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ABSTRACT We report on the successful fabrication of stretchable microsu-
percapacitor (MSC) arrays on a deformable polymer substrate that exhibits high
electrochemical performance even under mechanical deformation such as bending,
twisting, and uniaxial strain of up to 40%. We designed the deformable substrate
to minimize the strain on MSCs by adopting a heterogeneous structure consisting
of stiff PDMS islands (on which MSCs are attached) and a soft thin film (mixture of
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Ecoflex and PDMS) between neighboring PDMS islands. Finite element method analysis of strain distribution showed that an almost negligible strain of

0.47% existed on the PDMS islands but a concentrated strain of 107% was present on the soft thin film area under a uniaxial strain of 40%. The use of an

embedded interconnection of the liquid metal Galinstan helped simplify the fabrication and provided mechanical stability under deformation. Furthermore,

double-sided integration of MSCs increased the capacitance to twice that of MSCs on a conventional planar deformable substrate. In this study, planar-type

MSCs with layer-by-layer assembled hybrid thin film electrodes of MWNT/Mn30, and PVA-H;P0, electrolyte were fabricated; when they are integrated into

a dircuit, these MSCs increase the output voltage beyond the potential of the electrolyte used. Therefore, various LEDs that require high voltages can be

operated under a high uniaxial strain of 40% without any decrease in their brightness. The results obtained in this study demonstrate the high potential of

our stretchable MSC arrays for their application as embedded stretchable energy storage devices in bioimplantable and future wearable nanoelectronics.

KEYWORDS: stretchable microsupercapacitor array - layer-by-layer assembly - high density - all-solid-state supercapacitor -

embedded interconnection - liquid metal

ecently, extensive research has been

conducted on stretchable electronics

that are applicable in various fields
such as medical, environmental, and elec-
tronics industries.' 3 In particular, the hu-
man body, including internal organs and
skin, does not have flat surfaces; therefore,
electronic devices should be deformable
upon body movement. Thus, extensive ef-
forts have been made to minimize the strain
applied on active devices, process electronic
devices on nonflat substrates, and maximize
the fill factor of active devices*~'" Asaresult,
it is expected that practical applications of
stretchable electronics for the human body
and wearable computers would be achieved
in the near future.

With the increasing demand for personal
and portable electronic devices, the need
for embedded energy storage devices with-
out any external wire connection to power
sources has noticeably increased as well.
Supercapacitors are considered as pro-
mising energy storage devices for digital
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communications and hybrid electronic
vehicles because they have relatively
simpler design and fabrication, deliver
higher levels of electrical power, offer
longer operating lifetimes, and are used
more safely than batteries even though they
still exhibit lower energy density.'> ' In
order to be used in stretchable electronics,
supercapacitors should also be stretchable.
However, until now, the stretchability of most
supercapacitors depended on the elasticity of
the constituent materials and the prestrain
applied on the substrate, and this hindered
the integration of supercapacitors into the
circuits of stretchable electronics.>*~2° De-
signing planar-type supercapacitors made
possible their integration into a circuit so that
both the output operating voltage and total
capacitance of the supercapacitor could be
controlled via circuit design. In particular,
patterning of the interspace between two
planar electrodes in a supercapacitor on the
micrometer scale can increase its capacitance
by reducing the path length of ions in the
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electrolyte; such a supercapacitor is called a micro-
supercapacitor (MSC).2>~2° Furthermore, all-solid-state
supercapacitors cannot use a liquid electrolyte and
instead use a gel electrolyte.”” As electrode materials
with a large surface area and high electrical conduc-
tivity, carbon-based materials such as graphene and
carbon nanotubes have been widely used.?®?° In order
to further increase the capacitance of supercapacitors
via a redox reaction, combinations of metal oxide
nanoparticles such as RuO,,>>3' Ni0,3%33 Mn0,,3*~3¢
and Mn3;0,%"%® have also been adopted. However,
only a few reports have been published on stretchable
MSCs. In our previous study,>® we fabricated stretch-
able MSC arrays whose stretchability depended on
curved suspended interconnections. However, the
stretchability was limited by the ion-gel electrolyte
covering the interconnections that could not stand
repeated cycles of stretching and releasing.

