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biomedical devices.

Introduction

Flexible electronic devices'™ are expected to open a range of new
applications, including flexible displays,>” flexible radio fre-
quency (RF) identification devices,'’'* chemical sensors,'¢ '8
flexible large-area physical sensors,'”?* and actuators.?*?” One
promising application of flexible electronics that has been
attracting attention is sensors for the continuous monitoring of
bioinformation, such as pulse?®*° and body temperature.’'**
Such sensor devices would be used in direct contact with
human skin and should thus be mechanically flexible such that
they are imperceptible; in terms of hygiene, they should also
be easily and safely disposable, unlike conventional electronic
components.

Organic semiconductors are suitable for flexible electron-
ics, yet they are not unique solutions. Another attractive
approach is to utilize ultrathin silicon because it exhibits high
electronic performance with mechanical flexibility.*¢® Using
this approach, Rogers and co-workers demonstrated epider-
mal electronics® that can be directly laminated on the surface
of human skin to introduce electronic functionalities.

However, directly manufacturing sensors or electronic cir-
cuits on ultrathin polymeric films with thicknesses of several
micrometers or less is a difficult task using conventional semi-
conductor processes. As discussed in detail later, a reduction

Ultraflexible organic electronics

Takao Someya, Martin Kaltenbrunner, and Tomoyuki Yokota
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and their emerging applications. We describe progress on devices such as organic thin-
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in the total thickness of the devices can improve their
mechanical flexibility.*** Therefore, new materials, processes,
and device structures have to be explored. Organic thin-film
devices are expected to yield simultaneously large-area, low-
cost, lightweight, and flexible devices because they can easily
be fabricated on polymer films by printing processes such as
inkjet printing.**

In this article, we review recent progress on large-area,
ultraflexible, and stretchable organic electronics and related
technologies. In particular, ultraflexible organic thin-film
devices such as organic thin-film transistors (OTFTs),*?
organic photovoltaic (OPV) cells,** and organic light-emitting
diodes (OLEDs)**¢ are described. Next, emerging applications
using flexible organic devices are presented. Finally, other
relevant issues and future prospects are described.

Organic thin-film devices

Device and process design to reduce strain

Strain occurs whenever any device is bent,* and all semi-
conductor devices show performance changes in response to
strain or deformation. First, strain causes geometrical changes,
that is, changes in device dimensions such as the channel
length or width of a transistor or the thickness of an insula-
tor film. Such geometrical changes cause modifications in the
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device characteristics. For example, capacitance, expressed as
C = xA/d, changes when device dimensions 4 and d change,
where 4, d, and « represent the capacitor area, insulator thick-
ness, and dielectric constant, respectively. The properties of
semiconductors and insulators, such as mobility and dielec-
tric constant, are also sensitive to strain. Moreover, when the
strain exceeds the limit of plastic deformation, a device will
be irreversibly degraded or destroyed by rupture or delami-
nation. The conventional engineering solution to avoid these
problems is to reduce the thickness of the whole device.

The surface strain upon bending a film can be described
by the equation € = d/(2R), where &, d, and R are the surface
strain, the thickness of the film, and the bending radius,
respectively.’**’ The channel layers and electrodes in OTFTs
are typically 50 nm thick, whereas the gate dielectric layers
range in thickness from a few nanometers to 500 nm; as a
result, the total thickness of the device layers can remain
less than 1 pum. The total thickness of a device module is
usually determined by the thickness of the substrate; thus,
reducing the substrate thickness is an effective way to diminish

strain.

Theoretically, no strain is induced at the exact center of
the film along the thickness direction when the film is bent.
This center is referred to as the neutral-strain or neutral-plane
position. In principle, a device could be placed at the neutral-
strain position by precisely controlling the thickness of the
surrounding layers. However, because the actual thickness of
a device is greater than zero, some parts of the device layers
slip slightly from the neutral-strain position, causing perfor-

mance changes due to the strain.

