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Abstract

We introduce a stretchable microsized Li-ion battery with a novel design. The battery
fabricated using a facile technique exhibited high performance. A dry-etching process was utilized
to pattern lithium phosphorus oxynitride for avoiding the use of a photoresist developer
(photolithography), which can damage the amorphous lithium manganese oxide (LiMn204 (LMQO))
cathode. This allowed us to fabricate the current collectors and electrodes away from the main
body of the microsized battery (a parallel structure rather than a stacked, i.e., perpendicular,
structure). An enhanced capacity of ~150 mAh/g was achieved using the parallel device structure
at a charge—discharge average potential of 3.7 V; in comparison, the performance of a device with
a stacked structure was significantly inferior. The microsized batteries were utilized to illuminate
a white inorganic light-emitting diode with a turn-on voltage of ~2.5 V.

The fabricated devices with the stacked structure were transferred to a mechanically
prestrained (~22.5%) polydimethylsiloxane polymer via a kinetic transfer process. Upon removal

of the prestrain, the shrinkage of the substrate caused buckle formation at the interconnects, and



tensile damage to the microsized batteries was circumvented. Simulation (COMSOL) results
indicated that most of the strain in the standby form (without applied stretching) was concentrated
at the interconnects, preventing significant damage in the main device area. Upon the application
of 21% stretching (load), although the parallel structure exhibits slightly higher maximum strain
in the islands, the strain distribution is more effectively managed, indicating the potential of the

proposed method for various stretchable and bendable optoelectronic applications.
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1. Introduction

Thin-film microsized batteries with Li-based solid electrolytes are experiencing rapid
development owing to their significant advantages over batteries with liquid-based electrolytes,
e.g., size reduction, elimination of electrolyte-leakage issues, improved battery life, and increased
reliability [1, 2]. The desire to implement such batteries in microelectromechanical systems,
biomedical, and spacecraft applications has brought considerable challenges regarding the nature
of the utilized materials and the design of the device [1, 3]. In this regard, the significant
contribution of researchers at Oak Ridge National Laboratory (ORNL) should be acknowledged,
as they presented the exceptional benefits of the solid-state electrolyte and demonstrated the use
of amorphous lithium phosphorus oxynitride (LiPON) as an electrolyte with vanadium pentoxide
(V20s) as a cathode [4, 5]. Moreover, the Jet Propulsion Laboratory demonstrated the compatibility
of a crystalline LiCoO2 cathode fabricated via radiofrequency (RF) sputtering and annealing at
moderate temperatures (<700 °C) with temperature-sensitive substrates [6]. Various other cathode
materials have been investigated, such as molybdenum oxide (MoOs3) [7], fluorinated carbon
(CFx)n [8], and silver vanadium oxide [9]; however, they were found to be unsuitable for high-
power applications [10]. Further, Li et al. [11] from ORNL explained that these cathode materials
have stability and cycle-life issues; therefore, lithium manganese oxide (LMO)-based electrodes,
which have a stable plateau property, and LiPON as a solid electrolyte are preferred owing to their
better performances, even though there are many advanced solid electrolytes [3, 10, 11]. However,
the aforementioned cathode material (LiMn204 (LMOQ)) is sensitive to environmental factors and
is prone to damage due to O components [12] during organic/inorganic chemical treatments or
exposure to ultraviolet (UV) light in microfabrication. Various methods have been utilized to

efficiently fabricate the devices, including photolithography/etching [13], RF sputtering [14], and



pulsed laser deposition [3]. However, the search for an improved microsized battery design and a
facile fabrication process is still in progress. In particular, with the rapid developments in
stretchable and wearable polymer/organic light-emitting diodes (LEDs) [15, 16], biointegrated
devices [17], and other electronics [18], considerable attention must be paid to high-performance
flexible and stretchable batteries. In this regard, notable contributions have been made recently.
For example, Koo et al. [19] demonstrated an all-in-one flexible system incorporating a high-
performance bendable Li-ion battery with an LED. Despite the substantial improvements and
research efforts in the field of bendable/flexible batteries, significant advancement has not been
made in the field of stretchable batteries, owing to the considerable fabrication challenges [20].
Moreover, the stacked device designs have made it difficult to achieve full device capabilities,
because of the shorting and oxidation problems for the current collectors [21, 22]. Therefore,
significant attention has been paid to redesigning the battery structure for overcoming the stability
issues of microsized batteries, e.g., via fabrication of nanowires/nanorods or other porous
structures on the electrodes [21, 22]. However, there is an efficiency tradeoff, as the fabrication of
such structures reduces the capacity of the microsized batteries.

