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High-Conductivity Crack-Free 3D Electrical Interconnects
Directly Printed on Soft PDMS Substrates

Jacob Brenneman, Derya Z. Tansel, Gary K. Fedder,* and Rahul Panat*

Nanoparticle 3D printing and sintering is a promising method to achieve
freeform interconnects on compliant substrates for applications such as
soft robotics and wearable healthcare devices. However, previous strategies
to sinter metallic nanoparticles while preserving the soft polymer substrate
are rife with problems such as cracking and low conductivity of the metallic
features. In this paper, the mechanisms of cracking in nanoparticle-based
3D printed and sintered stretchable interconnects are identified and archi-
tecture and processing strategies are demonstrated to achieve crack-free

1. Introduction

Stretchable electronics are increasingly
necessary for use in fields such as health
monitoring devices,! soft robotics, and
human machine interfaces?® due to their
elastic modulus match with biological
tissue. Epidermal electronic devices have
been investigated widely, with recent
advancements including a variety of sen-

interconnects fully embedded in thin (<100 um in thickness) stretchable
polydimethylsiloxane (PDMS) with external connectivity. Capillary forces
between nanoparticles developed through rapid solvent evaporation in the
colloidal ink is hypothesized to initiate cracking during drying. Additionally,
the presence of oxygen promotes the removal of organic surfactants and
binders in the nanoparticle ink which increases nanoparticle agglomera-
tion, grain growth, and subsequently conductivity. An experimental step-
wise variation of the thermal/atmospheric process conditions supports this
hypothesis and shows that the presence of air during a low temperature
drying step reduces the capillary stress to produce crack-free intercon-
nects with high conductivities (up to 56% of bulk metal) while having

an excellent compatibility with the underlying polymer materials. Finally,
stretchable interconnects fully-encapsulated in PDMS polymer, with 3D
pillar architectures for external connectivity are demonstrated, thus also
solving an important “last-mile” problem in the packaging of stretchable

electronics.
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sors capable of wireless data and power
transfer while conforming and stretching
with sensitive skin.! In addition to epi-
dermal devices, prototype stretchable elec-
tronics have been developed to wirelessly
monitor aneurysms in arteries.l’! Printing
methods offer an attractive alternative to
expensive lithographic techniques typi-
cally used for the fabrication of stretchable
devices due to the low cost of operation,
rapid prototyping, and an ability to scale
fabrication to a roll-to-roll process.[*~]
Printing methods such as aerosol jet,
inkjet, screen printing, and extrusion
printing typically use metallic inks com-
posed of colloidal nanoparticles to create
functional devices. Additional ink formu-
lations include dispersed metallic nano-
wires,®l carbon nanotubes,””! or particle
free metal-organic decomposition (MOD)
inks.% Printed colloidal inks must be
sintered to achieve conductivity. Thermal sintering is the most
common method to achieve conductivity, with higher tempera-
tures and longer exposure times generally yielding films with
higher conductivity.™! However, directly printed conductors on
flexible and stretchable substrates are usually sintered at lower
temperatures to preserve the stretchable (polymer) substrate,
resulting in lower conductivities and stiffer material proper-
ties.'>31 Several methods have been investigated to sinter
metallic nanoparticles without damaging the substrate mate-
rials including pulsed laser,*"5 microwave,"® chemical,”!
flash sintering,’* %! or plasma sintering.?% Additionally, the
ink composition can be tuned to reduce the sintering tempera-
ture to achieve high conductivity by changing the nanoparticle
size and nanoparticle capping materials to promote sintering
at lower temperatures.?'22l Regardless of the type of sintering
method used, flexible interconnect systems are accompanied
with engineering strategies such as discontinuous inter-
layers!?*24 or serpentine or self-similar geometries!?! to pre-
vent cracking in the conductive layer due to its elastic modulus
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mismatch with the soft substrate. Additionally, intermediate
layers (with intermediate elastic moduli) have been utilized to
reduce stiffness gradients and prevent cracking.26-%7]

Previous work has shown that utilizing inert or vacuum envi-
ronments can preserve a commonly used elastomer substrate,
polydimethylsiloxane (PDMS), up to temperatures as high as
300 °C, while maintaining its stretchability.?® This would allow
for thermal sintering of the metallic conductor consistent with
the process temperatures capable of fabricating complex 3D
structures including lattices, wavy plates, and pillar structures
directly on the stretchable substrate.?3% This capability can
open a wide design space for stretchable electronics that will
pave the way for multilayered stretchable circuits, targeted epi-
dermal contact, wireless data and power transfer, and external
wired connections. However, inert ambient environments have
been shown to decrease the removal of the organic capping
ligands and binders, which is required before sintering can
occur in metallic nanoparticle inks.[-31-33] Cracking in colloidal
inks is also a common occurrence,?** and several models
have linked an increase in the solvent evaporation rate to an
increase in cracking due to the capillary pressure, which leads
to increased tensile stress in the drying film.[3840

This research is undertaken to demonstrate a fabrication
method to create directly printed crack-free interconnects with
3D features for external connectivity. The focus was on under-
standing the mechanisms of interconnect cracking that would
guide mitigation strategies and understanding microstructure
development during sintering of colloidal nanoparticle inks to
increase electrical conductivity, while also maintaining process
conditions that are compatible with PDMS, a common stretch-
able electronics substrate. We hypothesized that cracking occurs
due to capillary pressure during drying and sintering steps
and that organics in the nanoparticle ink need to be effectively
removed to promote sintering. A hybrid process starting with a
drying step under air followed by a high temperature vacuum
sintering process is shown to eliminate cracking and increase
the electrical conductivity. Shear tests are carried out to dem-
onstrate the robustness of printed pillars that act as conductive
connections to the external environment, while an adhesion
test is used to establish adequate bonding between the top and
the bottom PDMS layers encapsulating the interconnects. Uti-
lizing these learnings, an embedded 3D stretchable intercon-
nect directly printed on PDMS with high conductivity and no
cracks is demonstrated. As a verification of function, system
stretchability up to 30% strain for a resistance change within
2% of the baseline is shown.

