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Stretchable anisotropic conductive film (S-ACF)
for electrical interfacing in high-resolution

stretchable circuits

Hyejin Hwang'?, Minsik Kong'!, Kyunghwan Kim?, Doowon Park’, Sangyeop Lee?, Soojin Park?,

Ho-Jin Song? Unyong Jeong'*

In stretchable electronics, high-resolution stretchable interfacing at a mild temperature is considered as a great
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challenge and has not been achieved yet. This study presents a stretchable anisotropic conductive film (S-ACF)
that can electrically connect high-resolution stretchable circuit lines to other electrodes whether they are rigid,
flexible, or stretchable. The key concepts of this study are (i) high-resolution (~50 pm) but low-contact resistance
(0.2 ohm in 0.25 mm?) interfacing by periodically embedding conductive microparticles in thermoplastic film, (ii)
low-temperature interfacing through the formation of chemical bonds between the S-ACF and the substrates, (iii)
economical interfacing by selectively patterning the S-ACF, and (iv) direct interfacing of chips by using the adhe-
sion of the thermoplastic matrix. We integrate light-emitting diodes on the patterned S-ACF and demonstrate

stable light operation at large biaxial areal stretching (exy = 70%).

INTRODUCTION

Stretchable electronics have been receiving intensive attention for a
wide range of potential applications such as stretchable displays
(1-4), electronic skin for robotics (5, 6), and human-machine inter-
faces such as wearable devices (7-15) and implantable medical
devices (16-18). With the recent advances in stretchable electrodes
and device structures, stretchable electronics are now evolving into
high-resolution integrated circuits (19-21). One of the key techno-
logical challenges of high-resolution stretchable devices is stable
electrical interfacing between stretchable circuit lines and an exter-
nal circuit or an operating microchip. In the conventional rigid and
flexible electronics, the electrical interfacing is completed through
wire bonding (22, 23), via hole (24, 25), and flip-chip bonding (26, 27).
However, in the stretchable devices, the large mismatch in elastic
modulus between stretchable circuit lines and the rigid or flexible
electrodes causes delamination and fracture during repeated stretch-
ing cycles (28-32). Although weak electrical interface is the main
cause of device failure in the stretchable electronics and the low-
resolution interface is the bottleneck of miniaturized stretchable
devices, a small number of the related researches have been carried
out for low-resolution interfacing (11, 33-36) and high-resolution
interfacing has not yet been successful.

Anisotropic conductive film (ACF) is an adhesive surface-mount
interconnection that allows only the electrical conduction in the
thickness direction. ACF has been widely used primarily for high-
density electrical connection in printed circuit boards (PCBs) and
device packages (37). Most ACFs are thermoplastic or ultraviolet
(UV)-curable polymer composites (epoxy, acryl, etc.) with solder
balls or conductive microparticles (MPs); hence, they can have
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good adhesion to substrates, large toughness, high conductivity,
and low contact resistance. Several studies on ACF have been con-
ducted for interfacing in flexible devices. Park et al. (38) have re-
ported an epoxy-based flexible ACF with randomly distributed
solder balls (25 to 32 um in diameter). The random distribution of
the solder balls led to a low spatial resolution (~500 um) that was
about 20 times the solder ball size because the aggregated solder
balls increased the short-circuit rate of the metal lines to be inter-
faced. The same group attempted to reduce agglomeration of the
conductive MPs by applying a high magnetic field; however, the dis-
persion rate of the MPs was less than 80% (39). Recently, Lee et al.
(40) have proposed selectively dewetted anisotropic patterns through
the capillary migration of a metal nanoparticle polymer composite
solution, but the random arrangement of the nanoparticles and the
poor flexibility are not appropriate for stretchable interconnection.

Most of the current stretchable devices use a stretchable sub-
strate with the rigid islands on which the rigid devices are mounted
(41). Because the rigid islands are typically designed to experience a
small strain (g < 10%), stretchability of the interface is not a big is-
sue. Ink-jet printing of conductive epoxy ink in the via holes, fol-
lowed by local heating of the ink at a high temperature (>180°C), is
known to lead to a stable interface (42, 43). However, this rigid is-
land approach with a local heating has a limitation on the achiev-
able spatial resolution. The ultimate direction of interfacing in the
stretchable electronics is direct integration of miniaturized devices
on the high-resolution stretchable circuit. In addition, in some cas-
es, stretchable circuit lines should be connected to other stretchable
circuit lines. The direct integration on a stretchable substrate and the
stretchable-stretchable interfacing require large mechanical tough-
ness and the stable adhesion force of the adhesion layer to prevent
mechanical failure under a large strain (29, 44, 45). Toughness of
the commercial adhesives that are used in the conventional ACFs
are not large enough to endure the large strains (€ > 50%): acryl
(1 to 4 MPa/m?), epoxy (0.5 to 2 MPa/m?), and silicone rubbers
(0.02 to 0.5 MPa/m?) (46). Therefore, a stretchable tough ACF with
a strong interfacial adhesion is required. Very recently, a deformable
ACF was reported by Lu et al. They vertically aligned Ag-coated Ni
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MPs (15 pm in diameter) with an average alignment spacing of
50 to 75 pm in a polydimethlysiloxane (PDMS) rubber matrix un-
der magnetic field (47). They exhibited mechanical durability of the
ACF up to & = 30%; however, the contact resistance (2.0 ohms per
1 mm” contact area) was large and the resolution of reliable inter-
facing was limited (1 mm) due to the randomness of the alignment.
For the use in high-resolution stretchable electronics, ACF requires
improved mechanical durability at large tensile strains and precise
position control of the conductive fillers. In addition, applying high-
pressure or high-temperature thermal annealing in the process of
interfacing should be avoided.