In this study, we demonstrate a novel design for microsized Li-based batteries that
involves relocating the electrodes and current collectors away from the device structure to enhance
the device performance. The O-related deterioration of the amorphous LMO cathode can be
avoided by replacing the conventional photolithography process with dry-etching for LiPON
micropatterning. Fabricated devices with a stacked structure were transferred to a mechanically
prestrained (~22.5%) polydimethylsiloxane (PDMS) substrate via a kinetic transfer method to
evaluate their feasibility for various applications. Upon the removal of the prestrain, the shrinkage

of the substrate resulted in buckle formation at the interconnects, preventing damage to the device.



Analysis of the layer morphology and device performance indicated the potential of the proposed

approach in the field of stretchable and wearable electronic devices.

2. Experiment

2.1 Fabrication of stacked structure of microsized battery

The Si/SiO2 substrates were first cleaned with a standard clean-1 (SC-1,
NH4OH:H20:2:deionized (DI) water ratio of 1:1:5 at 60 °C) solution and a diluted HF (DHF, DI
water:HF ratio of 100:1) solution to remove the particle contaminants and native oxides, followed
by rinsing with DI water. A thin layer (2 um) of Kapton (polyimide, PI) (Sigma—Aldrich, USA) as
a flexible substrate was spin-coated on Si/SiO2 substrate at 4000 rpm for 60 s, followed by curing
at 250 °C for 0.5-1.5 h. Figure 1(a) shows a schematic of the fabrication process for the stacked
microsized battery. For all the soft-masking processes, a photoresist (PR, AZ 5214, AZ Electronic
Materials, Luxembourg) was exposed using conventional photolithography equipment (EVG620,
EV Group, Austria) and developed. Then, Pt and Cr (270 nm) current collectors were deposited
via sputtering with 100-W power and a 30-sccm Ar flow at 0.67 Pa with deposition rates of
approximately 1 and 0.1 nm/s, respectively. After each deposition step, liftoff was performed,; i.e.,
the PR used as a soft mask was dissolved in acetone and removed. An LMO cathode (1 pm) was
deposited using RF magnetron sputtering at 100 W, 235 V, and 10 Torr, with an Oz:Ar ratio of
22:30. The deposition process was followed by a liftoff process; however, analysis revealed that
the deposited LMO cathode was adversely affected by the Oz and organic contaminants utilized in
the photolithography. This is discussed in detail in results and discussion part of the manuscript.

The solid electrolyte LiPON was sputter-deposited at a rate of 150 A/min (100 W, 120 V, 4.04 Torr)



to a thickness of 450 nm. A Sn anode (250 nm) and Cu/Ti (250 nm/5 nm) current collectors were
deposited using sputter evaporation, under the aforementioned conditions. The encapsulation of
the devices was performed with Parylene-C/Ti, where Parylene-C was deposited via thermal
evaporation with a base pressure of ~5 x 10 Torr and a working pressure of ~2 x 107 Torr. A thin
(5 nm) layer of Ti was deposited via electron-beam (e-beam) evaporation with a base pressure of

6 x 107 Torr on top of the Parylene-C layer for enhanced passivation.

2.2 Fabrication of parallel structure of microsized battery

To improve the device performance and avoid damage to LMO/LIPON due to the
photolithography process, we fabricated a parallel structure, as shown in Fig. 1(b). After the
aforementioned LMO deposition process, the LIPON layer was deposited evenly over the whole
substrate without masking. The LiPON electrolyte layer was masked with SiO2, and dry-etching
of the exposed parts of LiPON was conducted using plasma (5 mT, 20 sccm, 250 W, 5 min). In the
parallel structure, the Cu/Ti current collectors were deposited away from the main device body via

the aforementioned sputter evaporation process.

2.3 Transfer printing of fabricated devices on flexible substrates

The PDMS mixture was separately prepared by thoroughly mixing a base (Sylgard A) and a
curing agent (Sylgard B) and placing the mixture in a~5.0 x 10~2-Torr vacuum to remove bubbles.
The liquid PDMS was spin-coated at 1000 rpm for 40 s onto the fabricated devices, followed by
curing at 25 °C for 24 h. The microsized batteries, along with the PDMS, were quickly peeled off
the Si/SiO2 substrate, and a 50-nm-thick SiO2 adhesion layer was deposited onto the PDMS via e-

beam evaporation with a shadow mask, which was only open in the main device area. A separate



PDMS substrate (10 um) was prepared and was mechanically prestrained using a custom-made
jig, which comprised four clamps with manually adjustable screws. The edges of the PDMS
substrate were clamped in the jigs and the substrate was stretched (22.5% in both the X and Y
directions simultaneously). The percentage of stretching was measured according to the difference
between the initial and final lengths of the substrate. The fabricated microsized battery devices
were finally placed back on the mechanically prestrained flexible PDMS slab via a kinetic transfer
process [16]. The release of the prestrain in the PDMS slab resulted in the shrinkage of the device,

causing the formation of wavy buckled patterns.

