnect can be
cumbersome due to the height difference between the
component and the substrate. More importantly, interconnects
fabricated using conventional lithography techniques are
generally limited to metal thicknesses of ~1 ym, limiting the
applicability of stretchable interconnects to low-current
applications. Drop-on-Demand (DOD) printing of conductive
inks could address these issues. This noncontact method can be
used to connect devices with different heights using sacrificial
support structures and the thicknesses on the order of tens of
micrometers are readily printed with little effort.

This paper details a simple set of processes and chemistries
to connect separate chips by printing free-standing stretchable
interconnects based upon newer spiral designs.” Recent
theoretical work comparing spiral interconnects to serpentine
interconnects showed that that, for a given filling ratio and
interconnect thickness, spiral interconnects are much more
stretchable than spiral interconnects. To further demonstrate
that spiral interconnects have low strains even for thick
interconnects, DOD print was used to fabricate spiral
interconnects spanning 10 mm and cycled 1000 times to
stretch ratios of 160 and 180% with less than 2.5% variation in
measured resistance. Additionally, finite element analysis (FEA)
simulations of the deformed shape during stretching agree with
optical images of actual samples, demonstrating that even
though the printed interconnects are porous with nonuniform
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cross-sections, the deformation can be accurately predicted
even from simplified models. The printed stretchable
interconnects can be used to connect many different type of
functional units that are on isolated islands, such as CPU,
memory, A/D converter, regulator, and bluetooth devices.
For this work, a low-temperature, self-reducing Ag ink was
used as the basis to print high-quality silver interconnects."*
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Figure 1. Schematic of stretchable interconnects fabrication process. A
glass substrate is spin-coated with a uniform layer of nitrocellulose.
Copper pads are placed in the nitrocellulose. The reactive silver ink
spiral is then printed followed by lift-off in acetone then electrical and
mechanical testing.

|

Unlike traditional particle-based inks that effectively print
clusters of loosely connected particles, reactive inks print
chemical reactions that, if properly designed, produce a high-
quality material with excellent material properties at low
temperatures. These reactive inks (also known as self-reducing
or organometallic inks) are often easier to synthesize than
nanoparticle inks and can be designed to react at temperatures
lower than the sintering temperature of particle-based
inks."*™"® This paper details device fabrication, and device
characterization while demonstrating the potential applications
for reactive inks and new design strategies in stretchable
interconnects. Overall, this paper demonstrates a simple and
affordable route toward stretchable electrical interconnects.
The overall fabrication process is shown in Figure 1. Copper
pads serving as a model “device” were fabricated by e-beam
evaporation of 10/100 nm of Cr/Cu onto a 110 um
polyethylene substrate. Next, a layer of nitrocellulose was
deposited onto a 25 mm X 50 mm glass slide using a VT'C 100
vacuum spin coater. Two 30-s ramp steps were used from 500—
2500 rpm increasing 2000 rpm/step. The copper-coated

Figure 2. Drop-on-demand printed silver interconnect on the bilayer
substrate before liftoff. (a) Triangular silver pads had been printed for
enhancing the mechanical strength of the interface. 500 layers of the
device were printed using 1:10 Ag:EtOH ink printed at 90 °C. (b—e)
SEM micrographs showing that the silver is continuous across multiple
length scales; (f, g) cross-section images showing that the printed line
is 0.5—1 pm thick in the center and thickness to 20—30 ym on the
edges.

polymer pads were then peeled from the polyethylene carrier
using tweezers and imbedded in nitrocellulose matrix
approximately 10 mm apart with the top surface of the copper
pad just barely above the nitrocellulose. This small distance
reduced the thickness of the Ag ink needed to bridge the
copper/nitrocellulose vertical gap. The substrate was left to dry
at room temperature (~27 °C) for 60—80 min.