2. Results and Discussion

The 3D stretchable electronic interconnect consisted of aerosol
jet printed (AJP) silver interconnects encapsulated by top and
bottom (PI) layers and fully embedded within PDMS except for
the exposed tips of the pillars, which enable external connec-
tion. The schematics of the sample construction and the fab-
rication process steps are given in Figure 1A B, respectively.
The presence of PI between silver and PDMS creates a stiffness
gradient due to its intermediate modulus value. Incorporating
such a stiffness gradient is known to lower the strain gradient

Adv. Mater. Technol. 2022, 2200396 2200396 (2 of 15)

www.advmattechnol.de

during processing and operation, reducing cracking.**-?’l In
fact, we originally printed Ag directly on a PDMS substrate,
which resulted in cracks in the Ag interconnects after sintering.
A typical result is included in Figure S1 of the Supporting Infor-
mation. The interconnects and the pillars used for external
connection are fabricated by a layer-by-layer AJP process.
The layout of the printed samples is given in Figure 1C. Dif-
ferent pillar designs for external connection are shown in
Figure 1D-G. These pillars can be printed with heights ranging
from tens of micrometers to more than a millimeter using a
droplet-based point-wise printing method previously developed
by the authors.'22% Two different pillar designs were selected
to focus on this work and include the circular hollow pillar
(Figure 1D), and the tapered full pillar (Figure 1E).

Pretreatment of the PDMS, curing of the PI layers, and
sintering of the Ag layer was conducted inside of a vacuum
chamber with programmable temperature ramp rates and
holding steps capable of reaching 300 °C and 0.13 Pa vacuum
with either air or N, as the filler gas. The curing and sintering
process conditions for PI and Ag, respectively, were kept the
same to minimize underlying material changes during sub-
sequent curing and sintering steps but were varied between
samples to investigate the effect of process changes on the
cracking and conductivity of the silver layer. The initial thermal
treatment carried out under vacuum conditions is shown in
Figure 2A, including a drying step that was incorporated to
prevent delamination between the PI layers (an outcome of
our previous work*!). The hybrid process starting with drying
under air followed by sintering under vacuum conditions is
shown in Figure 2B. The process conditions are summarized
in Table 1, where experiment #2 and #17 correlate with the pro-
cesses shown in Figure 2A and 2B, respectively.

Table 1 shows the printed and sintered silver interconnect
lines fabricated using 18 different process conditions evaluated
in this work. For each process condition, the conductivity is
reported as the average of measurements from four intercon-
nects shown in Figure 1C, along with crack observations and
compatibility with PDMS. Many of the test samples did not
have the PDMS or (poly(acrylic acid) (PAA) release layer pre-
sent as they were only used for process development. For pro-
cess conditions 1-5 in Table 1, the printed samples underwent
vacuum sintering during the drying step at the beginning of
the thermal treatment and all displayed cracking as shown
in Figure 3; and Figure S2 (Supporting Information). The
cracking primarily occurred at the base of the pillars in both
the example pillar shapes printed as shown in Figure 3A-D for
the tapered pillar, and Figure S2A-D (Supporting Information)
for the hollow straight pillar. These cracking images show that
the crack extends fully through the layer of silver and develops
a significant separation distance from the originally connected
surfaces as shown in Figure 3C; and Figure S2C (Supporting
Information). In some severe cracking cases, such as con-
ditions 1 and 3 in Table 1, the cracking occurred at the tran-
sition from the pillar pad to the interconnect traces as shown
in Figure 4. Additionally, samples that were under vacuum
or inert environment for the entirety of the thermal treat-
ment resulted in low conductivity for process conditions 1-9
in Table 1. This low conductivity is not caused by the cracks
shown in Figure 3; and Figure S2 (Supporting Information),
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Figure 1. Aerosol jet printing process schematic, fabrication steps, sample layout, and pillar geometries. A) Schematic of AJP where the second layer of
Pl is being deposited. The cutout view for the fabrication steps is shown by the arrows. The fabrication printing process B) starts with (1) printing the
first layer of Pl directly onto PDMS substrate which has been spun coated on top of a Si handle substrate with a polyacrylic acid (PAA) release layer.
The Pl is cured and then (2) Ag interconnects and pillars are printed in a layer-by-layer process on top of first Pl layer. Ag is sintered and (3) the second
Pl layer is printed and cured. (4) PDMS is spun coated to encapsulate everything. (5) Timed wet etch of PDMS to expose the pillar tips. (6) Release
sample with saline soak. C) The sample layout where the four repeated samples are shown for the hollow circle pillars, full taper pillars, and the four-
wire resistance samples for precise conductivity measurements. Each sample set is printed on a X 1 cm? wafer and has three meander interconnects
and one straight interconnect. Renderings and SEM images of fabricated geometries are shown in D-G) where the D) hollow circular pillar and E)
taper pillar were included in the sample set for this study and the F) hollow taper pillar and G) curved taper pillar are shown as further possibilities.

Scale bars in D-G) are 200 um.

and 4 as the four-wire resistance test features used to determine
the conductivity did not display cracks at the pad to trace tran-
sition or along the trace section measured by the multimeter
and shown in Figure 1C. The vacuum sintering process initially
showed promise as a path to achieve high temperature sin-
tering without damaging the stretchable PDMS substrate but
displayed unacceptable drawbacks in causing both cracking and
low conductivity in the sintered silver interconnect traces. A
hybrid process was developed where the drying step was per-
formed under air at atmospheric pressure followed by a high
temperature treatment under vacuum to produce conductivities
as high as 56% of bulk silver (process condition 14 in Table 1)
while retaining the stretchability of the PDMS substrate. The
cause of both the cracking behavior and low conductivity is
discussed in the following sections along with the proposed
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process solution to achieve high conductive and crack free 3D
printed features directly printed on a PDMS substrate.

2.1. Cracks

Figure 3; and Figure S2 (Supporting Information) shows
cracking at the transition of the pillar and pad region in both
the tapered and hollow circular pillars when the samples
were dried under vacuum. Focused Ion Beam (FIB) cuts were
made to image the cross section of the crack to investigate the
crack morphology. Close-up images of the crack (Figure 3C;
and Figure S2C, Supporting Information) show that the crack
extends through the entire layer of the silver with a separa-
tion of 3.2 um for the taper pillar and 4.0 um for the circular
pillar, indicating mode-I fracture. Additionally, the silver layer
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Figure 2. Process engineering to achieve crack-free and high-conductivity interconnects direct printed on PDMS. A) First prototype sintering thermal
profile that caused low conductivity and cracking. B) The proposed profile to achieve simultaneous elastic PDMS and high conductivity and crack free
interconnects and pillars. The process conditions in (A) and (B) correspond to those for experiment #2 and #17 in Table 1, respectively.

delaminates from the substrate in both the taper pillar and cir-
cular pillar geometry as the crack extends underneath the pillar
displaying shear or mode-II fracture as shown in Figure 3D;
and Figure S2D (Supporting Information). The delamination
distance under the tapered pillar is over 18 um and continues
out of the field of view of the image. Under the hollow circular

pillar, the delamination distance was measured to be 28 pm,
which extends approximately halfway under the thickness
of the pillar walll The delamination also occurred under the
meandering interconnect side of the crack as well, but not to
the same extent as under the pillar. In addition to cracking at
the pillar base, the process condition for experiment #1 and #3

Table 1. Sintering process conditions and the resulting conductivity, cracking description and whether the process is compatible with printing directly

onto PDMS substrate.