2.4 Characterization and stretchability simulation analysis

The surface morphologies of the LMO and LiPON layers, along with their thicknesses, were
analyzed using ultrahigh-resolution (UHR) field-emission scanning electron microscopy (FE-SEM,
Philips XL30 ESEM and Hitachi S-4700). Additionally, the surface morphologies and
amorphous/crystalline nature of the layers were analyzed using transmission electron microscopy
(TEM, JEOL-3010) with a selected-area electron diffraction (SAED) tool. The battery
performance was analyzed using a Gamry Reference 600 potentiostat (Gamry Instruments,
Warminster, PA) in the constant-current discharging mode using a two-electrode configuration,
and impedance—frequency measurements were conducted in the three-electrode mode.

The maximum strain distribution on both device structures with and without a biaxial applied load
(21% stretching) was analyzed via finite-element simulation using the commercial software

ABAQUS, and the buckling imperfection scale factor for the two microsized batteries was 0.01.



3. Results and discussions

3.1 Stacked and parallel microsized battery designs

As shown in Fig. S1(b), the LMO layer was damaged during the liftoff process for LiPON,
probably owing to the aggressive attacking of the PR developer on the LMO layer or the Oz loss
due to exposure to UV light [12]. O2-related degradation due to the charge-compensation process
was reported to exist during delithiation; however, we speculate that it can occur during
microfabrication as well. This damage to the LMO layer was avoided via replacement of the
photolithography process by altering the design model for fabrication, as shown in Fig. S2. The
photolithography liftoff step for LiPON was replaced by plasma dry-etching of the LiPON layer
after complete coverage of the underlying LMO layer. Moreover, the arrangement of the current
collectors in the stacked structure has been reported to cause several problems, such as an increase
in the internal resistance of the device [21], shorting of the device due to the high contact resistance
between the electrode and the current collector [22], and oxidation of cathode due to contact with
electrolytes [23]. To avoid such issues, the novel design structure presented in Fig. 1(b) separates
the current collectors from the main body of the device. The configurations of the two types of
microsized batteries—stacked and parallel—were analyzed using optical microscopy (OM), as

shown in Figs. 1(c) and (d), respectively.

3.2 Analysis of LMO cathode

The UHR scanning electron microscopy (SEM) images in Fig. 2(a) and (b) show the thickness,
uniformity, and smooth deposition of each layer, with well-defined layer boundaries. Among all
the utilized layers, LMO cathodes tend to form crystals when annealed at high temperatures. Initial

approaches suggested that the crystalline LMO was preferable in thin-film batteries owing to its



excellent plateau. However, the crystalline form of LMO was analyzed to present problems, such
as capacity fading and cycling issues due to the phase change of crystalline LMO to irreversible
spinel-like structures [24-26]. Therefore, to enhance the lifetime and performance of the
microsized battery, the amorphous nature of LMO is preferable [24-26]. X-ray diffraction (XRD)
analysis (Fig. 2(c)) of LMO did not indicate a sharp peak; instead, a broad peak around 26 = 20°
was detected. This broad peak suggests the amorphous nature of the LMO [27] and is attributed to
the minor presence of the tetragonal spinel structure of LMO (JCPDS card No. 89-0118). Similarly,
the surface morphology (SEM image shown in the inset of Fig. 2(c)) of the LMO layer indicates a
smooth surface (absence of crystal formation) with little roughness variation. For further analysis,
the composition of the LMO cathode was determined using X-ray photoelectron spectroscopy
(XPS) (Fig. 2(d)). The spectrum exhibited Li (1s/6), O (1s/4), and Mn (2p/3) peaks around 280,
520, and 630 eV, respectively, in agreement with previous reports [27, 28]. No other peaks were
detected (except for a small peak corresponding to C at 284 eV), indicating the high purity of the
LMO layer [27, 28]. According to the XPS analysis, the exact composition of the elements in the
LMO cathode was Li213Mn1.1504, even though the SEM and XRD analyses indicated the
amorphous nature of the LMO layer. Diffused rings, along with bright spots, were observed in the
SAED pattern (Fig. 2(e)). The bright spots were observed in a continuous cycle rather than being
symmetrical, indicating the minor presence of the amorphous spinel structure, as previously
mentioned. The TEM analysis (Fig. 2(f)) also indicated the slight roughness of the surface of the
LMO layer, corroborating the previous results for the morphology of the layer. Overall, the results
suggest that the LMO layer had an amorphous form with a low crystallinity, and is in agreement

with the XRD and SEM analyses.