Fabricating device structures with designs that suppress
strain effects is challenging for the following reasons: (1) Thinner
substrates are easily deformed because of tension or other
handling constraints, which makes their handling difficult.
Typically, a thin base film is mounted on a glass substrate
during device fabrication and then peeled off from the glass
when the fabrication is completed. However, the processes of
lamination and delamination are delicate. (2) Thin substrates
have a tendency to shrink during device fabrication. Lowering
process temperature compared to the corresponding pro-
cesses with thick films is therefore imperative. In particu-
lar, the difference in the thermal expansion coefficient of each
layer causes curling of films or cracks after high-temperature
processing. (3) The surface of plastic films is usually not
smooth enough for the direct fabrication of high-performance
devices. Indeed, the surfaces of commercial films are inten-
tionally roughened to reduce adhesion during roll-to-roll pro-
cessing. This roughness can be reduced by coating the film
with a surface planarization layer, but this increases the thick-
ness. (4) High-energy processes such as plasma processing
interfere with the flat surface of films, so such steps must be
minimized. (5) A device usually consists of layers of several
different materials. It is quite difficult to analyze or model fail-
ure modes because of differences in mechanical properties or

adhesion of each of these materials.
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Research has resolved these issues and has significantly
improved the mechanical durability of flexible organic devices.
Next, we review some of these efforts.

Ultrathin organic transistors

Many OTFTs used to be made on rigid substrates or thick
(typically several tens of micrometers) plastic films; however,
Sekitani et al. manufactured OTFTs on a 12.5-um-thick poly-
imide film, which is widely used in flexible circuit boards.*’
Because the surface of commercial polyimide is not sufficiently
smooth, it was coated with polyimide precursors and cross-
linked at 180°C to form a 0.5-um-thick surface planarization
layer. The surface roughness of the planarization layer was
0.3 nm rms, similar to that of silicon dioxide layers grown ther-
mally on carefully polished single-crystalline silicon wafers.
On this planarization layer, the researchers then sequentially
formed 20-nm-thick aluminum gate electrodes, a 6-nm-thick
hybrid dielectric of aluminum oxide (AlO,) and an organic
self-assembled monolayer (SAM),**% 30-nm-thick semicon-
ductor layers, and 50-nm-thick gold source/drain contacts.
The total thickness of the TFT was only 106 nm. After fabri-
cation of the OTFTs, the film was coated with a 13-um-thick
parylene encapsulation layer so that the device layers were in
the neutral-strain position. The hole mobility and on/off ratio
of these OTFTs were 1.2 cm?/(V s) and 109, respectively. The
films tolerated a minimum bending radius of 100 um without
any mechanical or electric degradation of the devices.

Further improvements in the properties of the OTFTs
can be expected by reducing the thickness of substrates.
In one case, OTFTs were manufactured on 1.2-um-thick
poly(ethylene naphthalate) (PEN) films.* The weight of the
finished device was 3 g/m?, or about 1/30th that of standard-
weight office paper, and the total thickness was 2 pm, which
is about 1/5th that of plastic kitchen wrap. This was possible
because of a novel technique to form a high-quality 19-nm-
thick insulating layer on the rough surface of the 1.2-um-thick
polymeric film.!® Aluminum gate layers were deposited on
the base film using a vacuum system. The gate-dielectric lay-
ers comprised anodic aluminum oxide and a phosphonic acid
SAM.%% A 30-nm-thick layer of the air-stable organic semi-
conductor dinaphtho[2,3-5:2',3'-f]thieno[3,2-b]thiophene® was
deposited by vacuum evaporation. Finally, gold layers were
deposited by vacuum evaporation as source/drain electrodes.
The channel length and width were 40 um and 500 pm,
respectively. The transistors exhibited a saturation hole mobility
of 3 em?(V s).

The organic-transistor p-type metal-oxide—semiconductor
integrated circuits (ICs) exhibited extraordinary robustness
even though they were 2 pum thick. Indeed, the electrical prop-
erties and mechanical performance of the ICs were practi-
cally unchanged, even when squeezed to reduce the bending
radius to 5 pm, crumpled like paper, or dropped from a height
of 1 m. Furthermore, amazing durability was demonstrated:
After the ICs had been immersed for more than two weeks
in physiological saline (with components that are the same as
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bodily fluids or sweat), no obvious deterioration in the electri-
cal properties was observed.