To fabricate the stretchable interconnect, a slightly modified
version of the Ag reactive ink detailed by Lewis’ group'* with
the 2,3-butandiol humectant removed and the ink stabilized
using ethanol. All chemicals were used as received. Two grams
of silver acetate (C,H;AgO,, anhydrous 99%, Alfa Aesar) was
dissolved in 5.00 mL of 35 wt % ammonium hydroxide

DOI: 10.1021/acsami.6b03922
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acsami.6b03922

ACS Applied Materials & Interfaces

a)
c 0.281
~ 0.5
8 0.280 —_
g H g
® 0.279 0
: . .
o 0.278
-0.5
0 40 80 120 160
Stretch Ratio (A) [%)]
b) AR (%)
0282 - - [
c 0.280 vows mmmen wme o o -
3 o
=
8 0.278 —~  —
B 4- . ;=
@ 0276 ——— =T
e J . L
0.274-| o 0%
~0 140%
— I
0 500 1000 0 20
Number of load cycles Dist. [%]
c) AR (%)
0274
g [ S —— r -
o 0272 f-—m—e - 0o —
(&) A e————— - . JR—
= |
EC TN - o S —— N
R -1
2 1 . e e —
¢ 0.268 _—T —
0 0% L2 -
0266, 1g09%
— ™
0 500 1000 0 20
Number of load cycles Dist. [%]

Figure 3. Graphs showing impact of elongation and cycles on the
measured 2-point resistance across the spiral. (a) whisker plot of two-
point resistance and AR(%) change measured between the copper
pads at 20% increments in stretch ratio (4). The total AR range was
less than 1.2%. (b) The resistance at A = 0 and 140% (blue square, red
circle respectively) for 1000 stretch/relaxation cycles to 140% stretch
ratio. Total variation in resistance is less than 2.5%. (c) The resistance
at A = 0 and 160% (blue square, green triangle, respectively) for 1000
stretch/relaxation cycles to 160% stretch ratio with a total variation in
resistance of less than 2.5%.

(NH,OH, ACS grade, BDH Chemicals). The solution was then
stirred for 2 min on a vortex mixer. 0.40 mL of formic acid
(CH,0, — ACS reagent >96%, Sigma-Aldrich) was added in
two steps and stirred at the end of each step. The ink was then
allowed to sit for 12 h in the dark before being filtered through
a 450 nm nylon filter and stored at 3 °C until use. For printing,
the ink was removed from the refrigerator, allowed to warm to
room temperature, and then diluted with ethanol (EtOH,
Sigma-Aldrich) 10:1 EtOH:Ag ink by volume to reduce the
thickness of each printed layer and create a more-dense silver
structure.

Devices were printed using a Microfab Jetlab II Drop-on-
Demand printing system with a 60 ym diameter MJ-ATP-01
piezoelectric nozzle. Print parameters (shown in Table S1)
were optimized to minimize satellite droplet formation and the
stage heated to 90 °C with a measured substrate temperature of
72 °C, and 7 mm X 7 mm squares were printed under identical
conditions for electrical characterization using 4-point probe
techniques. The spiral was printed with 500 passes of a 10:1
EtOH:Ag ink to ensure adequate mechanical strength during
liftoff. Thirty layers of triangular pads are then printed with a
1:1 EtOH:Ag Ink at the interface between the copper bonding
pads and the spiral to increase its robustness at this critical
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Figure 4. Comparison FEA vs experimental results for stretch ratios
for A = 0—160%. Notice that the simulation closely matches the shape
of the experimental results. The graph at the bottom shows the
maximum strain vs stretch ratio (1) from the simulations. An
exponential fit of € = 0.002 X e®'3* agrees well the simulated strain,
showing that the strain starts extremely small and increases
exponentially with stretch ratio.

interface. The printed device is then dipped in an acetone bath
for 5=7 h to dissolve the nitrocellulose, leaving behind a free-
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standing, stretchable interconnect between the two copper
pads.

After printing, the silver interconnects were inspected using
scanning electron microscopy (SEM) and energy-dispersive X-
ray spectroscopy (EDS) to quantify physical morphology and
elemental composition. From the optical image and SEM
micrographs in Figure 2b—e, it is clear that the Ag structure is
continuous across multiple length scales with some surface
roughness and internal voids. The cross-section images in
Figure 2d, e show that the printed interconnect is 0.5—1 pm
thick in the center and thickness to 20—30 ym on the edges.
The porous nature of the reactive silver ink makes the structure
more susceptible capillary induced damage during the drying
process and explains why, when less than 400 layers were used,
the Ag interconnect would break apart during lift-off. Future
work will detail methods to reduce the porosity of
interconnects printed using Ag reactive ink; however, for this
work, increasing the number of layers to 500 was sufficient to
get a functioning interconnect that withstood the Ilift-off
process.

EDS spectra of the Ag interconnects is shown in Figure S4
(with elemental composition summarized in Table S2) shows
that the Ag lines are highly contaminated with carbon and
oxygen content 26 and 14 at %, respectively. Despite the high
levels of carbon and oxygen contamination, the resistance of the
interconnect was reasonably low at 0.26—0.28 € over a line
length of 50.4 mm.