In this study, we present a stretchable ACF (S-ACF) in which
conductive MPs (20 um in diameter) are periodically arranged in a
thermoplastic block copolymer film. Owing to the precise position
registry of the MPs, the S-ACF has a reliable electrical interface with
a practically assured fine pitch capability (1200 um? for a bump and
52.5 um for a circuit line) and a low contact resistance (0.19 ohm
per 0.25 mm?). The S-ACF forms strong covalent bonds at the con-
tact interfaces at a mild temperature (80°C); hence, it is applicable
to stretchable-stretchable, stretchable-flexible, or stretchable-rigid
interfaces. It shows excellent mechanical durability up to € = 80%
without change in conductivity. We demonstrate direct integration
of u-LEDs (light-emitting diodes) on localized S-ACF patterns in-
terfacing stretchable circuit lines. This work is expected to provide
new inspiration to the creation of stretchable interfaces and the
fabrication of high-resolution stretchable devices.

RESULTS

S-ACF-containing conductive MPs embedded

in thermoplastic film

In our previous works, we demonstrated the preparation of high-
quality MP monolayers by the mechanical rubbing process (48-50).
In particular, MP separation was possible by putting the MPs in the
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intaglio patterns such as holes, lines, and squares in elastomer tem-
plates (51-55). Here, the S-ACF was designed to place one MP in
each hole made in a thermoplastic block copolymer stencil. We used
polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene-
graft-maleic anhydride (SEBS-g-MA) for the stencil and used
Au/Ni-coated polystyrene MPs with a diameter (D) of 20 um as the
conducting MPs. SEBS-g-MA was selected as the stencil matrix due
to its mechanical toughness and chemical reactivity for good adhe-
sion (it will be discussed later). Figure 1A illustrates the manufac-
turing process of the S-ACF. A slide glass was treated with octadecyl
trichlorosilane (OTS) for easy peel-off of the thermoplastic film.
A concentrated SEBS-g-MA solution was spin-coated on a PDMS
substrate, and the resultant SEBS-g-MA film was transferred to the
OTS-treated slide glass. A pillar-patterned stamp made of NOA 61
was placed on the SEBS-g-MA film, pressed vertically under 7 MPa
at 180°C for 10 min, and then cooled down naturally in the air. We
used the high aspect ratio stamp (=4) because it made the demold-
ing process easier after the patterning process. With a proper ad-
justment of the stamp hardness (85D) by UV exposure optimization
to the NOA 61 micropillars (see fig. S3 for the optimization condi-
tions), the stamp could be used repeatedly without damage. The depth
(tw) of the template well was controlled by the length of the stamp
pillar, and the residual layer thickness (¢;) at the bottom was con-
trolled by the initial film thickness of SEBS-g-MA. t,, was designed
to be smaller than D to make the MPs exposed to the air. The con-
ductive MPs were rubbed with a piece of PDMS on the template.
The MPs were positioned in each well, as shown in the cross-
sectional scanning electron microscope (SEM) image (Fig. 1B). Hot
pressing was applied on the MP-containing template at 235°C
under 57 MPa for 1 hour. For uniform compression, the S-ACF was
inserted between two elastomer films, PDMS. The hot pressing is
based on the viscoelastic flow of the polymers at the temperature
and pressure. We found that the block copolymer chains could make
enough fluidity at the temperature at which the block copolymer
hd
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Fig. 1. Fabrication process and microscope images of S-ACF. (A) Scheme for the fabrication of the S-ACF. The fabrication process includes microimprinting to create
the SEBS-g-MA template, mechanical rubbing of conductive MP powder for particle assembly, hot pressing to MP embedding, and releasing PDMS/glass to obtain the
free-standing S-ACF. (B) Cross-sectional SEM image taken after the particle assembly in the template. (C) Cross-sectional SEM image of the S-ACF after the hot pressing.
(D and E) Optical images of the S-ACF when stretched (e = 100%) (D) and strain released (e = 0%) (E).
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had the order-to-disorder transition (fig. S1A); thus, the bottom re-
sidual layer flew out through the sides. This process made the MPs
exposed to the air at both the top and bottom surfaces (fig. S4B).
The fabrication of the S-ACF by this hot pressing was highly repro-
ducible. After cooling naturally, the template was peeled off to produce
the S-ACF. Details on the fabrication process are described in the Sup-
plementary Materials (see Supplementary Text and figs. S2 and S3).