From ultraflexible to stretchable organic transistors
One of the unique features of transistors manufactured on
1-um-thick substrates is their applicability to stretchable elec-
tronics:*>61-63 Stretchability is needed to adapt to surfaces that
have non-zero Gaussian curvature. After fabrication of the
devices, the electronic film containing them is laminated onto
a prestretched elastomer by simple picking and placing. When
the strain in the elastomer is allowed to relax, adhesion between
the elastomer and the thin electronic foil transfers the strain
to the foil. The resulting network of out-of-plane wrinkles
accommodates subsequent tensile strain, which enables stretch-
ing of the device in the direction of the initial deformation of
the elastomer.*

To determine the minimum bending radii of the multiple
folds that form in the active area of the transistors, we ana-
lyzed cross-sectional scanning electron microscopy images of
a transistor undergoing 233% tensile strain. Despite the extreme
bending conditions, not only did the transistors remain fully
functional, but, because of the neutral-plane fabrication, there
was virtually no degradation in performance. We observed nei-
ther irreversible degradation nor an increase in gate leakage
current during the stretching experiment.

Mechanically adaptive electronics

Ultrathin OTFTs can be combined with shape-memory poly-
mers (SMPs)® to realize mechanically adaptive electronics.®
For this application, OTFTs are coated with a SMP layer. The
SMP layer can be partially polymerized; deformed into a
complex three-dimensional (3D) shape; and then fully cured,
allowing for the fabrication of 3D electronics.

In one example, Reeder et al. coated OTFTs with a
100-um-thick SMP layer using a transfer-by-polymerization
process.® Partially polymerized SMP films continue to poly-
merize at a low rate even after removal from UV exposure
through the thermally induced reaction of unreacted functional
groups at room temperature. For this reason, the OTFTs for
mechanically adaptive devices were fabricated on a separate
1.4-pum-thick poly(ethylene terephthalate) (PET) layer and
encapsulated with parylene before being coated with SMP,
thus minimizing the time between the partial polymerization
of the SMP and the reshaping of the device into a helix.
These encapsulated devices were then used for acute in vitro
stability tests. The adaptive OTFTs were conformed in vivo
using only physiological conditions to trigger softening of
the substrate.

Organic electrochemical transistors

In addition to organic thin-film transistors, organic electro-
chemical transistors (OECTs)*'"** have also been developed.
Because OECTs are very sensitive to potential fluctuations
induced by ions, such as electrophysiological signals, they have
attracted much attention as flexible neural interfaces.
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For example, Malliaras and co-workers manufactured OECTs
on ultrathin films for in vivo measurements of auditory responses
in a rat’s brain.”! These OECTs had a channel layer consisting
of the conducting polymer poly(3,4-ethylenedioxythiophene)
doped with poly(styrene sulfonate) (PEDOT:PSS), in direct
contact with an electrolyte. Malliaras and co-workers formed
OECTs on 2-um-thick parylene with very large transconduc-
tance in the millisiemens range.!

The operating speed of OECTs is inversely proportional to
the total volume of the active layer, so both the channel length
and width were reduced to 10 um. This device exhibited con-
stant DC transconductance up to a frequency on the order of
1kHz, which is high enough to detect signals from neurons
without deforming the waveforms. The total thickness, includ-
ing substrate and encapsulation layers, was as small as 4 pm.
Because of this very small thickness, the device did not expe-
rience mechanical failure even when crumpled. Making full use
of mechanical conformability, the device was directly applied
to the surface of a rat’s brain as an electrocochleography probe
and exhibited better signal-to-noise ratio than surface electrodes
due to local amplification.

