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Stretchable organic memory: toward learnable and
digitized stretchable electronic applications

Ying-Chih Lai»2, Yi-Chuan Huang?®, Tai-Yuan Lin?, Yi-Xian Wang*, Chun-Yu Chang’, Yaoxuan Li®,
Tzu-Yao Lin?, Bo-Wei Ye?*, Ya-Ping Hsieh’, Wei-Fang Su’, Ying-Jay Yang' and Yang-Fang Chen>*8

A stretchable organic digital information storage device has been developed, which potentially advances the development of
future smart and digital stretchable electronic systems. The stretchable organic memory with a buckled structure was
configured by a mechanically flexible and elastic graphene bottom electrode and polymer compound. The current-voltage curve
of the wrinkled memory device demonstrated electrical bistability with typical write-once-read-many times memory features and
a high ON/OFF current ratio (~ 10°). Even under repetitive stretching, the stretchable organic memory exhibited excellent
electrical switching functions and memory effects. We believe the first proof-of-concept presentation of the stretchable organic
nonvolatile memory may accelerate the development of information storage device in various stretchable electronic applications,

such as stretchable display, wearable computer and artificial skin.
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INTRODUCTION
Stretchable electronics are a new class of electronics that are under-
going rapid development.? Such emerging elastic devices have
attracted keen interest owing to their tremendous potential in a
wide variety of future applications, such as in wearable computers,
highly flexible paper displays with stretchability, artificial electronic
skin, biomedical applications for health monitoring and biological
actuation.>™ Future ‘intelligent’ stretchable electronic modules will
require the integration of multiple crucial electronic devices, such as
logic memory, a power supply and a display, into an elastic polymeric
substrate.? So far, successful progress toward stretchable electronics
has been reported for various core electronic devices, such as
transistors,®’ light-emitting diodes,®? sensors,'%!! antennas,!? solar
cells'!* and batteries.!>1°

In digital applications, information storage devices, such as
programmable read-only memory and flash memory, have key roles
as fundamental components in modern and future ‘smart’ electronic
systems.17 Without doubt, for stretchable electronics to be utilized in
applications, the fabrication of stretchable digital memory devices
onto elastic electronic modules or peripheral circuitries is essential. A
major problem in the fabrication of stretchable information storage
devices like Flash memories is the complex and rigid metal-oxide-
semiconductor structures with floating gates as additional sources and

drains.!® Interestingly, flexible information storage devices based on
organic transistor devices with floating gate structures have been
demonstrated previously in the literature;'%?® the potential
stretchability of these devices is implied if they are fabricated via
ultrathin polymer films. Alternatively, recent progress toward resistive
random access memory has effectively simplified traditional complex
Flash memory into a simple sandwich configuration.?>° Among
various materials, organic memory has been considered to be a
promising candidate for next-generation information devices in soft
electronic systems.”?~>* The primary benefits of organic memory are
often listed as simple fabrication, low cost and rapid access, as well as
compatibility with roll-to-roll printability for mass industrial
production.?”* The unique elasticity and flexibility of organic
materials hold great promise for future stretchable and foldable
electronic systems. Moreover, the low-temperature fabrication
process of organic memory also offers benefits for integrating
memory devices into stretchable electronic systems on an elastic
polymeric substrate. The combination of these advantages makes it
possible that organic memory devices will be integrated into future
stretchable electronic modules, such as stretchable smart pads,
artificial skin and wearable electronics for learning and retaining
digital information or original driver codes. However, the active
polymer and organic materials are typically deposited by solution
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processes, such as spin-coating and various ink-jet printing
methods.?® A serious hurdle in the utilization of stretchable organic
memory is the fact that the solvent used in the deposition of the
organic active layer is less compatible with soft substrates such as
plastics and elastomers.”> Damage caused by the solvents can be
magnified when there is vertical integration with other organic
stretchable devices.?® In addition, the fabrication of the organic
devices on the elastic soft substrates involves difficult handling and
processing requirements. Therefore, a suitable processing strategy is
essential for realizing stretchable organic memory.