Figure 1C shows the cross-sectional SEM image of the S-ACF. The
metal shell of some MPs was broken when the S-ACF was frac-
tured in liquid nitrogen for SEM specimen preparation. The MPs
embedded in the hole were clearly separated from each other.
The MPs were flattened at both the top and bottom sides during
the hot pressing because the pressing temperature was much higher
than the glass transition temperature (~100°C) of the polystyrene
core. The flattened metal surface increased the contact area with
the electrodes to be integrated; thus, electrical conduction through
the S-ACF could be improved. Although the glass transition tem-
perature of the PS core is 100°C, due to the metal shell (Ni/Au) coated
on the polymer core (fig. S4A), the conducting MPs were not de-
formed even at the temperature above 235°C in the absence of
mechanical pressure. We did not find any thermal deformation
or degradation while driving electronics. After the hot pressing
condition, the MPs were exposed at both the top and bottom sur-
faces (fig. S4B). While the post-thermal pressing at above the order-
to-disorder transition temperature was applied, the low viscosity
(<2.3 x 107 cP) of the polymer matrix resulted in the mass flux to
fill the gap in the well between the MPs and the stencil wall. The
good adhesion of the MPs with the SEBS-g-MA matrix made the
interface stable under a large uniaxial tensile strain (€ = 100%)
(fig. S4, C and D). Although the MPs were rigid at room tempera-
ture, the composite film was stretchable under repeated stretching,
without causing delamination or tearing at the MP-matrix interface
(Fig. 1, D and E).
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MP periodicity in S-ACF for interfacing high-resolution
circuit line