Printed organic transistors

In addition to organic transistors manufactured by vacuum
deposition and photolithography, as described so far, organic
transistors have been manufactured by printing on ultrathin
films for low-cost, wearable electronic applications. For
example, Tokito and co-workers fabricated p-channel organic
transistors and inverter circuits using only printing processes
on l-pum-thick polymeric films.*® The parylene films were
deposited on glass plates by chemical vapor deposition. The
surface of the parylene was coated with a 130-nm cross-linked
poly(vinylpyridine) (PVP) layer for reduced surface roughness
(0.18 nm rms). The surface of the PVP layer was treated in an
oxygen plasma to improve wettability. The control of surface
smoothness and wettability is very important for forming multi-
functional layers by printing. The OTFTs were formed by inkjet
printing and removed from the glass plates after fabrication. The
printed OTFTs exhibited a hole mobility of 1.0 cm?/(V s) at an
operating voltage of 10 V and on/off ratios exceeding 10°. Printed
OTFTs are expected to enable cheap and environmentally
friendly large-area circuits for novel wearable applications.

Ultrathin organic solar cells

OPV cells* are highly promising devices for solar energy
generation. Primary benefits of OPV cells are low cost, low
weight, flexibility, and compatibility with reel-to-reel pro-
cessing for high-volume production. These organic solar cells
can be fabricated on ultrathin substrates without degrading
the power-conversion efficiency as compared to that of their
glass-substrate counterparts.>*

We have developed a method for fabricating ultrathin,
lightweight, flexible, and compliant OPV devices on only
1.4-um-thick PET substrates (see Figure 1). We obtained
solar cells with a 4.2% power-conversion efficiency that
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Figure 1. This ultrathin organic photovoltaic device is the
thinnest ever fabricated. Reproduced with permission from
Reference 54. © 2012 Nature Publishing Group.

weighed as little as 4 g/m?. This resulted in an unprecedented
specific power of 10 W/g, the highest value achieved for all
solar cell technologies at that date. The extremely low weight
and high specific power output are advantageous for mobile
applications, such as power supplies for stress-free healthcare
devices or remote sensing applications.* The high flexibility
of these devices allows them to be wrapped around a human
hair and to reversibly attain a tensile strain of more than 300%
when placed on an elastomeric support.

Ultraflexible OLEDs
Recently, the use of OLEDs for displays and lighting has
become commonplace (see Figure 2). OLED displays can
be superior to conventional liquid-crystal displays (LCDs) in
terms of power consumption, color reproducibility, and response
speed; as a result, they are replacing LCDs in numerous appli-
cations. Nevertheless, further reductions in weight and thick-
ness are still desirable. We have demonstrated® a technique
for forming organic semiconductor materials on an ultrathin
1.4-pum-thick polymeric film. We succeeded in developing the
world’s lightest (3 g/m?) and, simultaneously, the world’s thin-
nest (2 pm) mechanically flexible ultrathin polymer OLEDs
with this technology.®

The key to this success is low-temperature processing
that enables OLEDs to be fabricated on a rough 1-pum-thick
polymeric film without impairing their mechanical properties.

==

ULTRAFLEXIBLE ORGANIC ELECTRONICS .=.» *

Instead of using an indium tin oxide transparent electrode
that requires high-temperature and high-energy processing,
we employed a conductive polymer, PEDOT:PSS, that can be
fabricated at low temperatures.

These ultrathin OLEDs allowed crumpling during device
operation (see Figure 2). They were found to be extremely
flexible, with radii of curvature under 10 pm, with an operating
display luminance of 100 cd/m?. These OLEDs were as flex-
ible as rubber when placed on soft and stretchable elastomers.*
We expect that these soft, ultrathin, and ultralight OLEDs will
be very useful in various fields: For instance, they could
become OLED lighting fixtures that can be applied to almost
any surface for ultraflexible OLED displays and as light sources
for imperceptible healthcare sensors.

Integrated circuits and systems on foils

Design

A practical system design for a specific application can require
a combination of different types of electronic components
such as processors, amplifiers, communication systems, bat-
teries, memory, sensors, and displays. When more types of
components become available, higher performance and more
opportunities can be expected. This means that flexible large-
area systems cannot be developed if only one component is
mechanically flexible. Because different flexible components
are still being developed, system design requires a combina-
tion of existing rigid parts as well as newly developed flexible
parts.