Another challenge for stretchable electronics comes from the
brittleness of the metal electrode. Recently, graphene, one of the
thinnest known materials, has gained a large amount of attention
from many researchers and companies because of its exceptional
physical and electrical properties.?” The excellent mechanical
flexibility and elastic properties of graphene, together with its
superior carrier mobility, transparency and inexpensive features
make it an outstanding choice as an electrode for next-generation
flexible and foldable electronics.?#3® A chemical vapor deposition
(CVD) method for growing large-scale graphene film was successfully
developed, allowing further use of graphene in practical applications
and mass roll-to-roll manufacturing.?’ In addition, graphene provides
a good interfacial substrate and possesses low contact resistance with
organic materials.>! More importantly, a combination of its flexibility
and strong adhesive force to the substrate, that is, Van der Waals
interaction (adhesive energy of 0.45Jm~2 on SiO,),> makes
graphene an excellent electrode that can naturally adhere onto an
elastic substrate to generate flexible and stretchable electronic
applications. Previously, elastic, wrinkled graphene has shown
promise for use in different applications, such as in strain sensing
and field emission.3334 Recently, using a novel method to control the
crumpling and unfolding of a large area of graphene with polymer
laminates has also been reported for artificial-muscle actuators.’
Taking the advantages of graphene and the mechanical flexibility of
the organic material may open up a path for stretchable devices.
However, the issues in transferring CVD-graphene and the chemical
washing of the protective layer in the stripping process are
shortcomings for the application of graphene in stretchable
electronics.

In this contribution, we have successfully demonstrated a stretch-
able organic memory device based on wrinkled structures, which
represents a proof-of-concept for stretchable organic digital informa-
tion storage devices. The stretchable organic memory structured with
a graphene electrode and polymer compound was fabricated onto a
~50% pre-strained poly (dimethylsiloxane) (PDMS) elastomer (here,
strain is defined as (L —L,)/L, x 100%, where L is the elongate length
and L, is the original length). Through a transfer method, we can
simply avoid the coating and solvent issue from the organic active
layer and the chemical treatment for removal of the protective layer of
the graphene electrode. After carefully releasing the device from the
specific pre-strain, the organic memory device with a graphene
bottom electrode spontaneously buckled to waves from the compres-
sive strain from the adhered PDMS. The resultant buckled organic
memory with the underlying graphene electrode can be elongated by
conversion of the vertical displacement and planar strain, which
realizes the device’s stretchability. The stretchable memory devices
exhibited typical write-once-read-many (WORM)-type memory fea-
tures with a high ON/OFF ratio (~ 10°). Excellent retention ability of
over 10*s for the coded ON/OFF states was maintained by the
memory devices even under re-stretching up to 50% strain. In
addition, the WORM-type electrical switching behaviors can be
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normally programmed under various stretching levels from zero to
the pre-strain. For the stretching duration tests, the programmed ON/
OFF states did not significantly fluctuate even when undergoing
successive strain cycles of 30% over 500 times. Moreover, after
hundreds of stretching cycles at 30%, the stretchable organic memory
retained its original electrical switching function. It is thought that
this is the first demonstration of a stretchable organic memory device
and may pave the way for generating stretchable digital information
storage devices as well as advance the development of smarter
digitized stretchable electronic systems, such as stretchable displays,
wearable computers and artificial skin.

MATERIALS AND METHODS

Substrate preparation

To start the preparation of the PDMS substrate, a curing agent and PDMS
prepolymer (Sylgard 184, Dow Corning, Taipei, Taiwan) were mixed in a 1:20
weight ratio. The mixture was degassed by reducing pressure for 1h to avoid
any air bubbles in the mixture, and then it was poured onto the polished side
of a silicon wafer. After curing, the PDMS membranes that were produced
possessed a thickness of ~2mm. The PDMS membranes were then peeled off
the wafer, and the PDMS substrate was cut out into a rectangle with an area of
2cm X 6 cm. The elastic PDMS substrate was subsequently clamped on one
side to a glass slide and then stretched along the length of the glass slide to a
pre-strain of ~50%. The other side was then clamped, with a slight
component force in the orthogonal direction.