On the one hand, the mass flux during the post-annealing enhanced
the adhesion between the MPs and the matrix; on the other hand, a
large mass flux in the lateral direction (indicated by the black ar-
rows) moved the MPs (indicated by a violet arrow) and reduced the
periodicity (Fig. 2A). Therefore, ¢, had to be optimized to achieve
both the adhesion and the periodicity of the MPs. Figure 2B shows
the MP distribution depending on ¢, (1.3, 2.5, 11.3, and 48.1 pum).
To clearly visualize the positions of the MPs, Au line patterns
(1 mm x 0.2 mm) were sputtered on the PI substrate before the
post-annealing. The periodicity of the MPs was kept when f, <
2.5 um, whereas it disappeared when #, > 11.3 pm. Figure 2C com-
pares the relative change in the number density (N/N,) of the MPs
before (N,) and after (N) the post-thermal pressing. Optical micro-
scope (OM) images and the raw data are provided in fig. S5 and
table S1. When ¢, < 2.5 um, N/N, was close to 1.0 (0.99 at t, = 1.3 um
and 0.97 at ¢, = 2.5 um), whereas N/N, decreased to 0.66 at t, =
11.3 um. Because a large N/N, is desired to maximize the electrical
conductivity and high-resolution interfacing, the conditions of ¢, >
11.3 um were excluded in this study. In addition, Fig. 2C exhibits
the dependence of the vertical resistance on f,. The resistance had a
large deviation at f, = 1.25 pm because the amount of the polymer
was not sufficient to fill the void in the well so that the contact be-
tween the MP and the electrode was not reliable, causing unstable
contact resistance. When f, = 2.5 um, the SD was negligible (+0.049)
and the resistance was 0.19 ohm/0.25 mm?, which is much smaller
than the reported values (0.3 ohm/6 mm?) (ECATT 9703; 3 M).
We took f, = 2.5 um as the optimum condition for the S-ACF. It
is notable that the four-point probe measurement was used to
measure the vertical resistance of the S-ACF (39). The measure-
ment setup is provided in the Supplementary Materials (fig. S6
and table S3).
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Fig. 2. Optimization of MP periodicity to obtain high electrical performance S-ACF. (A) Scheme of the polymer flow during the hot pressing. MP moves (violet arrow)
along with the polymer flow (black arrow). Polymer flux to the right direction is presented higher. (B) Top-view OM images showing the periodicity of MPs after the hot
pressing when the thickness of the residual polymer layer (t,) was 1.3, 2.5, 11.3, and 48.1 um. (C) Changes in the relative MP density (N/No) before (No) and after (N) the hot
pressing. The interconnection resistance of the S-ACF is measured by the four-point probe. (D) Scheme showing the dependence of the MP coverage on the alignment
angle with the circuit line direction (red line, blue line). (E and F) Electrical properties of the optimized S-ACF measured by two-point probe. (E) Top-view scheme and the
corresponding OM image of the S-ACF (blue). The S-ACF was sandwiched between top and bottom Au circuit lines. (F) Current-voltage characteristics of a single line (A1-A1)
and between the top-bottom connected lines facing each other (A1-A2) and facing aside (A1-B2).
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Because the resistance of the S-ACF decreased as the number of
MPs in contact increased, the number density of the MPs should be
uniform in the entire area of the S-ACF. The requirement can be
achieved by the periodic arrangement of the MPs. The minimum
contact width (W) to ensure electrical connection in the S-ACF,
which is the spatial resolution of circuit line interfacing, can be cal-
culated under the following assumptions: (i) The MPs are arranged
periodically, (ii) the metal circuit line in contact (typically at the
millimeter level) is much longer than the MP period, and (iii) all
MPs create identical electrical path. Although the ultimate Wy, can
be the same with the diameter of the MP (20 um), a practical reso-
lution was assured by defining a Wi, that makes full contact with
at least two MPs. Under these assumptions, the minimum intercon-
nection area of the S-ACF was 20 um X 60 pum. On the other hand,
for the circuit line connection, as shown in Fig. 2D, Wy, is depen-
dent on the alignment angle (8) between the row of the MPs and the
metal line direction, Wp,i, = a + (a + b) sin6, where “a” is the contact
length (the area of the MP exposed to the surface) and “b” is the gap
distance between the adjacent contact diameter (fig. S7). Wi, was
the largest (Wpin = 2a + b) at 6 = 0°, and it decreased Wy, =
1.17a + 0.71b at 6 = 45°. From the information of a = 12.5 pm and
b =27.5 um, the ultimate interfacing resolution was calculated to be
12.5 um, and the practical resolution of the S-ACF was 40.8 um at
6 = 45° and 52.5 pm at 8 = 0°. Therefore, the S-ACF assured a prac-
tical interfacing resolution of 52.5 um regardless of the alignment.
Figure 2E shows the interface by the S-ACF that electrically con-
nects the bottom Au lines to the top Au lines. The line width of the
Au line was 100 pm, which was twice larger than the practical reso-
lution of the S-ACF. The top Au lines (A1-E1) were facing the cor-
responding bottom Au lines (A2-E2). The current-voltage (I-V)
curves in Fig. 2F indicate that the Au lines facing each other (A1-A2
and B1-B2) were electrically connected as like a continuous line
(Al-Al), whereas the Au lines facing aside by 100-um spacing (A1-B2)
were electrically insulating. In the connected lines, the current
reached a compliance level (1 mA) of the equipment that was set to
prevent an overcurrent in the measurement. In addition, low con-
tact resistance allowed the S-ACF to transmit ac electrical signal in
high-frequency range. Coplanar waveguide structure was designed
using a PCB to extract the transmission performance of the S-ACF
(56, 57). The cutoff frequency of the S-ACF was about 18.5 GHz.
The stable performance up to the high frequency is attributed to the
low dielectric constant of SEBS-g-MA (g, = 2.4) (58) and the low
mutual inductance between the distant MPs (59, 60). This high
operating frequency satisfies the demands on extended frequency
bands in high-frequency communication systems (61). The details
of the measurement and the related data are provided in the Supple-
mentary Materials (Supplementary Text and fig. S8).

Deformable interconnection enabled by chemical bonds

Because the S-ACF aims to interface stretchable circuits to other
circuits (rigid, flexible, or stretchable), strong adhesion between the
two circuits is essential to prevent delamination and fracture at the
interface (fig. S9). The conventional ACF using the metal/epoxy
composites requires a high processing temperature (~180°C), which
is too high because thermal expansion of the stretchable substrate
causes fatal damage in stretchable device components. To increase
the interfacial fracture energy and decrease the temperature of the
interfacing processing, we introduced functional groups in the sub-
strate surface to create chemical bonds with SEBS-g-MA (Fig. 3A).