Exper- Sample Drying step Sintering step Observations Problem
iment substrate
Pressure  Gas Maxtemp Pressure Gas Maxtemp Ramprate Conductivity Cracks Compatible
[kPa] H [°q [kPa] H [°C [°C min™  [%] of Bulk Ag with PDMS
1 Si - - - 0.13 N, 300 5 0.00008%  Severe Yes Cracking
2 Si 0.13 N, 120 0.13 N, 300 5 0.28% Severe Yes Cracking
3 Si 0.13 N, 150 0.13 N, 300 5 0.06% Severe Yes Cracking
4 Si 0.13 N, 120 0.13 N, 300 0.5 2% Severe Yes Cracking
5 Si 0.13 N, 120 0.13 N, 300 0.5 1% Severe Yes Cracking
6 Si 101 N, 120 101 N, 300 5 29% Minor No Cracking
7 Si 1012 N, 120 101 N, 300 5 28% Moderate No Cracking
8 Si 101 N, 120 101 N, 300 5 16% Moderate No Cracking
9 Si 101 N, 120 101 N, 300 0.5 24% None No Incompatibility with PDMS
10 Si 101 Air 120 101 Air 300 5 62% None No Incompatibility with PDMS
m Si 101 Air 120 101 Air 300 5 67% None No Incompatibility with PDMS
12 Si 101 Air 150 101 Air 200 5 33.3%") None No Incompatibility with PDMS
64.3%°)

13 Si 101 Air 150 101 Air 200 5 59% None No Incompatibility with PDMS
14 Si 101 Air 150 0.13 N, 300 5 56% None Yes None
15 Si 101 Air 150 0.13 N, 200 5 39% None Yes None
16 PDMS+ 101 Air 150 0.13 N, 200 5 25% None Yes None

PAA+SI
17 PDMS+ 101 Air 150 0.13 N, 200 0.5 37% None Yes None

PAA+Si
18 PDMS+ 101 Air 150 0.13 N, 300 5 43% None Yes None

PAA+SI

AIncluded a vacuum purge step; ) Conductivity after the drying step; 9Conductivity after the sintering step.
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Figure 3. SEM images of uncracked and cracked tapered pillar geometry with FIB cross sections. A-D) A cracked taper pillar with FIB cross section
when sintered under process 2. E-G) An uncracked taper pillar with FIB cross section to verify no internal cracking when sintered under process condi-

tions for experiment #13 (Table 1).

(Table 1) produced cracks at the transition from pillar pad to
interconnect traces as shown in Figure 4.

The location of the cracks at sharp geometric transitions
such as the pillar base (Figure 3; and Figure S2, Supporting
Information) and the pad-to-interconnect boundary (Figure 4),
but not on the meandering interconnects, indicates that
local stress concentration is important for crack initiation.
We note that thermal expansion mismatch between the dif-
ferent materials would cause a residual stress during thermal
cycling. The thermal expansion mismatch, however, is unlikely
to be the driving force for cracking in the current work, as all
samples subjected to the same thermal profile should demon-
strate similar cracking behavior, which is not observed in the
current work (e.g., for samples subjected to similar thermal
histories, cracking is observed only in the samples subjected
to vacuum and nitrogen environments in the initial drying
step). This assessment led to the hypothesis that the increased

Adv. Mater. Technol. 2022, 2200396 2200396 (5 of 15)

solvent evaporation rate in vacuum and nitrogen relative to
air increased the local stress capable of initiating cracks in the
drying of the packed particle bed.

Cracking in printed metallic nanoparticle (NP) inks has been
observed across printing techniques including extrusion,’¥
inkjet,®l and aerosol jet printing.>® We note that cracking
during drying of thin films of colloidal dispersions is a well-
documented phenomenon and the consensus is that the driving
force for cracking is the capillary pressure between particles
developed during drying as depicted in Figure 5B.[*73 Several
models have been proposed to describe the capillary pressure
and resultant film stress and have shown reasonable agreement
with experiments with silica colloids.* This negative capillary
pressure results in a force to pull the nanoparticles together,
and when the film is constrained on the substrate, it causes
an in-plane tension in the film, which can be relieved by fully
drying or cracking (see Figure 5B). The capillary pressure has

© 2022 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 4. Crack at the pillar pad to interconnect transition. A) SEM image of the pillar, pad, and interconnect resulting from process conditions for exper-
iment #3, where the inset images show close-ups of the interconnect transition, and the FIB cut location. B) SEM image of the FIB cut cross section.

a maximum achievable value P, = 10y/R where yis the sur-
face tension and R is the particle radius.*?l The actual capillary
pressure P developed in the consolidated region is determined
by the film thickness, evaporation rate, and the permeability of
the film and is limited to magnitudes less than P,,.,. Salamanca
et al[®! describe the dimensionless capillary pressure P, as
the ratio of the maximum capillary pressure to the developed
capillary pressure as

_20(3m, \* R(1-9)’ 1
pmp_# 4 ) S 1)

where 7, is the dispersion low shear viscosity, E is the evapora-
tion rate, ¢ is the volume fraction of particles at close packing,
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U is the solvent viscosity, and H is the initial film thickness.
Manipulation of Equation (1) returns the capillary pressure
developed in the film as

p=E(E_7JmM 2)
2\3m, ) R*(1-9¢)

The developed in-plane tensile stress, o, is directly propor-
tional to the capillary pressure, which leads to the ability to
compare the film stress for different process conditions. The
initial film thickness is the same for all samples and the volume
fraction of the particles at consolidation is also assumed to be
independent of sintering ambient environment. The low shear
viscosity of the dispersion is a function of the volume fraction

Sintering

N,/vacuum

eald
'oo‘r

Figure 5. Schematic of process steps for electrical functionalization of colloidal nanoparticle ink. A) The as-printed colloidal ink, where the inset shows
the composition of the ink. B) The drying step where the inset image shows the development of capillary pressure. C) The sintering step where the two
inset images compare electron pathways between ink sintered in air vs nitrogen and vacuum environments.
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directly scaled by the solvent viscosity. Thus, following the
assumption that volume fraction at close packing is the same
for all samples, a comparison of in-plane tensile stress can be
made that includes only the evaporation rate, surface tension,
and solvent viscosity, as

. 1/2
% — E.vac ¥ vaclvac ( 3 )
Gair E air Yair /Jair

Equation (3) compares the film stress developed in vacuum
with that developed in air; and can also be used to compare
the stress between different conditions. The surface tension
and the solvent viscosity are temperature dependent, so dif-
ferences in solvent evaporation rate will determine the tem-
perature at which the film consolidates and develops capillary
pressure, which may be different for the different sintering
conditions. As temperature increases, both the viscosity and the
surface tension decrease, thereby reducing the tensile stress in
Equation (3) at the point of consolidation.