Device fabrication

For preparation of organic memory from the poly (methyl methacrylate): poly
(3-butylthiophene) with a graphene bottom electrode, poly (3-butylthiophene)
(10 mg, Sigma-Aldrich, St Louis, MO, USA) was first dissolved in chloroben-
zene (0.5ml) and then blended with poly (methyl methacrylate) (0.5 ml, 950k
A4, Micro-Chem, Newton, MA, USA) with stirring at 50 °C for 1 day. Next,
the prepared solution was then dropped on an as-prepared CVD-graphene/
copper foil and allowed to rest for 10 min, and then the spin-coating process
was performed at a rate of 2500 r.p.m. for 20s. After drying under reduced
pressure, the polymer-coated CVD-graphene/Cu foil was immersed into a
copper etchant, for example, an aqueous solution of iron nitrate (Fe(NOs3)3)
(0.05gml~"), for ~4h to etch the sacrificial copper foil. The poly (methyl
methacrylate): poly (3-butylthiophene)/graphene film was subsequently trans-
ferred to a deionized water bath to wash away the copper etchant and was then
transferred onto the pre-strained PDMS substrate. After drying naturally, 300-
nm aluminum electrodes were thermally deposited onto the top of polymer
layer in circular patterns. Finally, after carefully removing the clamps, the
resultant devices spontaneously contracted and buckled on the released PDMS
substrates.

Device measurement

Electrical characterization of the stretchable organic memory was carried out
using a Keithley 4200-SCS semiconductor parameter analyzer purchased from
Keithley (Cleveland, OH, USA). All electrical properties were measured at
room temperature and under ambient conditions.

RESULTS AND DISCUSSION

Figure 1 presents the schematic processes involving in generating the
stretchable organic memory. First, the graphene was grown by a
typical CVD method.*® The CVD-graphene sheet with few defects
was characterized by Raman spectroscopy (see Supplementary
Figure 1). The as-prepared blending solution of PMMA and P3BT
was then spin coated onto the CVD-graphene. The PMMA and P3HT
acted as the active layer for the organic memory and also played a role
as the protective layer for transferring the graphene electrode. After
etching away the supporting copper foil, the substrate-free graphene/
PMMA:P3BT membrane was transferred onto a pre-strained PDMS



substrate. The elastomer PDMS substrate was pre-stretched by ~ 50%
and clamped onto a glass slide. To probe the bottom graphene,
a gold contact film was pre-deposited onto the border of the
PDMS and was in partial contact with the bottom graphene electrode.
After the transferred film dried naturally, the clamps were removed,
and the device was carefully separated from the glass. The resultant
film then spontaneously contracted and formed a ripple on the
released substrate. The fabrication process outlined here can be
carried out without any solvents, thereby eliminating issues with
coating and with chemical removal of the protective layer in the
stripping of graphene, which may be beneficial for the fabrication of
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Figure 1 Fabrication process for the stretchable organic memory devices,
along with the chemical structures of PMMA and P3BT. PDMS, poly
(dimethylsiloxane).
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devices on an elastic polymeric substrate and which paves the way for
vertically integrating this device with other stretchable organic
devices. In addition, the combination of the organic memory and
the protective layer of graphene may effectively simplify the fabrica-
tion processes and provide an advantage for roll-to-roll industrial
fabrication.?>?