Hwang et al., Sci. Adv. 2021; 7 : eabh0171 6 August 2021

We modified the polyimide (PI) surfaces with (3-mercaptopropyl)
trimethoxysilane (MPTMS) for thiol, 3-aminopropyltriethoxysilane
(APTES) for amine, and oxygen plasma for hydroxyl groups (fig. S10).
MA groups could react chemically and form covalent bonds with
amine, thiol, and hydroxyl groups (Fig. 3B). The reactions are well
known from various previous studies (62-66). The reaction process
between SEBS-MA and the amine group of APTES, which is the
ring-opening amide reaction, is illustrated in Fig. 3C. Figure 3D
exhibits the adhesion force of the bonded interface measured by the
T-peel test as shown. A 13-pm-thick SEBS-g-MA thin film was
sandwiched between the two surface-treated PI substrates. The
chemical bonds were formed at a relatively low temperature (80°C)
for 10 min under external pressure of 0.1 MPa (see the video for the
bonding process; movie S1). The external pressure for the bonding
was applied only for making conformal contact between two layers.
The pressure is comparable to the contemporary use in commercial
products (table S4). The MA-NH, pair had the largest adhesion
force; thus, we used the reaction pair afterward. The Fourier trans-
form infrared spectroscopy (FT-IR) results verifying the formation
of the chemical bonds are provided in fig. S11. Shear test was con-
ducted using the method of hanging weights on the prepared sam-
ple (movie S2). The interface could endure more than 19.6 N (2 kgf).

Electrical stability of the S-ACF interconnection

Figure 4 exhibits the electrical stability of the S-ACF interface be-
tween the top and bottom circuit lines (200 um in width). The flex-
ible lines were Au evaporated on the PI substrate, and the stretchable
lines were Ga-In alloy (EGaln) printed in the PDMS substrate (fig.
$12). Detailed methods of fabricating EGaln circuits are described
in Materials and Methods. We used the MA-NH, amide bond at
S-ACF/PI interface and the Si-O-Si siloxane bond at the S-ACF/
PDMS interface. Figure 4A shows the relative current (red line) be-
tween a flexible-flexible circuit pair. The interface showed a neg-
ligible current change during repeated pressing cycles in the range of
10 to 40 kPa. The interface was more stable in a flexible-stretchable
circuit pair (Fig. 4B) and a stretchable-stretchable circuit pair
(Fig. 3C). Digital images of the bonded pairs are provided in fig.
S13. The current showed no change when the PDMS was stretched
repeatedly up to € = 20%. It is notable that further elongation caused
tearing of the PDMS because most of the stress was concentrated at
the PDMS interface. In the stretchable-stretchable circuit pair, there
was no current variation up to € = 80% (Fig. 3C). The stability was
maintained under repeated stretching cycles at € = 15% for the
stretchable-flexible interface and € = 50% for the stretchable-stretchable
interface (Fig. 3D).

LED demonstration using MP-patterned S-ACF

For economical interfacing, it is desirable to pattern the S-ACF by
placing the MPs only at the electrical interfacing area. We rubbed
the MP powder on the SEBA-g-MA template, which was patterned
by a photomask. Figure 5A exhibits the MP-patterned S-ACF, which
was bonded to Au comb pattern electrode on the PI substrate. The
MP patterns were formed between two Au circuit lines. We directly
integrated u-LEDs on the MP-patterned region (Fig. 5B). It is note-
worthy that the bottom surface of the u-LEDs was also treated by
APTES (fig. S14). As seen in the scheme of the integrated LEDs
(Fig. 5C), we used the MP pattern (0.8 mm x 0.4 mm) smaller than
the size of the u-LEDs (1.0 mm X 0.6 mm) to enhance the adhesion
by using the contact between the u-LED and the bare SEBS-g-MA
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Fig. 3. Chemical treatment results to enhance physical stability of the interface. (A) Surface functional groups in the substrates and the scheme of the T-peel adhe-
sion test in the presence of the S-ACF. (B) Representative reaction formula between MA and functional groups (amine, thiol, and hydroxyl). (C) Scheme of amide bond
formation by ring opening of amide reaction between MA in SEBS-g-MA and amine in APTES. (D) Adhesion force measured by the peel-off test and the shear test. The
inset digital image in the peel-off test shows the real measurement setup of T-peel test. The size of S-ACF for the test was 10 mm x5 mm. Photo credit: Doowon Park,
Department of Materials Science and Engineering, Pohang University of Science and Technology.
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Fig. 4. Electrical performance data indicating high stability under pressure
and strain. Relative current changes (//l,) of a pair of circuit lines interfaced with
the S-ACF during repeated mechanical stimulation. The flexible circuit lines and
the stretchable circuit lines were Au/Pl and EGaln/PDMS, respectively. (A) Normal
pressing on a flex-flex circuit line pair. (B) Uniaxial stretching on a stretch-flex
circuit line pair. (C) Uniaxial stretching on a stretch-stretch circuit line pair. (D) Relative
current changes in the stretch-stretch and stretch-flex circuit pairs while being
stretched over 2000 repeated stretching cycles.
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without the MPs (fig. S15). We picked up the u-LED with a sharp
tweezer and transferred it under an OM. The p-LEDs were bonded
by MA-NH; amide bond giving heat and pressure (80°C, >0.1 MPa).
The patterned S-ACF is expected to be used for vertical intercon-
nections in multilayered devices. The u-LEDs showed stable perfor-
mance under repeated bending (Fig. 5D). The u-LEDs were also
integrated, bridging two stretchable circuit lines in the comb-type
electrodes (EGaln/PDMS) (Fig. 5, E and F). The pu-LEDs were oper-
ated stably under repeated stretching cycles at a large biaxial elonga-
tional strain (areal strain £x, = 70%; see movie S3). The positions of
the MPs deviated slightly from the initial relative alignment at large
strains (Fig. 1, D and F); however, the original alignment was re-
versibly restored at small strains. In practical uses, the S-ACF was
strongly adhered to the circuits so that the MPs act like one body
with the electronic device. Therefore, the deviation of the MPs is
limited, and they can maintain the stable interfacing performance
regardless of the degree of the deviation.