From Figures 3 and 4 and Table 1, both the vacuum and
N, conditions resulted in cracking at the pillar base (with the
exception of process condition for experiment #9 in Table 1),
while all samples sintered in air were crack-free. Utilizing
Equation (3), a comparison of the film stress can be made
between the process conditions by estimating the solvent
evaporation rate during film consolidation and close packing.
The solvent for the ink used in this study comprises water and
ethylene glycol, and the significantly lower vapor pressure of
ethylene glycol (12 Pa) versus water (3200 Pa) at 25 °C leads
to the assumption that at close packing, only ethylene glycol
remains as the solvent.l Measured evaporation rates for eth-
ylene glycol with process conditions closely matching the ones
used in this study are available for vacuum,! atmospheric
pressure N, with gas flow,*¥] and atmospheric pressure air.[*!
The Hertz—Knudsen equation was used to scale evaporation
rates to the same temperature of 25 °C, and are reported to be
52, 1.3, and 0.10 mg min~! cm2 for vacuum, 101 kPa N,, and air
environments, respectively. These evaporation rates are for pure
liquid. Although the presence of nanoparticles, ligands, and
binders is expected to affect the absolute values of the evapora-
tion rates, their relative rates can still be estimated to compare
tensile film stress under different process conditions. Using
Equation (3) and the reported evaporation rates, the film stress
developed during drying under the N, environment is 3.4 times
higher than in air, and the film stress developed in vacuum is
23 times higher than that in air. The significantly larger stress
developed in vacuum conditions during drying is consistent
with the experimental observations and supports the hypothesis
that the cracking is caused by capillary stress developed during
drying. The increased drying stress in N, relative to air is also
indicative of drying stress driving the crack for the intercon-
nect. Of the four samples dried under 101 kPa N, environment,
three displayed complete cracks through the thickness of the
silver, while the fourth displayed a minor crack. These obser-
vations indicate the stress developed in drying under 101 kPa
N, environment, local to the pillar base, is close to the critical
stress required to initiate crack growth in a packed particle film.
When samples underwent the drying step under air followed by
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vacuum for sintering, such as in experiments #14-18 in Table 1,
no cracking was observed, which further indicates that the
cracks were initiated in the drying portion of the process.

In addition to the cracks perpendicular to the substrate,
we also saw delamination cracks along the interface between
the interconnect and the polyimide (Figures 3D and 4B; and
Figure S2D, Supporting Information). These are mode-II cracks
and can form/grow during the sintering process when particles
in the entire interconnect structure have coalesced. For the
simple delamination geometry in Figure 4B, we can estimate
the stress in the interconnect upon sintering. We assume that
the delaminated section on the left of the separation in Figure 4B
is stress-free, with the separation at the interface being between
Ag-Ag (G = 1] m™?) and Ag-PI (G = 30 ] m™%) where G is the
crack energy release rate. Estimating the displacement of 0.5 pm
(half the separation between the two sections of the intercon-
nect) for a crack length of 6 um, a strain of about 8% is esti-
mated. This strain level corresponds to stress due to sintering in
the film to be tens of MPa, assuming that delamination cracking
forms during sintering well after the solvent has evaporated.

2.2. Interconnect Microstructure and Conductivity
2.2.1. Microstructure

To assess the effect of processing conditions on the microstruc-
ture of the interconnects, we analyzed FIB cross-section images
of several samples processed under the conditions shown in
Table 1. Figure 6A-C shows the microstructure of the samples
sintered in vacuum, 101 kPa N,, and air environments (the
conditions in experiment #2, #8, and #11 in Table 1), respec-
tively. These samples were supplied with identical heating pro-
files and vary only in the ambient conditions. It is clear that
the microstructures are significantly different, and the pres-
ence of oxygen has catalyzed the breakdown and removal of
the organic ligands and binders to promote sintering. Very lim-
ited necking and particle size comparable to the original ink is
observed in the microstructure of the vacuum sintered sample
in Figure 6A, indicating poor sintering. The microstructure in
Figure 6B (dried and sintered under N, environment) shows
an increase in average particle size and a higher degree of
NP necking compared to the vacuum sintered condition. This
effect may be partly due to more uniform heating due to the
inclusion of convection as an additional heat transfer mecha-
nism vs that in vacuum. Further, there may be trace amounts
of oxygen present as the oven was sealed only under vacuum
pressure. The microstructure in Figure 6C is for the sample
sintered in air, showing a significant increase in necking and
average grain size indicating increased sintering. Along with
the increased particle size and necking, the conductivity of the
samples represented in Figure 6A—C increased and was 0.28%,
16%, and 67% of bulk silver, respectively.

Figure 6D-F shows microstructure for the samples where
drying was performed under atmospheric conditions (pro-
cess conditions for experiment #15, #18, and #13 of Table 1,
respectively), The samples in Figure 6D,E were then sin-
tered in vacuum at 200 and 300 °C, respectively; while the
sample in Figure 6F was sintered in air at 200 °C. Note that

© 2022 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 6. Microstructure of various key sintering process conditions and corresponding masks used for image analysis. A-C) Comparison of different
sintering atmospheres up to 300 °C where A) is vacuum condition (experiment #2), B) is N, at ambient pressure (experiment #8), and C) is air at
ambient pressure (experiment #11). D,E) Comparison of the D) hybrid process up to 200 °C (experiment #15), to the E) hybrid process up to 300 °C
(experiment #18). F) The air-only condition up to 200 °C (experiment #13) is shown to compare to C) and D). The micrographs have the same mag-

nification and scale bars are all 500 nm.

the microstructure of Figure 6E is for a sample printed on the
PDMS substrate and the others are for samples printed on Si
substrate. All the processes shown in Figure 6A-C,F, how-
ever, are unable to produce 3D printed interconnects directly
on PDMS as the full vacuum and inert N, environment causes
cracking in the Ag, while air exposure over 200 °C destroys the
underlying PDMS substrate. The hybrid air/vacuum processes
shown in Figure 6D,E were found to be fully compatible with
the PDMS and exhibited no cracks, while showing high con-
ductivity and a similar microstructure to the samples sintered
under air.