Figures 2a and b show top-view and angled-view scanning electron
microscopy images of the resultant rippled film. The stress strain
distribution within the resultant film has been calculated by finite
element simulation, and the results are shown in Supplementary
Figure 2. As shown in Figure 2, after releasing the pre-strained PDMS,
the film exhibited numerous ripples perpendicular to the pre-
stretched tensile direction. The resultant buckled organic memory
with the graphene underlay can be elongated by conversion of
the vertical delaminated displacement and planar strain into a
larger size of the device, which realizes the stretchability of the
buckled memory.*>3>37 In the atomic force microscope analysis
(Supplementary Figure 3), the released film also showed numerous
nano-scale wrinkles.

The electrical switching behaviors and memory effects of the
wrinkled organic memory are illustrated by the current-voltage
(I-V) measurement, as shown in Figure 3a. Supplementary Figure 4
shows the schematic of the measurement set-up. Initially, the current
level of the memory device remained low and gradually increased to
the range of 10 ~11-10 =% A during the low-bias regime. When the bias
was larger than the threshold voltage of approximately 2.6V, the
current level of the memory device sharply increased and switched to

Figure 2 (a) Top-view and (b) angled-view scanning electron microscopy images of the rippled organic memory film.
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a high-current state (from ~10~° to ~10~*A). This transition of
the electrical characteristics from a low-current (OFE, ‘0’) state to a
high-current (ON, ‘I’) state corresponds to the ‘writing’ command in
the digital memory device.?»?> As shown in Figure 3b, a high
ON/OFF current ratio (~ 10°) at the reading voltage of 1V rendered
the data stored in the buckled organic memory ready to be
accessed with a low probability of misreading the data. Once the
device was switched to the ON-state, the programmed state was
not retrievable during the following forward/negative sweep, indi-
cating that the buckled organic memory exhibits the typical features
of WORM-type memory devices.”> The programmed ON-state
remained in the high-current level even if the applied voltage was
removed, indicative of the non-volatile feature of this memory
behavior. The electrical switching effect of the memory is explained
by the charge-trapping mechanism and percolation effects as shown
in previous reports.?>38

After characterizing the WORM-type organic memory under
relaxed conditions, we then analyzed a programmed ON-state under
different stretching conditions to confirm that the coded high-
conductivity ON-state can be maintained after strain. As shown in
Figure 4a, the device in its ON-state can keep its programmed high-
current status regardless of being re-strained from 10% to pre-strain,
indicating that the memory effects were not affected by re-stretching
the memory to pre-strain conditions, which is promising for its use
with memory applications in stretchable electronic systems. After we
stretched the device to over 60% strain, the programmed ON-state
suddenly lost its high-conductivity status (as shown in Supplementary
Figure 5), which indicates that the maximum strain of the code ON-
state is 60%. The reason that the memory cells can work at strain
levels above the pre-strain level is the interconnections within the
fractured graphene underlay.’3° However, if the pre-strain level
exceeds a critical magnitude and causes the breakdown of the
interconnections, the memory cell will cease to function.

For memory devices, the data storage time is an important
characteristic for practical, stretchable WORM-type memory applica-
tions. Thus, the ability to retain the coded digital data under various
stretching conditions was tested. Coding of memory began with the
OFF/ON-state at the original un-strained length and then the device’s
data retention ability was tested before the device was stretched. As
shown in Figure 4b, the electrical WORM-type memory exhibited an
excellent retention ability for over 10*s, and the high ON/OFF current
ratio (~10°) did not change after a considerable duration of time.
After confirming the retention ability at the un-strained length, the
data retention ability of the buckled organic memory was tested
under various uniaxially elongating conditions by stretching from 10