In this study, we have successfully fabricated stretch-
able MSC arrays with stable electrochemical perfor-
mance even upon repeated cycles of stretching and
releasing. This stable performance can be attributed to
our specially designed stretchable substrate. This sub-
strate consists of relatively stiff island arrays (PDMS)
for active devices on both sides of a soft thin film
(mixture of Ecoflex and PDMS), and the active devices
are electrically connected by embedded liquid metal
interconnections of Galinstan. With this arrangement,
the strain on the active devices was minimized and all
of the strain was accommodated by the soft thin film.
Owing to the presence of embedded interconnections,
the electrochemical performance of the MSCs did not
deteriorate even upon repeated deformation such as
stretching, bending, and twisting. In addition, the areal
density of the MSCs was twice that of MSCs on a planar
substrate, since the MSCs could be integrated on
islands on both sides of the substrate. Further, we used
hybrid MWNT/Mn30, film electrodes in the MSCs and
employed the layer-by-layer (LbL) method, which is a
simple and extensively applied method for achieving
large-area growth of various materials with a thickness
controllable on the nanometer scale, for fabricating the
electrodes. Subsequently, we integrated the fabricated
all-solid-state planar-type MSCs with a PVA-H3PO, elec-
trolyte into a circuit with a serial connection and
obtained a higher output voltage than the potential
of the electrolyte. This enabled us to operate LEDs that
require high voltages. The results obtained in this study
clearly show the high potential of stretchable MSC arrays
as embedded energy storage devices integrated into
stretchable electronics for fabricating body-implanted
and wearable devices that can be operated without
any wire connection to external power sources.

RESULTS AND DISCUSSION

In order to minimize the strain on the MSCs upon
mechanical deformation, the stretchable substrate is
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designed to consist of two different regions: isolated
islands on which the MSCs are attached (islands)
and the area between islands (thin film), as shown in
Figure 1a. The islands are made of a stiff polymer
(PDMS) with high Young's modulus (615 kPa), while
the thin film is made of a soft polymer mixture of Ecoflex
and PDMS (MEP) with low Young's modulus (122 kPa).

The fabrication steps for the stretchable substrate
are illustrated in Figure 1b. First, two pieces of Teflon-
coated stainless-steel molds are prepared. Thin iron
wires with a diameter of 200 um are inserted into holes
in the bottom mold for fabricating interconnection
channels of Galinstan. The wires are fixed to the
bottom mold and are then bent using a pair of
tweezers. The wires are then fitted into holes in the
top mold, and PDMS is poured into the islands of two
molds to make rigid islands for attaching MSCs and
switch. After half-curing at 65 °C in an oven for 13 min
to attach the thin film, both molds are attached and
a mixture of Ecoflex and PDMS with a weight ratio
of 8:2 is poured into the space for forming a thin film
layer between the molds. After the molds are cured at
65 °C in an oven for 90 min, the stretchable substrate is
separated and wires are pulled out simultaneously. The
fabricated stretchable substrate is composed of island
(1 cm x 0.9 cm) arrays and a thin MEP film (thickness
1.8 mm) between the islands with a separation of
0.4 cm. Through the channels made by iron wires,
Galinstan is injected using a microsyringe. Galinstan
is a liquid eutectic alloy consisting of 68.5% Ga, 21.5%
In, and 10% Sn, and its melting temperature is —19 °C*
On top of the PDMS islands, MSCs are dry-transferred. For
electrical contacts between the MSC and Galinstan inter-
connections without corrosion of Au electrodes, Ag nano-
wires dispersed in water are drop-cast.”’

The simple fabrication processes for the MSCs are
shown in Figure 1c. MSCs are fabricated on top of the
PET film, which was spin-coated on top of a PDMS/SiO,
substrate. Owing to poor adhesion between the PET
film and PDMS, the MSCs fabricated on the PET film
can be easily detached. A total of 16 MSCs are dry-
transferred on top of the PDMS islands. The electrodes
are fabricated via a 19-LbL assembly of functionalized
MWNTs and a top layer of MWNT/Mns0, composite;
MWNT-NH;" and MWNT-COO™ are alternately ad-
sorbed by electrostatic attraction on a gold-patterned
collector surface (Figure 1d).*> After the 19 cycles of
LbL assembly, the substrate is dipped into a MWNT-
COO /Mn30, solution for 10 min to coat a top layer
of the (MWNT-NH; "/MWNT-COO ), film.38 Finally, the
PVA-H3PO, electrolyte is drop-cast onto the electrode
surface to fabricate all-solid-state MSCs. For confirming
LbL deposition, UV—visible absorption spectra are
taken and are shown in Figure Sla (Supporting
Information). The UV absorbance at 267 nm linearly
increases with the number of bilayers on the quartz
substrate, confirming the uniform thickness of each
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Figure 1. Schematic illustration of fabrication processes for stretchable devices: (a) side view of integrated MSCs on the
stretchable substrate; (b) fabrication of stretchable substrate, embedded interconnection, and dry transfer of MSCs; (c)
fabrication of MSC on PET film; (d) fabrication of hybrid MWNT film/Mn30, electrode via layer-by-layer assembly.

layer. Figure S1b (Supporting Information) shows an
SEM image of the LbL-MWNTs/MnsOy, film consisting
of the 19 LbL-MWNTs film and top MWNT-COO™/
MnsO, layer; the inset shows a cross-sectional SEM
image indicating a uniform thickness of 220 nm over
the large area.