When mechanical durability varies for different compo-
nents, it is desirable to place mechanically fragile components
in less bendable locations. Such techniques are commonly
used in flexible circuit boards. Indeed, in flexible printed cir-
cuit boards (FPCBs), pliable elements such as metal wiring
are formed on flexible polyimide film, whereas the rigid chip
is placed on the stiff parts of the FPCBs. Similarly, it is effec-
tive to locally change the stiffness of a flexible substrate for
a flexible device system and carefully choose the position of
each component, depending on its mechanical durability.

A fundamental question that arises is which component
should be mechanically flexible to design flexible systems.
The answer is not straightforward and depends on the appli-
cation. It is clear that components that are placed directly on

Figure 2. Organic light-emitting diodes (OLEDs) manufactured on a 1-um-thick polymeric substrate. The OLEDs continue operating
even when subjected to extreme deformation (crumpling, in this case). Reproduced with permission from Reference 55. © 2013 Nature
Publishing Group.
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curved surfaces must be flexible, and this category includes
displays and sensors. For this reason, the research and devel-
opment of flexible electronics began with displays and sensors
and has gradually expanded to more advanced elements such
as processors and wireless radio circuits.

To design such a flexible system, it is important to pay
attention to the compatibility of all elements, in terms of both
their processing requirements and their electrical performance.

One of the unique features of flexible devices is the pos-
sibility to integrate multiple functions simply by lamination.
Specifically, display units, driving circuits, sensors, and other
components can be separately manufactured on different films
and then laminated together. The advantage of this approach is
that the compatibility of the processes for manufacturing each
sheet need not be considered.

It is also important to address the following disadvantages of
lamination: First, the ease of bending can be impaired because
the total thickness is increased. Second, when the sheets are
not electrically independent, electrical connections between
the sheets are needed. Because a flexible sheet has limited
dimensional stability, it is difficult to realize large numbers
of electrical connections. It is even harder to ensure the reli-
ability of these contacts when the device is bent during use.

In contrast, integration of all of the components on a
single film requires process compatibility during production.
However, the reduced total thickness of the system improves
its mechanical durability.

Once the processes are chosen and the system is designed,
the electrical characteristics of each component can be roughly
estimated. However, when elements are integrated, interlayer
films can prevent an integrated device from realizing the
properties achieved in isolation. It is also not unusual for the
characteristics of displays or other devices that undergo com-
plicated processes to degrade. For example, the mobility of a
transistor can be degraded by an order of magnitude.

For system design, it is necessary to ensure that these
potentially degraded electrical properties of integrated devices
still meet the specifications. For display applications, for
example, these specifications depend on the display media such
as light emitters. Improving the performance of transistors
in driving circuits makes more reliable design possible and
allows the operating frame rates to be increased.

Recently, various types of flexible components have been
reported. With flexible and stretchable batteries,®* " proces-
sors,”! and memory’>7’ becoming available, more complex
devices with good electrical properties can be achieved using
only flexible devices, enabling entire systems with mechanical
flexibility throughout.

Flexible displays

Flexible displays have been a key driver of the development
of flexible electronics, and they continue to inspire lighter and
thinner devices.” Flexible devices have been used for these
displays to improve integration, uniformity, reliability, and
electrical performance. Such devices, fabricated on plastics,
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achieve the better durability needed for mobile electronics or
wearable electronics, and bendable displays allow the design
of uniquely shaped products. Because they showcase cutting-
edge devices, the performance of flexible displays plays a
benchmark role even for other applications.

The leading candidates for flexible displays are OLEDs
for self-emission applications and electrophoretic displays for
passive, electronic-paper applications. Many excellent books
and reviews on flexible displays are available,>® so here, we
briefly describe a few recent achievements in this area.