2.2.2. Ink Composition and Process Development

The effect of different environments on the sintering of
Ag NPs was investigated by Lu et al. over a series of pub-
lications,?133°0 where a silver NP paste was used for chip
bonding on a Cu substrate in both reactive and inert envi-
ronments. They determined that the removal of the organic
ligands and binders to promote sintering of the NP was
best performed in the presence of oxygen, but a formic acid
vapor was also able to catalyze the breakdown of the organics
without oxidizing the Cu substrate. In the current work, the
metal NP ink undergoes several steps before becoming electri-
cally conductive as shown in Figure 5. The composition of the
ink, shown in the inset of Figure 5A, is an important factor
in determining the conditions under which these steps occur.
Typically, metallic nanoparticle inks have a short-chain organic
ligand bonded directly to surface of the NPs to aid in the sta-
bility of the inks and reduce agglomeration before they are
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printed. The reduction of surface area can drive sintering at
room temperature if the NPs are able to come in contact with
each other; however, the ligands on the surface prevent that
from occurring.’! In addition to the ligands on the NP sur-
face, long-chain polymers called binders are added to the ink
to aid in cohesion to suppress cracking described in Section 3.1
as well as adhesion to aid in binding to the substrate. Solvents
are then added to reach the desired viscosity for printing; the
ink used in this study contains both water and ethylene glycol.
The concentration and chain length of ligands and binders in
metallic NP inks and solvents to optimize for low tempera-
ture sintering to achieve high conductivity remains a rich and
active area of study.l?

The first step after printing metallic NP inks is to remove the
solvent by drying as shown in Figure 5B. Densification occurs
through volume loss as the solvent evaporates and the NPs
redistribute. This step is where capillary pressure can cause the
cracking described above. The next step is to sinter the NPs to
create a conductive film as shown in Figure 5C. This happens
in several steps as the ligands are removed or displaced and the
NP surfaces come in contact, while the surface diffusion causes
coalescence and necking, and finally, grain growth. The thermal
treatment provides the energy to drive the entire process and
in general, larger grains and higher density requires higher
energy.

A thermogravimetric analysis (TGA) was performed on the
ink used in the current work under both air and 101 kPa N,
environments at 10 °C min™' to investigate the differences in
weight loss between the two atmospheric conditions as shown
in Figure 7. The TGA clearly shows an initial sharp drop in
weight of the ink likely due to the evaporation of the solvents
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Figure7. Thermogravimetric analysis of silver nanoparticle ink in nitrogen
and air. The inset graph shows the weight loss of the ink after the solvent
has been removed showing the dependance of binder and ligand removal
on the sintering environment.

(to =45 wt%). After the sharp initial drop and as temperature
rises from =150 to 430 °C, the ink weight in air continues to
drop in a linear fashion, which is associated with the decom-
position and removal of the organic ligands and binders. This
is followed by a rise in the weight, likely due to the oxidation of
Ag. In the N, environment, on the other hand, the ink displays
a slow but accelerating weight loss beginning at =175-400 °C
followed by a linear drop to 800 °C. The data, along with the
microstructure seen in Figure 6A-C, indicate that oxygen is
instrumental for the removal of the organics and is important
for sintering of the Ag NPs. The TGA data in Figure 7 indicate
that the ligand and binder burnout processes begin at =150 °C
in air for the ink used in this study. However, the onset of
burnout processes varies across different ink compositions and
can be as high as 350 °C.’Y The maximum curing temperature
for PDMS in air is 150 °C,>Y which informs a process window
in air where the PDMS substrate may remain undamaged and
the burnout of organics in the ink can begin to result in high
conductivity interconnects.

To test the above hypothesis, the maximum drying tempera-
ture was increased to 150 °C from 120 °C in air, followed by
a high temperature treatment under vacuum to promote fur-
ther sintering as shown in Figure 2B. This initial drying step,
performed under air, also has the added benefit of reducing
cracking due to the rapid evaporation of solvents under the
vacuum condition (see Section 3.1). Process conditions in
experiment #14-18 (Table 1) use this hybrid sintering technique
and can reach conductivities as high as 56% of bulk Ag when
sintered at up to 300 °C (process condition for experiment
#14 in Table 1). When printed directly onto PDMS under the
same condition up to 300 °C (condition for experiment #18 in
Table 1), the conductivity is 43% and it is 37% when sintered
up to 200 °C (condition for experiment #17), indicating that
the additional layer of PDMS affects the conductivity. Further-
more, there is an increase in conductivity from 25% to 37%
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of bulk Ag when the ramp rate to maximum temperature is
decreased from 5 to 0.5 °C min, indicating that increased
time at sintering temperatures results in higher conductivity,
which has been noted in previous studies.>2l Process condi-
tions of experiments #12 and #13 in Table 1 comprised drying
and sintering in air up to 200 °C and have very high conduc-
tivities up to 64%, which is comparable to air sintering up to
300 °C (which is 67%). Previous studies have reported a reten-
tion of stretchability of PDMS after exposure to 200 °C in air
with a slight reduction in the maximum strain that the PDMS
can withstand.3l However, cracking in the PDMS was observed
in our samples cured in air up to 200 °C (same as process
conditions in experiment #12 and #13 in Table 1). A similar
trend is shown in our previous work, where PDMS remains
stretchable after thermal treatment in vacuum up to 300 °C but
shows a decrease in maximum strain before failure compared
to PDMS taken to 200 °C under vacuum. Therefore, an engi-
neering tradeoff continues to exist between high conductivity of
the sintered interconnect and retention of stretchability of the
substrate, but the hybrid processes (#14-18 in Table 1) described
in this work extend the process boundaries to achieve high con-
ductivity traces with 3D features printed directly onto a stretch-
able substrate.

2.2.3. Modeling Conductivity with Microstructure Data

The microstructures of the printed silver interconnects shown
in Figure 6A-C show increased necking and particle coales-
cence with sintering in vacuum, in N, at atmospheric pressure,
and air at atmospheric pressure. The conductivities of the sam-
ples with microstructures shown in Figure 6A-F are given in
Table 2. Several methods have been developed to predict the
conductivity of porous solids based on microstructural charac-
teristics. Maxwell’s effective medium theory and Bruggeman’s
correlation may be the most widely used models as they employ
only the relatively simple measurement of volume fraction of
the material to determine the effective conductivity relative to
the bulk material properties.® However, with availability of
additional data such as the tortuosity of the conducting phase
or grain size of the crystalline solid, more detailed models can
be used. Rosker et al.>®! recently proposed a multiscale model
that modified Maxwell's effective medium theory to include
grain boundary scattering and gives

K _ o (ﬂ) (4)
Kbulk lo+)'gb 3_¢

where K.g is the effective conductivity, Ky is the bulk con-
ductivity (6.3 x 10’ S m™ for silver), /, is the mean free path
of an electron in the conductor (53 nm at 300 K for silver), ¢
is the volume fraction described above, and 4, is the charac-
teristic line of sight distance for an electron moving across a
grain in the ballistic transport regime. The characteristic line
of sight is determined by the average length to cross the grain,
and we follow the procedure by Rosker to approximate grains as
spheres and use the average chord length of a sphere as Ay, The
microstructure images in Figure 6 are analyzed with Image]®®
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Table 2. Results of microstructure image analysis and comparison of measured conductivity to the microscale conductivity model described by
Rosker et al., and tortuosity model. The characteristic length of the particle was averaged over at least 45 particles using Image]. The tortuosity factor
was averaged over both x and y directions for four different sections of the image. The volume fraction was averaged over the eroded and dilated

particle size in Image). The measured conductivity was averaged over four samples.