Figure S2 (Supporting Information) shows the X-ray
diffraction (XRD) pattern of the MWNT-COOH/Mn30,
powder synthesized in this work, confirming the
chemical composition of manganese oxide as Mn30,
with its characteristic diffraction peaks. The diffrac-
tion peaks matched well with those of the tetragonal
hausmannite phase. The lattice constants were evalu-
ated to be a = 5.765 and ¢ = 9.442 A, which are
consistent with the standard values for bulk Mns0,
(JCPDS card no. 24-0734)** The additional peaks
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marked with stars were represented as the (002),
(100), and (101) reflections of MWNTs.** Furthermore,
no clear impurity peaks were obtained, indicating the
high purity of Mn30,.

Electrochemical properties of the fabricated MSCs
are measured by taking cyclic voltammetry (CV) curves,
galvanostatic charge—discharge curves, and electro-
chemical impedance spectra (EIS). Here, single MSC
and array MSC represent only 1 MSC and 16 MSCs,
respectively. The arrays of 16 MSCs are composed of 4
MSCs connected in series (4S) and 4 sets of 4S con-
nected in parallel (4P). It is ideally expected that a
circuit of 4S + 4P MSCs would have the same total
capacitance but 4 times higher output voltage in
comparison to a single MSC, under the assumption
that the contact resistance is negligible. In order to
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Figure 2. Electrochemical properties of single and array MSCs: (a) CV curves of a single MSC at different scan rates varying
from 10 to 300 mV/s; (b) galvanostatic charge—discharge curves of a single MSC at different currents; (c) CV curves of the
4S + 4P array of MSCs at different scan rates varying from 10 to 300 mV/s (the inset circuit shows the 4S + 4P array of MSCs); (d)
galvanostatic charge—discharge curves of the 4S + 4P array of MSCs at different current densities; (e) Ragone plots for a single
MSC (black) and the 4S + 4P array of MSCs (red); (f) capacity retention of a single MSC (black) and the 4S + 4P array of MSCs

(red) as a function of cycling number (the inset shows the charge—discharge curves between 9990 and 10000 cycles).

ensure reproducible electrochemical performance of
the fabricated MSCs, the CV curves for 16 MSCs are
compared at a scan rate of 300 mV/s in Figure S3
(Supporting Information). It is clearly shown that the
16 MSCs exhibit a similar total capacitance value with
variations within 10%. Here, we have used 5 different
designs for MSCs depending on the position of the
interconnection line on our stretchable substrate, as
shown in Figure S4 (Supporting Information): 8 MSCs of
type 1 and 2 MSCs of types 2—5 whose interspace and
active area are 150 um and 0.6 cm?, respectively. The
active area includes two LbL-MWNTs/Mn30, film elec-
trodes and interspace. MSCs with different designs
exhibit almost the same value for total capacitance.
Parts a and c of Figure 2 show the CV curves ob-
tained from the single and array MSCs, respectively.
The CV curves of the MSCs are rectangular and sym-
metric in shape regardless of the scan rate, which
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ranged from 10 to 300 mV/s. As expected, the output
voltage increases by 4 times in the case of the 4S
connection of MSCs. The total capacitance can be cal-
culated using the equation C = (2 x §/ dV)/(S x AV),
where | is the measured current, AV is the operation
voltage window, and S is the scan rate. Using this
equation, the total capacitances for the single and
array MSCs are calculated to be 378 and 343 uF,
respectively, at a scan rate of 10 mV/s, as shown in
Figure 2c. The slightly lower capacitance of the array
MSC in comparison to that of the single MSC is
probably due to the increased number of contact
resistance points between interconnection lines for
the 4S + 4P circuit construction.

Galvanostatic charge—discharge measurements for
the single and array MSCs have been carried out at
various currents, as shown in parts b and d of Figure 2,
respectively. Regardless of the current applied, all of
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the charge—discharge curves show ideally symmetric
triangular shapes, confirming a high Coulombic effi-
ciency of ~100%. The discharging time for the array
MSC is about 4 times longer than that for the single
MSC, as is expected from the circuit design of the
parallel connection of 4S MSCs.