Current (A)

to 50% strain. As seen in Figure 4b, the programmed low-conductiv-
ity ON-state demonstrated a strong retention ability (up to 10*s), and
no significant degradation was found when the device was re-
stretched from 10 to 50% pre-strain. In additionally, the ON/OFF
current ratio maintained its value in the same order of magnitude
before the stretching of the device. A longer retention test of up to
12h can be found in Supplementary Figure 6. These results suggest
that the programmed digital signal can be accurately accessed for
prolonged retention, even when re-stretching the device up to an
initial pre-stretched value of 50% strain. The stability of the long-term
retention might be expected because of the high activation energy of
the P3BT-trapped charge carriers.3® At the writing voltage, numerous
carriers were injected from the electrode, which filled up the P3BT
trapping sites, and the percolation pathways of the carriers were
formed among these charge-filled P3BTs, resulting in the electrical
switching behavior and the subsequent high conductivity ON-state.
Owing to the stability of the P3BT-trapped charges within the PMMA
matrix, the organic memory can retain the programmed high
conductivity state over the long term even after the power supply
has been removed. Similar results have been reported in WORM-type
memory fabricated from high concentration ratio of P3HT molecules
embedded in a PMMA layer.® Park et al.*0 suggested that the long-
term stability of the WORM-type memory might be attributed to the
lowest unoccupied molecular orbital of the P3HT polymers being
much deeper than the lowest unoccupied molecular orbital level of
PMMA matrix. Thus, the charge carriers trapped in the P3HT media
are unable to be emitted. The data stability of stretchable organic
WORM-type memory can provide excellent digital information
storage under various stretching conditions, which is also beneficial
for the development of a wide variety of stretchable data storage
applications, such as stretchable and portable disks, stretchable smart
cards, biomedical skin markers and stretchable radio-frequency
identification tags.??

To evaluate the feasibility of using stretchable organic memory in
stretchable electronic applications, the electrical switching behaviors
from the different memory devices were tested under different
stretching conditions (Multimedia in Supplementary Information).
As shown in Figures 5a—e, the organic memory exhibited similar
WORM-type memory switching behaviors under re-stretching from
10 to 50% strain. Under various strain conditions, a low-writing
voltage (below 4V) was retained, demonstrating the advantage of
low-power consumption of stretchable memory applications. It is also
worth mentioning that the distinguishable ON/OFF states at the
reading voltage of 1 V were preserved under each stretching condition,
holding the promise of a low probability of misreading data under

Current (A)

Figure 4 Electrical properties of the organic memory under post-strain: (a) the programmed high-conductivity ON-state under different strain conditions;
(b) the retention time test of the stretchable memory under different strain conditions.
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Figure 5 (a—e) Electrical switching behavior tests for the stretchable organic memory under different stretching conditions from 10%-50%.
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Figure 6 The durability test for the coded state under repetitive stretching (30% strain) and relaxing (0% strain) cycles. (a) The stretchable organic memory
under 30% strain. (b) The coded ON-state under repetitive stretching (30% strain) and relaxing (0% strain) for 500 cycles. (c) The initial OFF-state under
repetitive stretching (30% strain) and relaxing (0% strain) for 500 cycles. (d) The stretchable organic memory under 500 cycles of stretching with 30% strain.

different stretching conditions. These results suggest that WORM- Next, the durability of the programmed ON/OFF state under
type memory can operate well and be programmed well for digital stretching conditions was further investigated. In exploring the effect
data even if the organic memory is being elongated. of cyclical stretching, the buckled WORM-type organic memory was

NPG Asia Materials



Stretchable organic memory
Y-C Lai et al

)

initially programmed to the ON-state (Figure 6a) and successively
stretched to 30% and then released to its un-strained length. As
shown in Figure 6b, the coded ON state could preserve its
programmed high-current conductivity and did not show obvious
degradation after 500 cycles of being stretched by 30%, which is
indicative of durability of the coded data even under numerous cycles
of elongation and hence stretching. Identical testing was also
conducted for the initial OFF-state. As shown in Figure 6¢, the
initial low-conductivity OFF-state was not altered by successive
stretching of 30% for 500 times. Figure 6d shows the electrically
programmed process of the WORM-type memory after stretching by
30% for 500 cycles. As seen in Figure 6d, even after 500 cycles of 30%
strain, the electrical switching behavior operated normally from the
OFF-state to the ON-state with a similar high ON/OFF ratio (~ 10°)
at a reading bias of 1V compared with the unstrained device. These
results suggest that the coded ON/OFF state can be correctly read
out even after numerous cycles of elongation and contraction,
demonstrating the durability of the stretchable memory for keeping
the coded digital information (see Multimedia in Supplementary
Information). In addition, the stretchable organic memory was
programmed normally, and its original electrical switching functions
were retained even when the devices underwent numerous cycles
of stretching, indicating their appropriateness for stretchable
memory applications.