3.3 Analysis of LiPON solid electrolyte



The microcrystalline or amorphous nature of the LiPON is of utmost importance because the
induction of crystallinity in LIPON has been observed to reduce the ionic conductivity and degrade
the electrochemical properties of the thin film [29, 30]. In contrast to the case of LMO, the SAED
analysis for LiPON (Fig. 3(a)) did not reveal any spots or diffused rings, indicating that the LiPON
had a completely amorphous form. This is in accordance with the smooth LiPON layer observed
via TEM (Fig. 3(b)). The quantitative analysis of LIPON via XPS (Fig. 3(e)) revealed the
representative peaks of Li (1s/9), P (2p/8), N (1s/6), and O (1s/5) at 120, 280, 398, and 520 eV,
respectively [30, 31]. The bonding environment for O could have included P-O-P, Li-O-P, and P=0
bonds [30], and the N 1s peak appears to contain three Gaussian—Lorentzian components, which
is in agreement with previous observations [30]. The composition was analyzed to be
Li213P0s.24No.s1, indicating a high-quality LiPON layer without impurities. The SEM surface-
morphology analysis (Fig. 3(d)) indicated that the top layer (Sn anode) was dense, with uniform
grain growth of the irregular structure, which is beneficial for microsized battery applications.
Figures 3(e) and (f) show the results of impedance analysis using alternating-current impedance
spectroscopy. The LiPON film was deployed in a sandwich structure between Pt/Cr and Pt layers,
with Si/SiO2 as the substrate (inset Fig. 3(e)). In this device structure, the impedance could be
categorized in two frequency regions. The resistance to the charge transfer and capacitance present
at the LiPON/electrode interface resulted in the response at low frequencies (<10%) [32]. However,
at higher frequency (>10°) the semi-circle was obtained, which indicated that the impedance values
in that region were related to the resistance and capacitance of the amorphous LiPON layer itself
[32]. Hence, the ionic conductivity of this amorphous LiPON film was calculated using the

following equation by fitting the Nyquist plot:
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o = d/(R.A), 1)

where, d is the LiPON film thickness, which was measured to be 450 nm (Fig. 2(a)); R is the
LiPON film resistance, which was taken as the value of Z at the frequency where -Z’ reached a
local minimum; and A is the area of metal in contact. The ionic conductivity of LiPON was
calculated to be 1.4 x 10 S/cm, which is close to the value reported by ORNL researchers (3 x
10 S/cm) [2]. This indicates that a high-quality and high-purity LiPON layer was deposited

through our process; thus, high performance of the thin-film microsized battery was expected.

3.4 Device performance comparison of microsized batteries

A performance comparison between the microsized batteries with the stacked and parallel
structures is shown in Figs. 4(a) and (b), respectively. The charge—discharge behavior of the
stacked microsized battery exhibited a plateau at ~3.3 V, indicating that the Li* ions were well
extracted by the oxidation of the LMO cathode. The Li ions migrated toward the anode, where
they were reduced, resulting in the formation of the Li film. For efficient battery operation, a flat
discharge curve is ideal; however, a significant decrease in the discharge curve was observed,
indicating a very low capacity of 10 mAh/g. As the discharge cycle concluded with the oxidation
of the Li film, reducing the LMO cathode back to the initial state [1], the discharge failure is
attributed to the inability of the LMO cathode to undergo the reduction process. As previously
mentioned, the damage to the LMO cathode caused by O contaminants [12] could be one of the
reasons for its deterioration. This damage occurred during the photolithography process and was
due to the utilization of organic—inorganic liquids. This over-oxidation might have contributed to