Furthermore, the excellent performance of our MSC
array is shown in a Ragone plot (Figure 2e). The total
volume of the MSC is estimated to be 13.2 cm?, where
the thickness of the electrode is 220 nm. The specific
energy (Ecen) and power (P.) densities of a cell are
estimated from the CV curves by using the relation-
ships Ecenn = Ceant X (AV)?/7200 and Peey = Ecen X 3600/At,
where C is volumetric capacitance, AV is the operating
voltage range, and At is the discharging time. The single
and array MSCs exhibit maximum volumetric energy
densities of 2.6 and 2.4 mWh/cm?3, respectively, and
maximum volumetric power densities of 23 and
8 W/cm?, respectively. In addition, the areal capaci-
tance for the single and array MSCs are calculated to
be 0.63 and 0.57 mF/cm?, respectively. These values are
smaller than those obtained from the MSCs with verti-
cally aligned MWNT/metal oxide electrodes in liquid
electrolyte.***® The use of aligned MWNTs would result
in superior ion diffusivity, since they have a regular pore
structure and large pore sizes in comparison to the film
of randomly oriented MWNTs.*” The typical Nyquist
plots for single and array MSCs are shown in Figure S5
(Supporting Information). At low frequencies, the imag-
inary part of the impedance sharply increases and the
plot tends to be a vertical line characteristic of capacitive
behavior.”® In the middle range of frequencies, the
influence of the porosity and thickness of the electrode
on the migration rate of ions from the electrolyte to
deep inside the electrode is observed. The equivalent
series resistances (ESRs) of the single and array MSCs are
measured to have values of 155 and 197 Q, respectively.
Due to the contact resistance between the interconnec-
tion line and MSCs, the array MSC has a slightly higher
ESR value and the curve is not vertical along the
imaginary y axis in comparison to that of the single
MSC. The inset of Figure S5 shows the evolution of the
imaginary part of the normalized capacitance (C") vs
frequency for single and array MSCs. A fast frequency
response of single and array MSCs is confirmed by a
short relaxation time constant (zy). 7, is the transition
point of the electrochemical capacitor from capacitive
to resistive behavior and corresponds to the point of
maximum energy dissipation.*® The capacitor response
frequencies (f) of single and array MSCs are about 1.87
and 0.534 Hz, respectively. Therefore, 7, is calculated to
be 0.53 and 1.87 s, respectively, by the equation 7o = 1/fo.
The array MSC exhibits a rather long response time due
to many contact points between the interconnection
and MSC, which should be improved later.

Figure 2f shows the capacitance retention of single
and array MSCs during repetitive charge—discharge
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cycles. About 90% of the initial capacitance value of the
single MSC is maintained after 10000 charge—discharge
cycles, and 89% of the initial capacitance value of the array
MSC is maintained after 10000 repetition cycles. The inset
of Figure 2f shows the typical charge—discharge curves
between 9990 and 10000 cycles without any deteriora-
tion, satisfying the requirement of long cycle life.

Strain distribution on the stretchable substrate with
strain applied on it is calculated by using the finite
element method (FEM). The array of islands and thin
film between the islands are modeled using a com-
mercial finite element program, ABAQUS.*° The initial
shear modulus and bulk modulus of PDMS are taken as
2 and 200 MPa, respectively, and the values for the MEP
thin film are taken as 0.4 and 40 MPa, respectively. The
initial shear modulus and bulk modulus of the thin film
can be calculated as Gpix = Gppmsfroms + GecoflexfEcofiexs
where G is the initial shear modulus, the values of
which are 615 and 9.542 kPa for PDMS and Ecoflex,
respectively, and fis the volume fraction, the values of
which are 0.8 and 0.2 for Ecoflex and PDMS, respec-
tively. The neo-Hookean constitutive models are used
for the materials.>'2 The strain applied on the islands
can be suppressed more by positioning a PET film on
top of the islands, owing to the much higher Young's
modulus of the PET film (3.1 GPa) in comparison to that
of PDMS (615 kPa). The strain distribution under 40%
uniaxial strain is schematically shown in Figure 3a. As
was intended with our design of the deformable
substrate, the islands with PET films hardly deform;
moreover, the deformation is concentrated on the MEP
thin film between two neighboring islands. This ten-
dency can be also shown from a different view, a side
view of the A-A’ section. The substrate is stretched
gradually until the nominal strain of the unit module
reaches 40%. The unit module is defined as shown in
Figure 3b, and the nominal strain is defined as &,ppiied =
(F — /I, where I' and | are the lengths of the unit
module after and before the deformation, respectively.
The original and deformed shapes of the unit module
are shown in Figure 3c. Because the modulus of the
island with PET film is much higher than that of the
substrate, the strain of the island is only 7% obtained
from the optical image, while the MEP thin film be-
tween two neighboring islands is as high as 120%, as
the nominal strain of the unit module is 40%. Because
of kinematic compatibility, the strain on the island
must be equal to that on the substrate at the interface
where the islands are mounted. Therefore, the large
strain at the interface is quickly decreased to a small
value at the surface. The strain contour by a result of
finite element analysis is similar to that from the optical
image, as shown in this figure.

Figure 4a shows a photograph of the stretchable
substrate with integrated MSC arrays, a switch, and an
LED under an applied strain of 40%; the corresponding
image of strain distribution is shown in Figure 4b.
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Figure 3. FEM analysis results for strain distribution on the stretchable substrate under a uniaxial strain of 40% with
corresponding color scales of strain: (a) (top) strain in a two-dimensional plane and (bottom) strain in the A-A’ cross-section;
(b) definition of applied strain (eappiiea) ON the stretchable substrate; (c) optical images of the stretchable MSC array on
deformable substrate under the strain of 0% (left) and 40% (middle) and the corresponding strain distribution under applied

strain of 40% (right).