DISCUSSION

We designed an S-ACF that assured stable interfacing between
stretchable circuit lines and other electrodes (rigid, flexible, or
stretchable). The conductive MPs embedded periodically in a thermo-
plastic block copolymer matrix enabled high-resolution interfacing
(1200 um? and 52.5 um) with a low contact resistance (0.2 chm
per 0.25 mm?). The use of SEBS-g-MA and the modification of the
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Fig. 5. u-LED operation with MP-patterned S-ACF on deformable conductive lines. (A) OM image of the MP-patterned S-ACF bonded to the flexible comb-structured
circuit lines. (B) OM image showing the u-LEDs integrated on the MP-patterned S-ACF. (C) Cross-sectional scheme for the u-LED integration on the interconnected stretchable-
flexible circuit lines. (D) Digital image of 2 x 2 u-LEDs on the flexible circuit lines. (E and F) Digital image of u-LEDs on the stretchable circuit lines before (E) and after (F)
biaxial stretching (ex, = 70%). Photo credit: Hyejin Hwang; Minsik Kong, Department of Materials Science and Engineering, Pohang University of Science and Technology.

substrate surfaces with amine and hydroxyl groups were made pos-
sible to make strong interface only by mild thermal annealing at
80°C for 10 min. The S-ACF exhibited stable electrical performance
under high pressure (~40 kPa) and large elongational stretching
(€ = 80%). The selectively patterned S-ACF in the size of u-LEDs
opened the possibility of integrating microchips in an economical
way. The MP-based S-ACF is advantageous over the via-hole ap-
proach in the aspects that SEBS-g-MA between the conductive MPs
led to strong adhesion (fig. S15) to the circuit because the polymer
surface around the MPs can stabilize the contact between the MP
and the metal electrode. In addition, the interfacing is simple with-
out requesting the aligning process that is necessary in the via-hole
interface.

This work is the first demonstration of S-ACF, showing the ex-
cellent performance in various required properties of ACF, includ-
ing the biaxial areal stretchability (ex;, = 70%), bonding temperature
(80°C), bonding pressure (0.1 MPa), production scalability (>10 cm),
and minimum connection area (1200 um?) (Fig. 6 and table S4).
Although the interconnection with a high spatial resolution has been
suggested in a few literatures (38, 40, 47, 67), the studies were ACFs
for the use in flexible devices. To our best knowledge, high-resolution
S-ACEF for the use in stretchable devices has not been reported. The
S-ACEF is expected to be immediately applied to high-density inte-
gration of chips, which is a big challenge in stretchable electronics.

MATERIALS AND METHODS

Materials

SU-8 50 was purchased from Microchem (USA). A prepolymer of
PDMS and the cross-linking agent (Sylgard 184) were purchased
from Dow Corning (USA). NOA 61 was purchased from Norland
Products Inc. (USA). SEBS-g-MA [MA content ratio of ~2 weight %
(wt %)], OTS [weight-average molecular weight (M) of ~387.93 g/mol],
and polyacrylic acid (PAA) (M, of ~1800) were purchased from
Sigma-Aldrich. Chloroform (99.50%), toluene (99.8%), isopropyl
alcohol (IPA), and ethanol (EtOH) were purchased from Samchun
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Areal stretchability (e,,)
(0 > 70%)

Minimum
.. connection area
* (0.96 > 3200 um?,

Bonding
temperature
(200° > 70°C) *

x 103)
Y This work
/ (75)
Bonding pressure Production (70)
(100 > 0 MPa) scalability (72)
(0.6 > 354 mm) (73)

Fig. 6. Spiderweb chart related with the S-ACF. The S-ACFs were ranked for
various properties required to ACF (areal stretchability, bonding temperature,
bonding pressure, production scalability, and minimum connection area). The
numbers in each property indicate the state-of-the-art achievements (the left
number is the center in the web chart). The color of the references in the legend
matches with the color of the lines in the web.