It is worth noting that the compressive stress in the orthogonal
direction is likely to cause fractures and cracks after relaxation of the
pre-strain tension. This issue will limit the degree of the pre-strain of
the transferred memory film in this device. In this experiment, the
cracks introduced by the orthogonal compression decreased the
yield of stretchable memory cells but did not affect the electrical
switching effect during post-stretching. Owing to the interconnec-
tions within the graphene underlay and the side contacts with the Au
film, the bottom electrode can conduct normally.33 In addition, the
conductivity switching effect may arise from an area that is small
compared with the top electrode and cracks, still allowing the
conductivity switching behavior to be retained in the presence of
cracks. To overcome the above difficulty, pre-strain in the orthogonal
direction can release the cracks and increase the yield of memory
cells.?® A scanning electron microscopy image of the relaxed film
with a biaxially pre-strained substrate is shown in Supplementary
Figure 7. It was found that the cracks in the film can be greatly
reduced by using a biaxially pre-strained substrate. Another
method is to use a uniaxial compressive film for re-stretching.
In the literature, White et al® and Kaltenbrunner et al'* have
demonstrated stretchable polymer light-emitting devices and
stretchable organic solar cells, respectively, by using compressive
ultrathin devices. Alternatively, this situation can also be mitigated
by using thin strip geometries oriented along the long axis, which is
along the direction of the pre-strain.’® Clearly, the methodology
needed to avoid the cracks formed by the orthogonal compression
requires further investigation.

We emphasize that the transfer process presented here has several
exceptional functions and features for generating stretchable organic
memory. First, owing to the adhesive features and the ready-to-
conduct graphene underlay without other supports, it is possible to
transfer the memory devices onto stretchable electronics or circuitries
while eliminating the solvent issue. In addition, using the transferrable
organic memory with the graphene electrode may be beneficial for
solving the handling and processing issue in the fabrication of organic
memory devices on elastic polymeric substrates. Moreover, both of
the organic materials and the bottom Cu/CVD-graphene are
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compatible with roll-to-roll fabricating processes. Consequently, the
resultant stretchable organic memory may be beneficial for future
industrial large-area printing and modular manufacture.

CONCLUSIONS

In summary, we have successfully demonstrated proof-of-concept of a
stretchable organic memory device with a graphene bottom electrode,
which represents the first stretchable organic information storage
device. The stretchable organic memory was structured by the
mechanically flexible and elastic graphene bottom electrode and
polymer compound. Using a transfer method, we simply labeled the
organic memory onto a 50% pre-strained PDMS substrate without
any solvent issues or chemical treatment. After releasing the pre-
strained PDMS, the resultant organic memory showed buckled
structures and possessed typical WORM-type memory features with
a high ON/OFF current ratio (~ 10°). The buckled organic WORM-
type memory exhibited excellent retention of the coded ON state over
10*s and did not significantly degrade under re-stretching to less than
50% strain. In addition, the WORM-type memory functioned and
was programmed normally under various stretching conditions from
10% to pre-strain tension. In stretching duration tests, the pro-
grammed ON/OFF states preserved the original coded state even
under successive cycles of 30% strain up to 500 times while the device
retained normal functionality. We believe that the first demonstration
of stretchable organic WORM-type memory shown here will greatly
advance the development of stretchable digital information storage
devices for use in various soft electronic applications, such as
stretchable displays, wearable computers and artificial skin.
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