As expected from the previously conducted FEM anal-
ysis of strain distribution for our stretchable substrate
(Figure 3), the islands with PET films hardly deform and
the deformation is concentrated on the MEP thin film
between two neighboring islands. CV curves taken
from the array MSC at a scan rate of 200 mV/s with
varying uniaxial strain of up to 40% are shown in
Figure 4c. CV curves were obtained for both direc-
tions of stretching and releasing. During the cycles of
stretching and releasing, no noticeable damage or
defect was observed in the entire device, including
the MSCs and embedded Galinstan interconnection,
confirming the mechanical stability of our stretchable
array of MSCs. Figure 4d shows changes in the normal-
ized capacitance (C/Cy) estimated from the CV curves
shown in Figure 4c with varying applied strain, where C
and C, are the capacitances after and before strain
application, respectively. In both deformation direc-
tions, ie., stretching (black) and releasing (red), the
normalized capacitance of the array MSC remains
constant, indicating mechanically stable device perfor-
mance up to a uniaxial stretching of 40%. In ambient air
conditions, the electrochemical performance of the
MSC array is measured while the substrate is stretched
repeatedly with an applied strain of 40%. In Figure 4e,
CV curves taken after repeated stretching of the whole
device are shown. The CV curve maintains a rectangu-
lar shape even after 3000 repetitions of stretching
under 40% uniaxial strain. The normalized capaci-
tances (C/C,) estimated from the CV curves are shown
in Figure 4f. After 3000 repetitions of stretching under
40% strain, the capacitance seems to decrease by 8%.
Such a slight decrease could be attributed to the
combined effects of mechanical deterioration due to
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repeated stretching and degradation of the polymer
electrolyte in ambient air. In our separate experiment
on the aging of MSC performance in ambient air, it was
found that the normalized capacitance of an MSC
degraded with time by 5% after 4.5 h (Figure S6
(Supporting Information)). In this study, it took about
4.5 h to repeat the stretching 3000 times. Therefore,
the slight decrease observed in Figure 4f seems to have
originated from the degradation of the polymer elec-
trolyte in ambient air rather than from the mechanical
weakness of our stretchable MSC array.>?

The chemical safety of the wearable devices is
another important issue. In particular, phosphoric acid
is used as the electrolyte in our MSC. As a preliminary
experiment, the electrochemical performance of the
MSC was measured after the encapsulation of the MSC
and compared with that of MSC without encapsulation.
Half-cured thin PDMS film was attached on the MSC,
and the whole device was fully cured in air for 24 h, as
shown in Figure S7a (Supporting Information). The
MSC with PDMS encapsulation exhibits no noticeable
change in the CV curves even under strain of 40%, as
shown in Figure S7b (Supporting Information). Further-
more, the CV curve obtained from the MSC wrapped
around the wrist after encapsulation did not show any
difference. These results suggest the successful perfor-
mance of our stretchable MSC arrays with encapsula-
tion, which would be applied to future wearable
devices.

Figure 5 also shows that MSC arrays integrated onto
the deformable substrate exhibit stable performance
under bending and twisting. A photograph of the array
MSC on the deformable substrate bent over a bar with
aradius of 2 cm and the corresponding color picture of
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Figure 4. (a) Photograph of MSC array under an applied strain of 40%. (b) Distribution of maximum principal strain estimated
using the finite element method (FEM) upon uniaxial stretching at an applied strain of 40%. (c) CV curves of the MSC array
obtained while increasing the strain from 0% to 40% (stretching) and decreasing the strain from 40% to 0% (releasing). (d)
Normalized capacitance (C/Cp) of MSC array with strain varying between 0% and 40%: black triangles (stretching) and red
circles (releasing). (e) CV curves of MSC array subjected to repeated stretching under an applied strain of 40%. (f) Normalized
capacitance (C/Cy) as a function of number of stretching cycles under a strain of 40%. C and C, are the capacitances after and

before stretching, respectively.

the strain distribution obtained by FEM analysis are
shown in Figure 5a. The assembly of the islands and
substrate subjected to pure bending is simulated using
a finite element model. The radius of the curvature
is 2 cm. Again, because of the stiff islands, the MEP
film between two adjacent islands is deformed more.
The strain on the surface of the islands is only 0.01%.
The corresponding photograph and strain distribu-
tion when the device array is twisted by 180° are also
shown in Figure 5b. The twisting looks severe, but the
strains on both islands and the MEP film substrate are
very small. This is because the surface of the twisted
assembly is bilinear, in which the longitudinal and
transverse strains are very small. The FEM analyses
for bending and twisting clearly show that the islands
on which the MSCs are mounted hardly deform and
the surface of the islands and PET film remain flat after
the whole device array is deformed. Such behavior of
minimizing the strain on islands is identical with that
observed during stretching (Figure 4). In comparison to
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stretching, bending and twisting do not apply high
strain even on the thin film area.

CV curves at a scan rate of 200 mV/s and the
normalized capacitance of array MSCs on the stretch-
able substrate under bending and twisting are shown
in parts cand d of Figure 5, respectively. Bending of the
array MSCs on the stretchable substrate with various
bending radii down to 2 cm does not induce any
deterioration in the electrochemical performance.
Moreover, the twisting of the array MSCs by 90, 180,
and 270° does not degrade their electrochemical per-
formance. As can be clearly observed, the performance
of MSCs remains the same regardless of the deforma-
tion, demonstrating the mechanical stability of the
array MSCs fabricated on our stretchable substrate.