the charge cycle; however, in the discharge cycle, it hindered the reduction process and caused the
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failure of the microsized battery. To avoid such contamination of the cathode and the shorting of
the device [21, 22], we redesigned the microsized battery with a parallel structure. We excluded
the photolithography process during the deposition of LiPON and fabricated current collectors
away from the main device body. The charge—discharge curves for the parallel structure (Fig. 4(b))
showed exceptional improvement. The charge cycle started at approximately 3.7 V and exhibited
a linear curve, indicating the efficient oxidation of the LMO cathode and the subsequent formation
of the Li film at the anode. Interestingly, the discharge cycle was also successful; the discharge
curve exhibited a slow decrease caused by the gradual oxidation of the anode and the successful
reduction of the cathode. Consequently, a high capacity of ~150 mAh/g was achieved with the
parallel structure of the microsized battery, which is comparable to the previously reported device
efficiencies. The parallel-structured microsized battery was employed to turn on a white LED, and
Fig. 4(c) shows photographs of the parallel microsized battery connected to an LED (before and
after turn-on). The LED device turned on at a low voltage of 2.5 V with a current of only 10-20
WA, indicating the capability of the microsized battery to operate at a low discharge rate, as shown
in Fig. 4(d). The stability of the parallel microsized battery was tested under numerous charge—
discharge cycles at approximately 13 pA/cm? (Figs. 4(e) and (f)). Even though there is a minor
discrepancy in the measurement as after first discharge cycle, the capacity of the battery was a bit
increased (< 10 mAh/g). However, the minor difference is negligible and the overall trend of the
final charge—discharge cycle well matched that of the initial cycle, indicating a high battery
stability. It should be noted that due to smaller contact areas of the electrodes, probes were used to
obtain the electrical measurements, however, crocodile connectors were used for the illumination
of the LED. The change in the connector types might somewhat alter the overall connection

resistance and the performance of the microsized battery under load might be slightly different.
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Moreover, we demonstrated the potential of the proposed microsized batteries for stretchable,
wearable electronics. Figure S3 shows the steps involved in the kinetic transfer printing process
[16, 33] of the stacked (as a representative) stretchable microsized batteries. In this study, only
stacked stretchable microsized batteries were examined, because the well-defined symmetrical
main device area (square, not rectangular) could only be fabricated with the stacked structure via
the symmetrical shadow masking process for the deposition of the SiO2 adhesion layer. The
parallel structure has a nonsymmetrical main device area, separated from the current collector.
However, in the stacked structure, the device performance with regard to stretchable electronics
was significantly degraded owing to the adverse effects of the chemicals involved in the
photolithography process on the LMO. If a stretchable microsized battery device with a parallel
structure was fabricated with a well-defined symmetrical bridge and main device area, better
performance could be achieved. After fabrication of the thin-film microsized battery array on a
Si/SiO2 substrate, a slab of PDMS (1-3 mm thick) was independently prepared, which served as
an elastomeric stamp [16, 33]. The cured, sticky PDMS slab was brought into conformal contact
with the device and was quickly peeled off, removing and detaching the whole device from the
bottom Si/SiO2 substrate. A 50-nm-thick SiO2 adhesion layer was deposited on the main device
area only, via e-beam evaporation and shadow masking [34]. The quick peel-off was due to the
weak adhesion of the PI to the Si/SiO2 substrates. The peeled-off stamp, along with device and
SiO2 adhesion layer, was then slowly placed on mechanically prestrained PDMS (22.5% strain) to
ensure proper adhesion. Upon the removal of the mechanical strain (the substrate was unclamped
from the jigs), the compressive stresses generated in the substrate resulted in the formation of
buckles at the interconnects, allowing the device to be stretched to various dimensions. The OM

images of the fabricated stretchable microsized battery (stacked, Fig. S4) indicate that the
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microsized battery device was successfully transferred to the mechanically prestrained PDMS and
that the interconnects were flat (straightened out). The main battery structure deposited on SiOz,
which encountered the PDMS substrate and interconnects, was formed by the shadow mask and
avoided contact with the PDMS. This type of fabrication method minimizes the strain effect on the
main device body and compensates the strain at the buckling, causing bending. This bending is
observed at the interconnects in the magnified OM image (Fig. S4(b)), along with the absence of
cracks/defects (Fig. S4(c)) caused by the Kkinetic transfer or the removal of the prestrain from the
PDMS substrate. Additionally, Fig. S4(d) shows the thin-film microsized battery array on the
PDMS substrate, indicating the absence of wrinkles/stretches caused by the application or removal

of the prestrain.

3.4 Finite-element simulations for evaluating mechanical performance

To investigate the mechanical performance, we performed finite-element analysis (FEA)
on both device configurations in the buckled (standby, without stretching) and biaxially stretched
(flat, 21% stretching) states using the commercial software package ABAQUS. The results shown
in Fig. 5. The PDMS substrate was modeled as an isotropic material using three-dimensional stress
elements (C3D8), and the microsized batteries (Fig. S5-S7) with meshed island-interconnect
structures were modeled using composite shell elements (S4). To simulate the post-buckling
behavior of the interconnects, buckling imperfections were introduced into the interconnects, with
the buckling modes determined via buckling analysis. As shown in Figs. 5(a) and (b), the strains
are low compared with the failure strains of the constitutive materials. The strains at the
interconnects of both devices are far higher than those in the islands because the islands are

significantly stiffer than the soft substrate to which they are bonded, while the interconnects are
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free to deform in the out-of-plane direction, and their effective stiffness is far lower than that of
the islands. When the prestrain is released, the stiff islands restrain the deformation in the substrate,
while the interconnects buckle and form arc shapes, consuming most of the deformation in the
substrate. This deformation mechanism prevents the functional but brittle islands from breaking
and provides mechanical stretchability to the device as a whole. The maximum strain at the
interconnects of the parallel structure (2.2%) is slightly higher than that for the stacked structure
(2.1%). This is due to the slightly wider spacing between the islands in the stacked structure, which
yields less interconnect deformation in the out-of-plane direction during buckling.