Chemicals (Korea). Deionized water was obtained with an 18.2 MQ
system (Vivagen EXL3). The Au-coated conductive MPs (20 um)
were purchased from Duksan Co. (Korea). The PI film of 50 um
thickness was used in this study. The RO4350B substrate of 10-mil
thickness for ac transmission test was purchased from Rogers Cor-
poration (USA) and processed by Duri Electronics Co. Ltd. (Korea).
Coaxial connectors (2.92 mm) were purchased from Withwave
(Korea). For surface modification, MPTMS (95%), APTES (99%),
and (3-glycidyloxypropyl)trimethoxysilane (98%) were purchased
from Sigma-Aldrich. Chip LEDs (1.0 mm X 0.6 mm, ¢ = 0.2 mm)
were purchased from Rohm Semiconductor, Japan.
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Fabrication of SU-8 mold

Native Si wafer was cut into 2.5 cm X 2.5 cm after washing and evap-
oration. SU-8 50 photoresist was spin-coated (500 rpm for 10 s and
then 2000 rpm for 30 s) on the cleaned Si wafer. It was prebaked
following two steps: 65°C for 10 min and 95°C for 20 min. A photo-
mask was placed on it and exposed by UV light (A = 365 nm) to
30 mW cm ™ for 36 s. Post-baking was performed to the slightly
cross-linked photoresist (65°C for 9 min and 95°C for 12 min).
Last, the nonexposed SU-8 was dissolved by dipping it in the devel-
oper solution for 10 min. The solution was evaporated at 80°C, after
rinsing it with IPA. Then, the micropillar-patterned SU-8 structure
was obtained.

Fabrication of NOA 61 stamp

The prepared SU-8 pillar structure was used as a mold for soft
lithography to fabricate PDMS well pattern. PDMS liquid (10:1 weight
ratio of the prepolymer and cross-linker) was poured onto the SU-8
mold and then cured for 3 hours at 80°C. Last, NOA 61 was poured
onto the cross-linked PDMS well pattern to obtain the reproducible
stamp with proper modulus. It was necessary to degas in NOA 61
liquid to fill into narrow and depth well. The uncured NOA 61 in
the PDMS pattern was exposed by UV (131.5 mW cm ™ for 20 min)
and washed with toluene after it was peeled off from the PDMS. OTS
solution (2 wt %) in toluene was spin-coated onto O, plasma-treated
NOA 61 stamp and slide glass for a carrier substrate.

Fabrication of S-ACF

SEBS-g-MA solution (6, 8, 12, and 16 wt %) in chloroform was
spin-coated on PDMS film, and then the solvent was evaporated at
80°C for 10 min. The thickness of the SEBS-g-MA film was mainly
governed by the concentration of the polymer solution (fig. S16).
To get a uniform thickness, we applied a high spin speed (3000 rpm)
for 60 s. The spin condition did not make a difference in the film
thickness. The SEBS-g-MA film was placed on OTS-treated slide glass
and hot-pressed after covering with the prepared OTS-treated NOA
61 stamp (vacuum state, 180°C, 10 min, 7 MPa). Au/Ni/PS MPs (20 um
in diameter) were rubbed with small piece of PDMS (10:1) on the
prepared SEBS-g-MA well pattern. Last, post-hot press was per-
formed to the MP-arrayed SEBS-g-MA film, sandwiched by top and
bottom PDMS on slide glass (vacuum state, 235°C, 1 hour, 57 MPa).
Then, S-ACF with permanently deformed MPs by compression
was obtained.

Stress-strain curve for S-ACF

For sample preparation, S-ACF was cut into 5 mm x 30 mm and
then both ends were fixed to a stretcher by a PI adhesive tape.
Stress-strain curve was obtained by a stretcher (T95-PE, Linkam
Scientific Instruments Ltd., UK) with the following conditions: The
stretched S-ACF was about 13 um in thickness, 5 mm in width, and
5 mm in length. The stretching speed was 50 um/s. Initial dis-
tance was 5 mm.

Stress-strain curve for integrated S-ACF with stretchable

and flexible substrates

Both sides of S-ACF were treated by O, plasma and then inserted
between PDMS and PI film. Hot press was performed at vacuum
state, 230°C for 1 hour under 57 MPa. Both ends of the integrated
sample were fixed with a gripper and then stretched by the follow-
ing conditions: The stretched S-ACF was about 250 pm in thickness
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and 10 mm in width. The stretching speed was 50 um/s. Initial dis-
tance was 16 mm.