Since our planar-type MSCs can be integrated on
both sides of the stretchable substrate, the density of
MSCs per substrate is expected to be higher than that
of MSCs integrated on a conventional planar substrate
with the same surface area. In order to confirm this
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Figure 5. (a, b) Optical images of the stretchable substrate and the distribution of maximum principal strain estimated using
FEM upon various deformations: (a) bending with a bending radius of 2 cm; (b) twisting by 180° over a length of 6.1 cm. The
film on top of the islands is composed of MSCs, switch, and LED on a PET film. (c, d) CV curves and normalized capacitance of

MSCs array under (c) bending and (d) twisting.

expectation, the device performances of integrated
MSCs on our stretchable substrate and those on a
conventional planar substrate are compared. For sim-
plicity, the electrodes are fabricated via spray coating
of MWNTSs on patterned Ti/Au electrodes. The struc-
tures of these two substrates are shown in Figure 6a.
The dimensions of both the substrates in the two-
dimensional plane are identical, and embedded
Galinstan interconnections are used in both substrates,
as shown in the schematic. The only difference is that
MSCs can be integrated on both sides of our stretch-
able substrate, while in the case of the conventional
planar substrate, MSCs can be integrated only on the
top surface. Consequently, a total of three and six MSCs
can be integrated on the conventional planar substrate
and our stretchable substrate, respectively. CV curves
obtained at a scan rate of 100 mV/s from the two MSC
arrays with varying uniaxial strain of up to 30% are
shown in Figure 6b. As expected, the MSCs on the
stretchable substrate (simply named as 3D substrate)
(blue) show higher current than that shown by the
MSCs on the planar one (red), regardless of the applied
strain. For all MSC arrays, the CV curves do not show
any noticeable change with uniaxial stretching, con-
firming the mechanically sturdy structures of both

HONG ET AL.

substrates, including the embedded Galinstan inter-
connection. The total capacitances of the MSC array
attached on both sides of our stretchable substrate
and of the conventional planar substrate are 209 and
98 uF, respectively. As expected, the total capacitance
is doubled upon the integration of MSCs on the
stretchable substrate. Charge—discharge curves taken
from the MSCs on the planar and stretchable sub-
strates are shown in Figure 6¢. The discharge time for
the MSC array on our stretchable substrate is estimated
to be twice that for the MSC array on the planar substrate,
again suggesting that the capacitance doubled in the case
of double-sided integration of MSCs.

Normalized capacitance (C/Co, where C and C, de-
note capacitance after and before strain application,
respectively) is estimated at varying applied strain
for both MSC arrays, and the results are shown in
Figure 6d. Upon application of 30% strain, slight de-
creases of 0.4% and 8% in the capacitance are ob-
served for the MSCs on the planar substrate and our
stretchable substrate, respectively. This slight decrease
can also be attributed to the collective contribution
from poor contacts between MSCs and Galinstan
interconnections and the degradation of the polymer
electrolyte in ambient air.
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Figure 6. (a) Schematic diagrams of three MSCs connected in series on a planar substrate and two sets of three serially
connected MSCs attached on both sides of our stretchable substrate. Here, our deformable substrate is named 3D substrate
for simplicity. (b) CV curves of array MSC on planar (red) and 3D (blue) substrate with varying applied strain. (c) Charge—
discharge curves of MSCs on planar (red) and 3D (blue) substrates at various applied strains. (d) Normalized capacitance (C/C,)
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Figure 7. (a) Optical images of MSC array and LED on the stretchable substrate before (top left) and after (bottom left)
application of 40% strain. The circuit diagram is shown schematically (top right). Various LEDs operating at different bias
voltages are lit by a circuit of multiple MSCs (bottom right): red (1.8 V), yellow (2.0 V), green (2.2 V), and blue (3.3 V). (b)
Normalized brightness of LEDs with radiation under a uniaxial strain of up to 40%. L and L, are the brightnesses after and

before application of 40% strain, respectively.

Furthermore, the use of embedded Galinstan inter-
connections increases fill factors to be more than those
in the case of serpentine suspended interconnections
adopted in our previous study on the fabrication of a
stretchable MSC array.>® The fill factor is defined by the
relation fill factor = (active area of MSCs)/(total area),
where total area includes the active area of MSCs and
interconnections, as shown in Figure S8 (Supporting
Information). Due to the space required for the sus-
pended serpentine interconnections, the fill factor of
the MSCs in our previous study was 13.6% for the total
area (blue dotted area, 34.22 cm?) and active area of

HONG ET AL.