The fracture strains of copper and platinum are efcu) = 45% [35] and ety = 4% [36],
respectively, and the maximum principal strains of metal bridges are lower than their fracture
strains, thus the structural design of the battery meets the operational requirements. The fatigue

properties could be calculated through Coffin—Manson relationship [37],
A& c O b
B (N, + N, ) @

where the Young’s moduli and fracture stresses of copper and platinum are: Ecu = 130000 MPa,
ofcu) = 220 MPa, Eprt = 168000 MPa, and orpry = 1800 MPa, and the coefficients are b=-0.12 and
¢=-0.6. In this study, the strain magnitudes for two different designs are Aestacked = 0.021 and
Aéparatlel = 0.022. According to Eq. (2), the number of loading cycles before material failure is
obtained as 295 for copper and 25 for platinum in the stacked structure, and 271 for copper and 21
for platinum in the parallel structure. However, in most application conditions, the device doesn’t
go through the full strain magnitude. If the strain magnitude is reduced to 50% of the maximum
strains in copper and platinum, the number of loading cycles before material failure increases to
1025 for copper and 530 for platinum in the stacked structure, and 941 for copper and 408 for

platinum in the parallel structure.
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The right frames of Figs. 5(a) and (b) show the strain contours in the islands due to the
buckling of the interconnects. Although the parallel structure exhibits a higher maximum strain in
the islands, the strain distribution is more effectively managed, with the maximum strain confined
outside the main device area (indicated by the red dotted lines) owing to the design of the device.
Figures 5(c) and (d) show the strain distributions in the stacked and parallel structures when they
are subject to 21% biaxial stretching, which causes the buckled interconnects to be nearly fully
flattened. The results indicate that the maximum strains in the islands and interconnects of both
the stacked and parallel structures are considerably reduced; thus, the mechanical designs of both

structures are suitable for stretchable devices.

To guide the design of multilayer interconnects for optimized mechanical performance, the neutral
mechanical plane, where the strain due to bending is zero, of the interconnect cross section is
calculated. As shown in Fig. S7, the interconnect is composed of three layers: PI, metal (Cu or Pt),
and PDMS, whose Young’s moduli and thicknesses are as follows: Epi = 1.72 MPa, h1 = 2 um,
Emetal (Ecu = 130000 MPa and Ept = 168000 MPa), h2 = 0.25 pm, Epoms = 1.8 MPa, and hs = 10
pum. The position of the neutral mechanical plane of the trilayer is obtained by assuming plane
stress condition as

EPDMS h3 (2h1 + 2h2 + h3)+ Emetal h2 (Zhl + h2) + EPI hl2
2(EPDMS hS + Emetal h2 + EPI h.l.)

h= 3)

The interconnect should be designed such that the neutral mechanical plane is at the middle plane
of the metal layer to minimize the strain in this layer and to optimize the mechanical performance.

For PI/Cu/PDMS and PI/Pt/PDMS trilayers, the positions of the neutral mechanical planes are
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calculated to be both at h = 2.127 um, which is very close to the location of the middle plane of
the metal layers in experiment h” = 2,125 um. It’s worth pointing out that a recently develop

traction-free model could be adopted to provide improved prediction of mechanical properties of
laminated ribbon structures [38]. Therefore, the design of the interconnects is reasonable and
effectively reduces the stress and deformation of the metal films. The novel parallel design for
microsized batteries proposed in this work has good potential for stretchable, wearable, and

biomedical applications owing to its superior electrical and mechanical properties.