Interconnection resistance measurement of S-ACF

For the four-point probe measurement method, Au lines with
0.5 mm in width and 60 nm in thickness were deposited through
poly(ethylene terephthalate) shadow mask on the MPTMS-treated
PI film. The detailed shape of gold line was proposed in the Sup-
plementary Materials (fig. S6). Thermal evaporator was used for
deposition of the Au lines (Teraleader Co. Ltd., Korea). The mea-
surement was performed by applying the constant current of 1 mA
to first and second gold lines and measuring the voltage between
third and fourth gold lines (Keithley 2450, USA). Interconnection
resistance was obtained by converting the measured voltage.

SAM treatment using MPTMS and APTES

PI was cleaned using acetone, IPA, and deionized (DI) water. O,
plasma (100 W power for 60 s). A total of 200 ul of chemicals was
dropped at a petri dish and treated by vapor deposition inside the
vacuum chamber for 2 hours. Vapor-treated samples were washed
with IPA and DI water to remove remaining chemicals. Hydrolysis
and condensation of MPTMS treated over gold were performed by
immersing it in dilute hydrochloric acid (3 wt %) for 1 hour and rinsing
it with DI water. The self-assembled monolayer (SAM)-treated substrate
was finally annealed at the hot plate (100°C) for an additional hour.

Contact angle measurement

PI and chip were surface-treated with the same method as men-
tioned above. Contact angle was measured using a contact angle
meter (Smartdrop Plus, femtobiomed). The same amount of water
droplet was carefully dropped by the machine at the same height
and measured immediately.

Electrical resolution of integrated S-ACF and circuits

Flexible circuits with 100 um of five gold lines and 60 nm in thick-
ness were prepared by thermal evaporation through strainless steel
shadow mask on the MPTMS-treated PI film. Optimized S-ACF was
inserted between two flexible circuits (A1~E1 and A2~E2), and then
thermal compression was performed on (Au/PI)/S-ACF/(Au/PI).
The I-V curves were obtained with a probe station (model 8000, MS
Tech, Korea) and a parameter analyzer (4200A-SCS, Keithley, USA).
The compliance level was 1 mA.

T-peel test

Peel-off test samples were fabricated by hot pressing [pressure
(57 MPa) and temperature (80°C)] the sample film between two
surface-treated PI films (width, 1 cm) for 10 min. The surface treat-
ment method on PI was the same as mentioned above. Peel strength
was measured using a tensile test machine (DB35-10, Bongshin).
The tensile testing speed was 5 mm/min.

Stretchable circuit using EGaln

For the lines less than 200-um line width, the EGaln lines were fab-
ricated by following the previous method (68). We thermally evap-
orated Cr (20 nm)/Cu (100 nm) through a patterned metal mask on
the PDMS substrate and used it as an adhesive metal layer. EGaln
was bar-coated over the metal Cr/Cu lines inside a NaOH solution
bath (5 wt %). EGaln was positioned only on the metal lines due to
the poor wettability to PDMS but the good wettability to the Cr/Cu.
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For the lines larger than 200-um line width, an aqueous PAA solu-
tion (5 wt %) was spin-coated (1000 rpm, 60 s) on a glass slide.
EGaln was patterned directly on the PAA layer through a metal
mask, and brushing was applied to remove EGaln on the metal mask.
PDMS (10:1) was spin-coated (500 rpm, 30 s) on the EGaln-coated
PAA layer and stored at an oven (80°C) for 3 hours for cross-linking.
The entire sample was immersed in DI water for 12 hours to remove
and dissolve the PAA layer. Detaching the PDMS from the glass slide
produced the EGaln lines.

Deformability test of S-ACF

For interconnection of flexible-flexible circuits, APTES-treated Au
lines (200 um in width) on the PI film were prepared. Amine from
the PI film and MA of S-ACF were bonded by facing the interfaces
at 80°C and a slight touch (>0.1 MPa). Normal pressure from 10 to
40 kPa was applied onto the bonded region by UMP 100 (Teraleader
Co. Ltd., Korea). For the stretchable-flexible circuits, the MA-NH,
amide bond was induced at the S-ACF/PI interfaces and the siloxane
bond at the S-ACF/PDMS interface at the same bonding conditions
(80°C, 0.1 MPa). It is notable that the PDMS was oxygen plasma-
treated to create the silanol groups before the bonding process. Rigid
p-LEDs were integrated on a patterned S-ACF with the same bonding
process. The integrated samples [stretchable-flexible, stretchable-
stretchable, and stretchable (flexible)-rigid interconnection] were
elongated by UMP 100. In all measurements, the change in current
was obtained at the applied voltage of 1 V (Keithley 2400, USA).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/32/eabh0171/DC1
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