MSCs (red dotted area, 0.12 cm? x 4), while that of the
MSCs on a planar substrate with embedded intercon-
nections is 39% for the total area (blue dotted area,
6.24 cm?) and active area of MSCs (red dotted area,
0.6 cm? x 4). The integration of MSCs on both sides of
the deformable substrate in this study further in-
creased the fill factor to 78%.

For realizing wearable or bioimplantable devices
that do not require any external power source, active
devices need to be operated using energy storage
devices. One of the advantages of array MSCs is that
the output voltage can be adjusted by integrating
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them into a circuit. In this study, after array MSCs are
charged with the switch in the “OFF” position, an LED is
lit using the MSCs with the switch in the “ON” position.
By integration of MSCs in a serial connection, output
voltage higher than that normally obtained using the
PVA-H3PO, electrolyte (0.8 V) can be achieved. As a result,
various u-LEDs with different operating voltages could be
lit: red (1.8 V), yellow (2.0 V), green (2.2 V), and blue (3.3 V)
LEDs, as shown in Figure 7a. At an applied uniaxial strain of
40%, the u-LED remains brightly lit. While the uniaxial
strain is increased, the brightness of the y-LED is measured
in a dark room. For measurement of the brightness of the
U-LED, the array MSCs on our stretchable substrate are
fixed on a homemade stretching stage and an illumin-
ometer is placed at a distance of 3 cm from the stage. The
corresponding circuit diagram is also shown. The normal-
ized brightness of the u-LED (L/Ly; where L and L are the
brightness of the 1-LED before and after strain application,
respectively) is measured at varying applied strain, and the
results are shown in Figure 7b. It is shown that nearly
constant brightness of the u-LED is observed under an
applied strain of up to 40%, demonstrating the mechanical
stability of the whole integrated circuit of array MSCs,
switch, and u-LED on our stretchable substrate.

CONCLUSIONS

In this paper, we report the successful fabrication of
stretchable microsupercapacitor arrays on a deformable

METHODS

Fabrication of Stretchable Substrate. Two pieces of Teflon-
coated stainless-steel molds were used as the top and bottom
molds for the fabrication of our deformable substrates with
polymer materials. First, Fe wires with a length of 15 cm and a
diameter of 200 um were inserted into holes in the bottom
mold, which was used to construct the channels of the Galinstan
(Rotometals) interconnection. Second, these wires were fitted
into holes in the other mold. PDMS (Sylgard 184, Dow Corning)
was poured into the trench areas of both molds to form isolated
rigid islands for attaching active devices. Third, PDMS in the two
molds was annealed in a oven at 65 °C for 13 min for half-curing.
The annealed PDMS functioned as a bonding island for the thin
film prepared from a mixture of Ecoflex (Ecoflex 0030, Smooth-
On) and PDMS (MEP film). After half-curing, both molds were
combined. Fourth, the MEP film with a weight mixing ratio of 8:2
was poured through a space between the molds to form a thin
film layer. After the entire mold was cured in a dry oven at 65 °C
for 90 min, the deformable substrate was carefully disjoined
from the mold, and Fe wires were simultaneously eliminated.
The mixing ratios of Ecoflex and PDMS and the relative size of
the PDMS island to the separation of the islands were optimized
according to the desired stretchability and areal densities of the
active devices.

Fabrication of Patterned All-Solid-State Microsupercapacitor. After
spin-coating of PDMS at 2000 rpm for 30 s onto a Si/SiO,
substrate, it was cured at 100 °C for 10 min. On the PDMS film,
a PET film (75 um) was attached. To form a current collector
and pads for electrical measurements, a Ti/Au (5/50 nm) film
deposited on the PET film by e-beam evaporation was pat-
terned by photolithography. Then, a functionalized MWNT film
was coated on the patterned Ti/Au electrodes via LbL assembly:
dried MWNT-COOH and MWNT-NH, powders were dispersed in
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polymer substrate that exhibits high electrochemical
performance even under mechanical deformation such
as bending, twisting, and uniaxial strain of up to 40%. Our
deformable substrate is designed to minimize the strain
on active devices by adopting a heterogeneous structure
consisting of stiff PDMS islands (for attaching active
devices) and a soft thin film (prepared from a mixture
of Ecoflex and PDMS) between neighboring PDMS is-
lands. FEM analysis of strain distribution reveals that
almost no strain exists on the PDMS islands but concen-
trated strain is present on the soft thin film area. The
liquid metal Galinstan is used as an embedded intercon-
nection, thereby simplifying the fabrication as well as
providing mechanical stability even under high exter-
nal strain. Furthermore, the double-sided integration
of MSCs increases the capacitance to twice that ob-
tained using a conventional planar deformable sub-
strate. Planar-type MSCs with LbL-assembled hybrid
thin film electrodes of MWNT/Mns0,4 and PVA-HsPO,
electrolyte have been fabricated in this study. When
they are integrated into a circuit, these MSCs provide
output voltage beyond the potential of the electrolyte
used. Thus, these MSCs can be used to operate various
LEDs that require high voltages. The results obtained in
this study demonstrate the high potential of our
stretchable MSC arrays for their application as em-
bedded stretchable energy storage devices in bio-
implantable and future wearable nanoelectronics.