To better characterize the electrical properties of the
material, we printed and quantified 7 mm X 7 mm samples
with 10 layers using a 4-point probe to get sheet resistance and
cross-sectional SEM images for thickness. The sheet resistance
was measured at 5.8 mQ/[]. The resistivity was calculated at
7.3 uf2 cm using p = GtR; with G = £€R2<€, %);19 the
thickness, t, was measured at 3.4 ym using profilometry; the
probe spacing, s, was 2 mm; the width and length (a, b) were
both 7 mm. The geometry correction factor, R,, was 0.80."

The stretchability of the electrical interconnect was
quantified by mounting the sample on a manually operated
mechanical strainer with 0.5 mm gradations and measuring the
2-point electrical resistance with a digital multimeter (Agilent,
34461A). The elongation was cyclic from 0 to 140 or 160% and
then back to 0% with a elongation/shortening rate of ~16 mm/
s (~170%/s, cycle time ~0.72 s). The graph in Figure 3a shows
the resistance as a function of stretch ratio for one stretch cycle
with a mean resistance of Ry = 0.279 € with total range in
resistance, ARy, = 3 mQ (1.2%) relative to the initial
resistance. The graphs in Figure 3b, ¢ show the range in
resistance measurements as the device is cycled 1000 times
between A = 0:140% and A = 0:160%, respectively. The AR% is
shown on the right along with histogram showing the
percentage distribution of the measured resistance values.
The range in resistance variation was less than 2.5% for both
tests of 1000 cycles. These results show that the spiral
stretchable electrical interconnect has little to no degradation in
electrical properties even after thousands of cycles at large
stretch ratios. The 4 = 140% test shows a nearly random
distribution in resistance measurements while the 1 = 160% test
shows a slight decrease of 2mQ (AR = 1%) over the last S00
cycles. The exact reason for the observed decrease is currently
unknown and could possibly be attributed to changes in
ambient environment. The stretch cycle tests were done slowly
using manually driven linear stages over the course of 14 h for

each test and the small, 2m€Q drift in resistance could be
attributed to changes in ambient temperature and humidity. A
second sample was fabricated and then stretched to failure to 4
= 180%.

To better understand the deformation modes, finite element
analysis (FEA) was carried out using a commercial FEA
package (ABAQUS, Dassault Systemes, Waltham, MA, USA).
Two types of calculation were used to study the buckling
behavior of the spiral under given boundary conditions.
eigenvalue analysis (i.e, prebuckling analysis) was used to
calculate the modes of the model. After obtaining the mode
shapes, the first mode shape is scaled and added to the
undeformed geometry of the spiral as the imperfection. Then a
general nonlinear static analysis (i.e., postbuckling analysis) was
conducted to study the deformation behavior of the spiral upon
loading. There are 1812 C3D8R elements (3D 8-node linear
continuum elements with reduced integration) in the model.
For this simulation, the thickness was set at 30 ym with a
continuous width of 850 um, the Young’s modulus and
Poisson’s ratio of the silver electrode were assumed to be E =
83 GPa and v = 0.37, respectively.”’ Figure 4 compares the
optical images with the FEA models of the serpentine electrical
interconnect from 0 to 160% elongation. The graph at the
bottom of Figure 4 shows the maximum simulated strain vs
stretch ratio from A = 0% to A = 200% at 20% increments (filled
black circles). The simulated strain is fit as € = 0.002 X %03
(dashed line) with correlation value of 0.996, showing that
strain starts extremely low and increase exponentially. Since the
printed interconnect broke at A = 180%, where the nominal
strain predicted by the FEA simulations was only 0.02 (2%),
well below the ultimate strain for polycrystalline silver but
above the yield strain;”° we can infer that the some portion of
the stretchable interconnect yields without breaking if the
magnitude of the stretch ratio is increased. Although the
printed silver has a measured porosity of ~80% and the model
assumed 0% porosity, no major differences between the model
and the experimental deflection were observed because of the
low strain to stretch ratio of this spiral interconnect design.
This is important because it confirms that simplified FEA
models (continuous, isotropic material; uniform rectangular
cross-section) can be used to predict the deformation shape of
spiral interconnects under low strains even for porous
interconnects with nonuniform cross sections. As a result,
future printed stretchable interconnects can be optimized on
computer prior to printing.
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