Process description Volume Characteristic Tortuosity Multiscale model Tortuosity model Measured
and number fraction length factor conductivity conductivity conductivity

[ & [%] Stddev [nm] Std dev [ Stddev [%]of bulk Ag Stddev [%]of bulk Ag Stddev  [%]of bulk Ag  Std dev
Vacuum — 300 °C 2 61 +9 15 +4 10 +5 12 +4 6.2 +3 0.28 +0.02
N, —300 °C 8 84 +2 35 +12 1.5 +0.1 31 +10 56 +4 16 +7
Air—300 °C n 82 +1 67 +21 1.45 +0.07 42 +13 57 +3 67 +2
Hybrid — 200 °C 15 82 +2 50 +17 1.64 +0.04 37 +12 50 +2 39 +1
Hybrid — 300 °C 18 83 +1 50 +16 1.42 +0.1 37 +12 58 +5 43 +5
Air - 200 °C 13 87 +2 57 +15 1.35 +0.04 42 +1 64 +2 59 *5

software by thresholding and water shedding to determine
individual grains and are shown as the yellow mask images in
Figure 6. The “analyze particles” function in Image] is then able
to return the volume fraction, grain area, and perimeter.

In addition to using the multiscale model, conductivity was
modeled using the standard definition for the tortuosity factor,
7, using the following relationship®’!

Kt _ ¢ 5)

Kbuk T

The tortuosity factor was determined using TauFactor! with
the same mask images in Figure 6 without the grain boundary
lines, averaged over both horizontal and vertical directions
in multiple areas of the image. The tortuosity measurement
results in the same tortuosity factor that can be determined
from Bruggeman’s correlation, which is not independent of
volume fraction.

The effective interconnect conductivity was determined uti-
lizing both methods described in Equations (4) and (5) and
compared against the measured conductivity. The full results
are detailed in Table 2, and select conditions are shown in
Figure S3 (Supporting Information). The model results in
Table 2 show that both the multiscale model and the tortuosity
factor model overpredict the conductivity for samples sintered
under vacuum and 101 kPa N, environments, while the air sin-
tered sample is underpredicted by both the models. The micro-
structure images for samples sintered under vacuum and N,
environments in Figure 6 show more individual rounded par-
ticles rather than the porous, but continuous, grain structure
shown by the air-sintered sample. The lack of necking between
particles could be due to the remaining ligands and binders in
the microstructure, preventing further sintering of the parti-
cles, which presents an additional scattering mechanism that
is not captured by either model and may explain the overpre-
dicted conductivity of the vacuum and N, sintered samples.
The air sintered sample, on the other hand, is underpredicted
by both the models, but the tortuosity model (57% of bulk Ag)
is closer to the measured conductivity (67% of the bulk) com-
pared to the multiscale model, which predicts an interconnect
conductivity of only 42% of bulk Ag. This less accurate predic-
tion by the multiscale model may be due to the assumption
of spherical particle shape made in both the microscale and
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macroscale sections of the model, whereas the tortuosity factor
is numerically determined directly from the microstructure.
The hybrid air/vacuum sintering process falls in between the
predicted conductivity of the multiscale and tortuosity models
and is within a standard deviation of the multiscale model as
shown by Table 2. These correlations have been known and
investigated for many years, yet an accurate general model is
still an elusive goal of active research in the battery, fuel cell,
and geology communities.® Despite the large discrepancies
between predicted values and measured values of conductivity,
the trend of increasing conductivity with increasing grain sizes
and decreasing porosity and tortuosity is captured by both
models, indicating a dependence of the conductivity on the
microstructure.

2.3. Shear Test of 3D Pillars

The strength and reliability of the 3D printed pillars are impor-
tant in practical applications and were investigated by devel-
oping a shear test apparatus shown in Figure S4 (Supporting
Information). Both hollow circular and tapered pillar geom-
etries were tested. In addition, for each pillar type, process con-
ditions that resulted in cracking at the pillar base and crack-free
pillars were also evaluated. The maximum stress during the
shear test for both geometries fabricated under each process
condition are shown in Figure 8A. Clearly, the samples dried
and sintered in vacuum were weakest with lowest failure stress:
9.2 MPa for the tapered pillar, and only 1.8 MPa for the circular
pillar. The reason for the lower failure stress for this process
condition is likely to be the presence of cracks underneath the
pillars (Figure 3D; and Figure S2D, Supporting Information).
The post failure scanning electron microscope (SEM) images
in Figure 8B show a difference in failure mode between the
pillars fabricated under vacuum and N, environments (with
underlying cracks) where sections of the pad underneath the
pillar remain intact. This contrasts with the pillars fabricated in
air and hybrid conditions, where failure occurred at the inter-
face of PI and Ag rather than within the Ag structure. The air
and hybrid process conditions resulted in larger failure stress
of 18.6 and 172 MPa, respectively, for the taper pillars, and 36.1
and 36.3 MPa, respectively, for the hollow circular pillars. The
failure stress for hollow circular pillars was less than that for
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Figure 8. Maximum stress developed at pillar base preceding failure, and post failure images of circular pillars. A) The mean of the data points
shown are plotted by the bars for both the circular pillar and taper pillar geometries. B) SEM of circular pillar failure surfaces are shown for the same
conditions shown in the chart. Scale bars are 50 um. C) Schematic of force application to both the taper pillar and the circular pillar. The purple and
green arrows schematically indicate the bending and shear stresses experienced by the pillar. The table shows the average of three measurements of
as-printed pillar geometry from SEM and optical images that was used to determine the maximum stress in the pillar (blue point shown at the pillar

base), which is plotted in A).

taper pillars for both the nitrogen and vacuum environments,
which contrasts with the crack-free process conditions where
the circular pillar geometry had the largest failure stress. This
indicates that the circular pillar geometry can withstand higher
applied stresses under ideal process conditions but is more sen-
sitive to cracking at the base. Additionally, the hybrid sintering
process to 200 °C resulted in the same mechanical response in
the pillars compared to the air sintering process at 300 °C and
survived stresses approaching the yield stress of bulk silver in
the case of the circular pillar geometry.