DI water by using sonication to form a stable dispersion. The
concentration of both solutions was 1 mg/mL, and the pH
values of the solutions were 3.6 and 6.4, respectively. The
patterned substrate was dipped in a MWNT-NH, solution for
10 min and was washed with deionized water (DI water) for
1 min to remove weakly absorbed MWNTs. The substrate was
then submerged in a MWNT-COOH solution for 10 min and
washed with DI water for 1 min. After this cycle was repeated
19 times, the substrate was dipped in a MWNT-COOH/Mn30,4
solution for 10 min. The residual LbL-assembled MWNT/Mn30,
film except for the patterned area was removed via the lift-off
process. Finally, the PVA-H;PO, gel electrolyte was drop-cast
onto the electrode surface.

Functionalization of Negatively and Positively Charged MWNTs.
MWNTs (Aldrich, purity >95%, length 5 um, outer diameter
6—9 nm) were refluxed in concentrated sulfuric acid and nitric
acid (3/1 v/v, Sigma-Aldrich) at 70 °C for 3 h to prepare car-
boxylic acid functionalized MWNTs (MWNT-COOH). These func-
tionalized MWNTSs were rinsed with DI water several times using
a cellulose ester membrane filter (ADVANTEC MFS, Inc.; pore size
0.2 um, diameter 47 mm). After osmosis filtration carried out
using a tube cellulose membrane (Sigma; average flat width
33 mm, average diameter 21 mm), MWNT-COOH was finally
obtained.

Amine-functionalized MWNTs (MWNT-NH,) were obtained
by combining a mixture of NH,(CH;),NH, (Sigma-Aldrich) and
1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide (EDC, Aldrich)
with an aqueous solution of MWNT-COOH with stirring at room
temperature for 5 h.

Synthesis of MWNT-COOH/Mn;0, Nanocomposites. MWNT-COOH/
Mn30, nanocomposites were synthesized by the hydrothermal
method. A 30 mL portion of ethanol containing 100 mg of
Mn(CH3COO),-4H,0 (Aldrich) and dispersed MWNTs were put
together in a high-pressure stainless-steel autoclave. The autoclave
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was put in an oven at 150 °C for 3 h. After the mixture was
cooled to room temperature within 1 day, a black precipitate
was obtained and was rinsed with DI water several times using a
mixed cellulose ester membrane filter. Thereafter, the filtered
composites were dried and peeled off from the membrane
filter to obtain MWNT-COOH/Mn30,. Synthesized MWNT-COOH/
Mn;0,4 was investigated by X-ray diffraction (XRD) to confirm the
oxidation state of Mn.

Synthesis of PVA-H;PO0, Gel Electrolyte. For the preparation of the
gel electrolyte, 15 mL of phosphoric acid (HsPO,, Sigma) was
dropped into 150 mL of DI water, and then 15 g of poly(vinyl
alcohol) (PVA, Aldrich, MW 89000—96000) was added. The
solution was mixed at 150 °C with vigorous stirring until it
became clear.

Transfer of MSC Arrays onto Stretchable Substrate. For the assem-
bly of MSCs on the stretchable substrate, MSCs fabricated on the
PET film were dry-transferred. In this way, the fabrication of the
substrate can be carried out independently of the MSCs. As a
result, conventional electronics on a rigid substrate can be easily
integrated on a stretchable substrate.

Electrical Connection between MSCs and Embedded Liquid Metal
Interconnections. For connecting MSCs on islands, Galinstan was
injected using a commercial syringe in the channel (diameter
200 um) formed using Fe wires. Galinstan is highly conductive
and is in the liquid state at room temperature. A commercially
available syringe and needle were used to inject Galinstan into
the channel. The injected Galinstan stayed stable inside the
channel by forming an oxide film, where it was exposed to air.
Electrical contacts between the MSC and embedded Galinstan
interconnections are made by drop-casting the Ag nanowires
dispersed in water (Dittotechnology, 1 wt % diluted in water).
The diameter and average length of Ag nanowires are 2—30 nm
and 10 um, respectively.

Characterization. The chemical composition of the MWNT-
COOH/Mn30, nanocomposite was determined by XRD
(Rigaku SmartLab). The structure and morphology of the elec-
trode film were investigated using scanning electron micro-
scopy (SEM, Hitachi S-4800). Photographs of the samples were
obtained using a Canon EOS 7D camera. The electrochemical
properties of the MSCs were determined by measuring the
CV curves and EIS, using an electrochemical analyzer (lvium
Technologies, Compact Stat.). The EIS was investigated in the
frequency range from 1 to 10 MHz with a potential amplitude of
10 mV. The brightness of the u-LED was measured using an
illuminometer (TES 1330A, TES). The mechanical stability of the
fabricated stretchable MSC arrays was measured using a home-
made stretching stage and repetition test machine.
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