4. Conclusions

A facile and novel fabrication process for stretchable microsized Li-ion batteries was
introduced, which allows minimization of the defects caused by the O contaminants in the LMO
cathode via replacement of the photolithography process with dry-etching of LiPON. Additionally,
the shorting of the devices due to the contact resistance between the current collector and the
electrodes/electrolytes (stacked structure) was avoided by moving the current collectors away from
the main device (parallel structure). Consequently, the discharge capacity of the microsized battery
was significantly improved, from 10 mAh/g (stacked structure) to 150 mAh/g (parallel structure).
Moreover, the battery was successfully employed to power a white LED at a low operation voltage
(2.5V), and charge—discharge cycles revealed the improved efficiency and stability of the parallel-
structured microsized battery. The fabricated devices with a stacked structure were transferred to
a mechanically prestrained PDMS substrate, which induced the buckling of the interconnects for
stretchability. Finite-element simulations indicated that the maximum strains in both structures
were on the buckled interconnects upon the release of the prestrain, which prevented the

mechanical failure of the functional but brittle device areas (islands). The simulation results for
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both structures subjected to 21% biaxial stretching indicated significantly reduced strain values for
the parallel device structure, indicating that the proposed design can be efficiently employed for

various wearable and stretchable electronic applications.
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Figure Captions

Figure 1. (a) Schematic of the stacked structure on the Si/SiO; substrate. (b) Schematic of the parallel
microsized battery with the redesigned structure. (c) OM image of the stacked structure showing the LiPON,
LMO cathode, and Pt/Cr current collectors. (d) OM image of the parallel structure showing the Cu/Ti

current collectors located away from the main device body.

Figure 2. Characterization of the LMO cathode. (a) UHR FE-SEM cross-sectional image of the stacked
device, indicating the thickness of each layer. (b) UHR FE-SEM cross-sectional image at a lower
magnification, indicating the uniformity of the deposited films. (c) XRD analysis of LMO, with the inset
showing a UHR FE-SEM image of the deposited layer. (d) Quantitative XPS analysis results. (€) SAED
results, indicating minor spinel LMO and a major amorphous layer. (f) TEM image of the deposited LMO

cathode.

Figure 3. Characterization of the LiPON solid electrolyte. (a) SAED analysis indicating the completely
amorphous nature of LiPON. (b) TEM analysis. (c) XPS analysis indicating the exact elemental
composition of LIPON. (d) UHR FE-SEM image of the Sn anode, showing the porosity and density of the
layer. (e) Impedance measurement for LiPON, with the sandwich device structure shown in the inset. (f)

lonic-conductivity measurement/calculations for LiPON.

Figure 4. Performance of the microsized battery device. (a) Charge—discharge cycles for the stacked
structure. (b) Charge—discharge cycles for the parallel structure. (¢) Photographs of the white LED operated
using the parallel microsized battery. (d) Current—voltage analysis for the turn-on of the white LED using
the parallel microsized battery. (e) Stability analysis of the parallel structure. (f) Stability trend of the
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parallel structure under charge—discharge cycling.

Figure 5. Strain distributions in the stacked and parallel structures obtained via the FEA simulation for the

buckled forms of the (a) stacked structure and (b) parallel structure and under 21% biaxial stretching for

the (c) stacked structure and (d) parallel structure.
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Figure 1.

(a) Stacked structure (b) Parallel structure
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Figure 2.
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Figure 3.
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Figure 4.

(a) Stacked structure (b) Parallel structure
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Figure 5.
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Figure S1. Schematic of the fabrication of the stacked device structure. (a) Liftoff process for Pt
and LMO. (b) Liftoff process for LiPON, showing the possibility of damage to the LMO cathode
due to oxygen components from organic chemicals during photolithography. (c) LiPON deposition
step. (d) Sn anode patterning on LiPON using a shadow mask. (e) Liftoff process for fabricating
Cu current collectors. (f) Final stacked microsized battery device structure
(P1/Pt/Cr/LMO/LiPON/Sn/Cu).

(a) Liftoff process for Pt & LiMn,0, (d) sn patterning using: shadow mask
— v ¥ N I
Pt/Cr Sn Shadow
PI LiPON mask
Pt/Cr
PI

(b) Liftoff process for LiPON
(O, components damaged LiMn,0,)

(e) Liftoff process for Cu current collector

Sn
LiPON

Pt/Cr
PI Pt/Cr
PI
(c) (f) sn
LiPON LiPON
Pt/Cr Pt/Cr
PI PI

The schematic of the fabrication process for the stacked structure shows that during the liftoff
process for LIPON, acetone was used to remove the PR from the (LMO) layer, as the presence of
organic/O2 components could damage the LMO layer. This may have induced poor contact with
the overlaying LiPON layer or adversely affected the electronic properties of the LMO layer.
Additionally, if the current collectors are placed in the stacked structure, the high contact resistance