High-definition, full-color, active-matrix flexible OLED
displays™® have been commercialized. Thin polyimide films
are coated onto glass plates, on which OLED displays based
on low-temperature polycrystalline silicon are manufactured.
The polyimide bearing the devices is removed from the glass
plates after fabrication. Such flexible OLEDs can be perma-
nently applied to the curved surfaces of the corners of smart
phones, for example. Furthermore, Sony reported 4.1-in.
rollable full-color organic displays with a resolution of 121 ppi
formed on 80-um-thick films. Movies can be shown on these
displays even after they have been rolled repeatedly to a
radius of 4 mm.

Reduction in the manufacturing costs of flexible displays is
very important. In this context, the manufacturing of flexible
devices using printing processes has attracted much attention.
Ricoh has reported all-printed flexible displays with a resolu-
tion of 200 ppi,*! and Toppan Printing has realized all-printed
electrophoretic flexible displays for use in price tags.®

Flexible sensors

Various types of flexible sensors have been manufactured on
flexible substrates. Although both chemical and physical sen-
sors are available, we focus here on physical sensors, such as
pressure, strain, thermal, and magnetic sensors. As for con-
ventional sensors on rigid substrates, it is important that flexi-
ble sensors meet requirements of reproducibility, reversibility,
and sensitivity. Characteristics of linearity, dynamic range,
and response time are also crucial. Additionally, flexible sen-
sors have the challenge of minimizing motion artifacts, that
is, changes in sensing properties induced by deformation, a
problem not found in rigid sensors.

Many groups have reported flexible pressure sensors. For
example, Bao and co-workers reported ultrahigh-sensitivity
pressure sensors.”® They fabricated novel pyramid-shaped
elastomers by molding and used these elastomers as the gate
dielectric layers of organic transistors. A pressure sensitivity
of over 30 Pa was achieved. The flexible sensors could be
directly attached to the wrist, for example, to monitor pulse rate.

Electronic artificial skin (e-skin) is one promising applica-
tion for flexible pressure sensors. To realize multipoint
detection, one of the major issues is the vast extent of wiring
required for data readout. Indeed, human skin consists of mil-
lions of pain points. Tactile sensors for robots are usually
assembled with discrete devices, each with individual wiring;
thus, the number of pressure sensors in the case of robots is
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limited and far less than the density of sensory receptors in
human skin. To increase the number of sensor cells and to
realize scalable design schemes, active data readout is an ideal
solution. Toward this end, an active-matrix 16 x 16 pressure
sensor matrix was demonstrated.'”* A similar design was also
applied in photodetectors® and other applications to realize
multipoint detection with different sensing functions.*

Biosignal detection

Whereas robotic skin is targeted toward machine applications,
sensor applications for constant monitoring of bioinformation,
such as pulse rate and body temperature, have been attracting
attention. Because such sensor devices would be used in direct
contact with human skin (see Figure 3), they need to be flex-
ible, imperceptible, and capable of wireless data transmission.

As one of the emerging applications of ultrathin organic
devices, a 64-channel surface electromyogram (EMG) mea-
surement sheet was manufactured for prosthetic hand control.*®
Because the signals of interest are very small, their reliable
readout usually requires amplifiers. To place amplifiers as
close to the signal source as possible, flexible amplifiers are
needed. A distributed and shared amplifier architecture, based
on 2-V organic transistors on an ultraflexible PEN film, enabled
in situ amplification of the myoelectric signal with a factor-of-4
increase in EMG electrode density. A postfabrication select-
and-connect method reduced the transistor mismatch and the
power by 92% and 56%, respectively, compared with those of
conventional parallel transistors.

In addition to electric signals, light sensing also plays an
important role in wearable electronics. Some commercial
watch-type wearables already contain pulse monitors with
rigid photonic sensors, but it will be advantageous to replace
them with ultrathin organic devices. In this context, Arias and

Figure 3. Organic thin-film transistors manufactured on a
1-um-thick polymeric substrate are able to tightly conform to a
model of the human upper jaw.*° Reproduced with permission
from Reference 49. © 2013 Nature Publishing Group.
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co-workers have developed an all-organic pulse monitor with
combined OLEDs and an organic photodetector.?? Although
the device was separately manufactured on glass and assembled
afterward, it demonstrates the promise of organic photonic
Sensors.