2.4. 3D Pillars for Packaging of Fully Encapsulated Crack-Free
Interconnects

A process to achieve high-conductivity 3D printed intercon-
nects compatible with a stretchable PDMS substrate has been
described in Sections 2.1-2.3 and can be utilized to print
directly onto a PDMS substrate. For improved robustness,
these interconnects can be further encapsulated in another
layer of spin-cast PDMS as shown in Figure 1B. Pillars allow
for connections to external circuitry or direct contact to skin,
for example to be used as an electrode for health monitoring
applications. As described in the fabrication section, Dynas-
olve was used for a timed wet etch of the residual PDMS film
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covering the tips of the pillars after spin coating. The meas-
ured etch rate was 0.5 £ 0.2 um s! tested across four samples.
Images of exposed pillar tips after etching, along with profilom-
eter and resistance plots are shown in Figure 9. An SEM of
each of the hollow and tapered pillars after the etch step are
shown in Figure 9A for the hollow pillar and Figure 9B for the
tapered pillar. The pillars shown in Figure 1D-G are between
150 and 200 pum tall, while the bottom and top layers of PDMS
are each around 30 pum thick, resulting in a total PDMS thick-
ness of 60 um. This would leave 90-140 um of the tips of the
pillars above the PDMS encapsulation. However, the uncured
PDMS is spin-cast onto the substrate and its viscosity creates a
meniscus in the PDMS from the pillar toward the flat plane of
the substrate. Stylus profilometer scans for both the hollow and
tapered pillar were performed in Figure 9B,D. For the hollow
pillar (Figure 9B), =25 pum of the tip of the pillar appears to be
exposed from the top layer of PDMS with the meniscus occur-
ring across 75% of the height of the pillar. Similarly, for the pro-
filometer scan of the tapered pillar (Figure 9D), 20-40 um of
the tip of the pillar is exposed from the top layer of PDMS, and
again there is a meniscus occurring across 75% of the height of
the pillar.

Figure 9F represents measurements of the average of the
resistance across each of the hollow and tapered pillars for sam-
ples with experimental condition #17 in Table 1, which includes
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Figure 9. Encapsulation in PDMS and release from handle substrate. A) SEM image of encapsulated straight hollow pillar and C) taper full pillar with
the tip exposed after the etching step to remove the thin top layer of PDMS. Profile scan of the exposed B) straight hollow pillar and D) taper full pillar
showing = 30 um height of exposed silver extending from the PDMS to make electrical connection. E) Released sample with retained flexibility, and
F) Resistance measurements throughout process steps averaged over four samples. “Initial” is prior to the second PDMS spin coating. Resistance is
measured from pillar to pillar, and exposed pillar tips are shown in A) and C).

a PAA release layer, along with Ag traces insulated with PI
and fully encapsulated in PDMS. The error bars represent one
standard deviation apart from the average across four traces.
A first resistance measurement was taken after sintering the
Ag and curing the top layer of PI. Further resistance measure-
ments were taken after spin-casting the top layer of PDMS and
etching the PDMS residue above the pillars with Dynasolve.
And finally, the resistance was measured after releasing the
sample by using saline to dissolve the PAA release layer (shown
in Figure 9E). The test structures required two-point resistance
measurements. Overall, the resistance values remained con-
sistent across each of the fabrication steps with some variability
due to inconsistent probe placement across the tops of the pil-
lars and uneven placement of the sample.

To test the functionality of exposed pillars as external connec-
tion points and demonstrate the stretchability of our intercon-
nects, two meandering samples were fabricated following the
hybrid condition to 200 °C shown in Figure 2B. The intercon-
nect was connected to two separate external connection points
at both ends to facilitate resistance measurements using a four-
point probe during stretching. The samples were then cyclically
stretched to 5%, 20%, and 30% strain, and the results are shown
for one of the samples in Figure S6 (Supporting Information).
The resistance deviated only 2% from the unstretched initial
value during the cyclical stretching. The mechanical response
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was also consistent throughout the cyclical loading as shown in
Figure S6A-C (Supporting Information). Additionally, a finite
element analysis was performed to investigate the performance
of the exposed pillar and stiffness gradient under 30% global
strain and is detailed in Figure S8 (Supporting Information).
The silver pillar experiences a maximum stress of 16.5 MPa,
which is below the maximum stress preceding failure meas-
ured in both the hollow circular pillar and the tapered pillar
under air and hybrid conditions shown in Figure 8. While the
pillar experiences relatively low stress, the PDMS at the inter-
face with the PI experiences a high strain indicating that the
PI layer reduces the strain gradient at the pillar interface and
the global strain is accommodated primarily by the stretchable
PDMS and interconnects as intended.

The final released sample is shown in Figure 9E. We note
a mismatch in the thermal treatment for the bottom and the
top layer of PDMS in our interconnect system. The bottom
layer of PDMS undergoes several high temperature thermal
treatments for curing PI and sintering the Ag layers, while
the top layer of PDMS experiences a curing treatment and
a short drying step after Dynasolve etching, both at 100 °C.
As a result, in stretching applications, the bottom and top
layers of PDMS are expected to have different elastic moduli
and maximum strain-to-failure. The bonding between the
top and bottom PDMS layer was tested using ASTM D3359
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Tape Adhesion Test standard (see the Experimental Section
for test details). Despite the differences in the thermal histo-
ries of the two PDMS layers, no delamination was observed
during the adhesion test as seen in Figure S7 (Supporting
Information).

3. Conclusion

AJP is utilized to fabricate 3D printed interconnects fully
embedded in a stretchable substrate with external connection
points with various pillar architectures. A hybrid sintering pro-
cess of a drying step conducted in air at 150 °C, followed by
a high temperature treatment in vacuum is shown to preserve
the stretchable substrate, while producing crack-free and highly
conductive 3D interconnects up to 56% of bulk Ag. Inert and
vacuum environments are shown to produce cracking during
drying due to increased inter-particle capillary force from rapid
solvent evaporation. Additionally, organic ligands and binders
present in Ag nanoparticle inks are shown to be removed more
effectively in air at temperatures of 150 °C and above relative
to an inert N, environment. The microstructure differences
and increased conductivity of interconnects sintered under air
relative to N, and vacuum environments further evidences the
removal of the organics in the ink to be the cause of lower con-
ductivity. A hybrid thermal process was developed where the
low-temperature air drying step reduces the capillary force that
initiates cracks and increases the removal of the organics in the
Ag nanoparticle ink during, and the high-temperature sintering
step under vacuum increases the conductivity while preserving
elastic characteristics of the underlying PDMS.

These findings are suitable for applications in soft robotics,
human machine interfaces, and health monitoring devices.
Toward the application of health monitoring devices, the
exposed silver pillars could be used as a dry electrode to contact
the skin, or they could be utilized as vias enabling multiple
printed electronic layers. Interfacing to external circuitry can
be achieved using low temperature solder (which uses tem-
peratures well below the thermal treatment profile peaking at
200 °C), silver paste or paint, or conductive tape. Incorporating
multiple different types of functional components, as well as
routing to multiple layers via the 3D pillar geometry is the aim
of future work.