and oxidation of the cathode degrade the device performance.
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Figure S2. Schematic of the fabrication of the parallel device structure. (a) Liftoff process for Pt,
Cu, and LMO. The Cu/Ti layers were deposited in the initial steps, in contrast to the case of the
stacked structure, for moving the Cu/Ti current collector away from the main body of microsized
battery device. (b) LiPON layer deposition over the whole substrate and dry-etching of LiPON
instead of photolithography. (c) Schematic showing the full removal of the residual layer. (d) Sn
patterning using a shadow mask, which was the final step of the parallel microsized battery

fabrication.
(@) Liftoff process for Pt, Cu & LiMn,0, (c) complete removal of residual layer
LiPON
PI PI
(b) Dry-etching for LiPON (d) sn patterning using: shadow mask
(No damage to LiMn,0,) ‘L ‘L ‘L
[ ]
Plasma
Sio, Shadow
Pt/Cr ~ Cu/Ti Pt/Cr ~ Cu/Ti
PI PI

To avoid damage to the LMO layer (Fig. S1) during the fabrication process, first, the liftoff process
was replaced by plasma dry-etching of the LiIPON layer. The SiO2 masking layer for the dry-
etching of LiPON was fabricated via the liftoff process. Second, the current collectors were
fabricated away from the main device structure, improving the quality of the LMO layer and the

overall device performance by eliminating shorting effects caused by interconnects.
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Figure S3. Schematic of the kinetic transfer printing method for the microsized battery (stacked
structure). (a) Fabrication of the microsized battery on Si/SiOz. (b) Quick peel-off of the device
with a PDMS stamp. (c) Slow peel-back on mechanically prestrained (substrate stretched using
clamps) PDMS (22.5%). (d) Final devices on the stretchable and flexible substrate with and

without prestrain.
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. N ' S Ty
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The thin-film battery devices were fabricated on a Si/SiO2 substrate and a separately prepared
PDMS slab (1-3 mm thick). After curing, the PDMS slab was brought into contact with the
fabricated device and was quickly peeled off along with the device and the SiO: layer at the bottom,

which was deposited as an adhesion layer using a shadow mask. The flexible PDMS slab provided
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not only a method for stripping off the device but also mechanical stability. The microsized battery
was peeled back on a mechanically prestrained (~22.48%) PDMS substrate using the Kinetic
transfer printing method, as the device was sandwiched between two PDMS layers. Upon the
release of the prestrain, the shrinkage in the bottom PDMS layer resulted in the formation of

buckles at the interconnects, and the microsized battery structures retained their flatness.
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Figure S4. Stacked stretchable battery array. (a—c) OM images of the stacked microsized battery
at different magnifications, indicating the defect-free fabrication of the devices using the kinetic
transfer printing method. The interconnects exhibited buckle formation. (d) Photograph of the

stacked microsized battery array on the elastomeric substrate.

As shown in the OM images, the fabricated microsized battery array had no visible cracks or
defects, owing to the incorporation of the device between PDMS layers. The formation of buckles
at the interconnects is observed in Fig. S4(b), where no apparent strain or deformation is detected.
The photograph in Fig. S4(d) shows the flexibility of the fabricated devices, indicating that the
kinetic transfer printing method is efficient for fabricating stretchable/flexible microsized batteries

with high stability.
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Figure S5. Device designs (top view) for the stacked and parallel battery structures for

demonstrating the buckle formation.

(a) Stacked structure (b) Parallel structure

The top view of the devices shows the islands (device areas) and buckled interconnects. The
interconnects were designed as sandwiched structures with PDMS/Cu/Ti/PI and PDMS/Pt/Cr/P1.
The width of the Cu/Ti and Pt/Cr interconnects was ~50 um, and the distance between them was
~100 um in the stacked structure and ~50 um in the parallel structure. The thicknesses of the

PDMS, Cu/Ti, Pt/Cr, and PI interconnects were 10 um, 250 nm, 270 nm, and 2 pum, respectively.
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Figure S6. Schematics of the devices on the PDMS substrate, illustrating the stretching mechanism
used for the FEA simulations.

(@) Unloading 22.48% pre-strain (b) After unloading,

@

stretch device to 21% strain

Microsize battery ﬂ

PDMS

A side view of the devices on the PDMS substrate is shown in Fig. S6. The PDMS layer is 2 mm
thick. Figure S6(a) shows the buckles formed when the prestrain was released after the kinetic

printing transfer process. Figure S6(b) shows the device after 21% biaxial stretching.
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Figure S7. Schematic of the interconnect design.
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The interconnect had a trilayer design (PDMS/metal/PI), and the metal films were Cu/Ti (Pt/Cr).
The thickness of Ti (Cr) was only 1/50 of that of Cu (Pt); thus, the Ti (Cr) was negligible in the

calculation.
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