System integration

The availability of diverse and functional components for
flexible electronics allows the design of increasingly complex
systems. One recent example is a flexible fever-alarm arm-
band that generates electricity from indoor illumination and
produces a sound upon the detection of fever. The armband
includes an organic IC, a temperature detector, flexible
solar cells, and a piezoelectric film speaker.®® The temperature
detector and organic IC are fabricated on a polymer film.
Because the operation is powered by electricity generated
from indoor illumination, the changing of batteries is not
required.

This flexible fever-alarm armband has three notable fea-
tures. The first is an adjustable detection temperature, which
was realized using a newly developed variable-resistance
temperature detector formed on a flexible polymer film.% The
second is a flexible electronic buzzer comprising an organic
IC and a piezoelectric film speaker. To our knowledge, this
was the first report of sound generated using an organic IC.
The third is a power-supply circuit that enables the use of
the flexible fever-alarm armband in rooms with illumination
at various light intensities. This device also represents the
first known demonstration to realize a power-supply circuit
consisting of organic transistors alone. The principles of this
research are expected to be applicable to a wide variety of fields.
Specifically, the design can accommodate other sensors, such
as those for moisture or pressure in addition to temperature,
suggesting interesting possibilities for the future.

Summary and future prospects

Recent progress in organic large-area flexible electronics
has been described in this article. We have focused on the
development of organic devices manufactured on ultrathin
polymeric films with thicknesses of 1.2 um or 1.4 pm. As the
total thickness is reduced, one can expect both reductions in
weight and improvements in mechanical flexibility, yielding
excellent conformability. Indeed, organic devices have been
directly attached to the surfaces of complicated 3D objects,
such as the human upper jaw (see Figure 3), as well as those
of moving objects, such as a living, beating heart. Thanks
to recent intensive research efforts, both the electronic per-
formance and the mechanical durability of ultrathin organic
devices have improved significantly.

For new applications of ultraflexible organic devices, some
issues need to be solved in the near future. One critical issue is
the environmental stability of organic devices. On rigid sub-
strates, organic devices have high reliability thanks to good
encapsulation technologies. For devices on ultrathin films,
however, such technologies are usually either incompatible
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or perform poorly. For this reason, it is important to develop
good encapsulation layers that are compatible with ultrathin
films. Simultaneously, it is important to improve the environ-
mental stability of organic devices themselves by developing
air-stable organic semiconductors.

Another issue is the need to establish reliable interfaces
between ultraflexible and rigid/semirigid devices. As dis-
cussed with regard to system design, multiple electronic com-
ponents are needed to build sophisticated electronic systems.
It is clear that flexible systems have to be combined with con-
ventional silicon-based components that would be responsible
at least for signal processing and wireless data transmission.
However, mechanically connecting rigid and ultraflexible
devices is not a trivial issue. Indeed, when hybrid sys-
tems combining rigid and flexible components are bent, large
strains are induced locally at points where the material stiff-
ness changes. Ways to gradually change material stiffness
would be effective in minimizing the risk of strain-induced
mechanical failures.®°

The last issue is the importance of developing flexible
passive elements that are compatible with processes used
on ultrathin films. Circuits for wireless data transmission and
power transmission need inductive or capacitive elements. In
addition, amplifiers and other analog circuits need high-
performance and high-precision passive elements. The ulti-
mate performance of passive elements is limited by the mate-
rial properties themselves, such as conductivity and dielectric
constant. However, it is difficult to obtain good performance
on ultrathin films because all of the elements are fabricated
by room-temperature processes, which can differ from the
optimized high-temperature processes. The development of
new materials and processes that exhibit high conductiv-
ity and high dielectric constants at room temperature is key
to further advancing the frontiers of ultraflexible devices
that will play an important role in wearable and implantable
electronics.
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