4. Experimental Section

Materials: The PDMS material (Sylgard 184, Dow Corning Corporation,
Midland, MI) was prepared by mixing base elastomer and curing agent
at a ratio of 20:1 by weight followed by degassing to remove bubbles.
The interconnect conductor and pillars were fabricated using silver
nanoparticle (NP) ink (Prelect TPS 50, Clariant, Frankfurt, Germany).
The nanoparticle size in the ink was 30-50 nm, while the silver particle
loading in the ink was 40 + 2 wt%. The ink was diluted with deionized
water at a ratio of 3:1 (ink:water) by volume prior to printing. The PI
precursor resin (Pl 2574, HD MicroSystems, Parlin, NJ) was mixed with
N-Methyl-2-pyrrolidone (NMP) as a solvent at a ratio of 2:3 by volume.

Sample Fabrication: The process steps to create the samples shown
in Figure 1 are described below. First, the mixed PDMS base and curing
agent was spin-cast onto a silicon wafer having a PAA, (Polysciences,
Warrington, PA) release layer following the procedure outlined in
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the earlier work.?®l The PDMS was cured at 100 °C for 1 h. The AJP
(A) 300 Optomec Inc, Albuquerque, NM) was then used to print the
Pl and silver interconnects. The AJP has pneumatic and ultrasonic
atomizers that convert the ink into aerosol droplets which is carried by
N, to the print head where the N, sheath gas is capable of focusing
the aerosol stream to print features down to 10 um depending upon
the nozzle size and gas flow parameters. To print Pl, the pneumatic
atomizer was used along with a 300 um diameter nozzle, a sheath gas
flow rate of 80-100 sccm, a carrier gas flow rate of 40-50 sccm, and
a platen temperature of 60 °C. The Pl was then cured according to
the conditions specified in Table 1 for a specific experiment #. Silver
nanoparticle ink was then printed directly onto the cured PI layer
utilizing the ultrasonic atomizer and a 150 um diameter nozzle, a sheath
gas flow rate of 45-50 sccm, a carrier gas flow rate of 25-30 sccm, and
a platen temperature of 60 °C. After sintering the silver (under the same
condition as that for Pl below - Table 1), another layer of Pl precursor was
printed on top of the silver to encapsulate the silver interconnects in PI.
The top PI layer was then cured, under the same processing conditions
as the bottom Pl layer and silver layer. Finally, a top layer of PDMS was
spun on top of the printed sample using the same procedure as the
bottom PDMS layer to fully encapsulate the electrical traces but leave
the tips of the pillars exposed. The top PDMS is then cured under the
same conditions as the bottom PDMS. To remove any residual PDMS
on the tips of the pillars, a 10 s soak in Dynasolve (Versum Materials,
Tempe, AZ), followed by 5 min soak in an isopropyl alcohol bath, and a
drying step at 100 °C for 30 min was performed. The stretchable sample
was then released from the Si handle substrate via saltwater soak for 24
h and rinsed with DI water.

Sample Characterization: Sample interconnect resistance was
measured with a four-point probe at the locations shown in Figure 1C
(2401 SourceMeter, Keithley Instruments, Cleveland, OH). Pillar to
pillar resistance was measured with two-point probe at the locations
shown in Figure 1C. Trace cross-sectional profiles were measured with
profilometer scans (Dektak 3, Bruker Corporation, Billerica, MA) to
determine conductivity of the sintered silver along with the resistance
measurements. The Ag cracks and microstructure were characterized
with SEM images (Quanta 600, FEI, Hillsboro, OR) utilizing focused ion
beam (FIB) (Nova Nanolab 600, FEI, Hillsboro, OR) cutting to expose
the cross section of cracks and internal microstructure of the traces and
pillars, and Image)©¥ and TauFactor®® were used to analyze the images.
Additionally, thermogravimetric analysis (TGA) (Q50, TA Instruments,
New Castle, DE) was performed on the Ag NP ink in both air and
nitrogen to investigate the binder and surfactant removal under inert
and reactive environments.

The pillar shear test set-up is shown in Figure S4 (Supporting
Information). In this setup, the samples were loaded horizontally on
a four-axis microstage to allow for their precise positioning under the
load cell (LSB200, Futek, Irvine, CA) and contact head as shown in
Figure S4B (Supporting Information). The samples were positioned so
that the contact head would apply the load on the pillar about 50 pm
from the pillar base as shown in Figure S4A (Supporting Information).
These optical images were analyzed with Image] to measure the
distance from the pillar base to the contact point for use in the stress
calculations shown in Figure 8. The load cell was mounted on a linear
stage (X-LSMO025, Zaber Technologies Inc., Vancouver) and driven at a
constant rate of 0.5 um s™'. A MATLAB (MathWorks, Natick, MA) script
was used to record both the displacement and load simultaneously. The
maximum measured force for each condition is plotted in Figure S5A
(Supporting Information). The equivalent von Mises stress at the base
of the pillars is reported in Figure 8 and was determined by analyzing
SEM images with Image] to measure the dimensions of the pillars as
shown in Figure 8C. SEM images were taken post failure and are shown
in Figure S5B (Supporting Information) for the taper pillar geometry.

Tensile testing of fully embedded interconnect as reported in
Figure S6 (Supporting Information) was carried out using a universal
tensile tester (Instron 5969, Norwood, MA) and four-probe resistance
measurement (2401 SourceMeter, Keithley Instruments, Cleveland,
OH). Electrical connections were made with the fully embedded
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meandering interconnects through exposed pillar tips shown in
Figure 9A. The sample was cycled at 5%, 20%, and 30% strain at a rate
of 12.5 mm min™" while simultaneously recording resistance, force, and
displacement. The sample geometry, shown in Figure S6D (Supporting
Information), is a scaled down type-C specimen shape described in
ASTM D412, and the cyclical strain values were chosen following
the suggestions of stretchable device design from the Semiconductor
Research Corporation.®l The strain is reported as the strain developed
in the testing region using the same method as in the previous work.[2®l

Adhesion between the top and bottom PDMS layers was tested
using ASTM D3359 Tape Adhesion Test (Test Method B — guidelines for
50-125 um thick materials).® The bottom layer of 20:1 PDMS was spun
cast, cured at 100 °C for 1 h, and treated with three heating profiles as
shown in Figure 2B to replicate the curing and sintering conditions of PI
and Ag. The top layer of 20:1 PDMS was spin cast and cured at 100 °C
for 1 h. Cross sections following ASTM D3359 were cut using a sharp
cutter (Curio, Silhouette America, Lindon, UT). A tape was then used
according to the same standard to test the adhesion between the two
PDMS layers.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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