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Self-powered ﬂexible inorganic electronic systems have been demonstrated to be the core of
next-generation electronics due to their lightweight, thin, self-sustainable and biocompatible
properties, which are applicable to cramped or corrugated surfaces. Many researchers have
studied myriad approaches for high performance ﬂexible electronics, e.g. energy harvesters,
batteries, high-density memories, large-scale integration (LSI), light-emitting diodes (LEDs),
and sensors. Moreover, innovative devices for in vivo biomedical applications have been
demonstrated on curvilinear and isolated regions of human bodies for detecting or even
treating diseases. This paper reviews recent advances in self-powered ﬂexible inorganic
electronics, covering material selection, mechanical design, fabrication method and their allin-one integration on a single plastic substrate.
& 2014 Elsevier Ltd. All rights reserved.

Introduction
The inorganic based semiconductor industry has led epochmaking advances in information technology (IT) for the past
half century. During that time, the main focus of modern
electronics has been pursuit of high performance, large size
and huge energy-consuming applications such as data
n
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servers and personal computers. Recently, with the advent
of high-tech ﬂexible technologies, future electronics will
change this paradigm to lightweight, thin, ﬂexible and selfpowered systems with human-friendly interfaces.
Many researchers have demonstrated advanced approaches
to self-powered ﬂexible inorganic devices, including energy
harvesters [1,2], batteries [3,4], high-density memories [5,6],
large-scale integration (LSI) [7,8], light-emitting diodes (LEDs)
[9,10], and sensors [11–13]. In addition, there have been several
efforts to realize multifunctional self-powered ﬂexible systems
that combine these ﬂexible units on a single plastic substrate
[14,15]. Such systems can be placed on unconventional surfaces
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Figure 1

Schematic illustration of self-powered ﬂexible inorganic electronic systems.

where traditional bulk devices are difﬁcult to access and install,
such as spatially-isolated and curvilinear regions of infrastructures and human bodies [7,12,14,15].
Self-powered ﬂexible electronic systems are especially
promising for in vivo biomedical applications since biological
elements are composed of highly-cramped and totally isolated conditions. High performance ﬂexible inorganic materials are capable of maintaining their functional properties in
warm and humid environments [7,9,16,17]. In light of these
aspects, human-integrated therapeutic and monitoring systems can be accomplished by the following approaches,
schematically demonstrated in Figure 1. Fully-integrated
ﬂexible inorganic-based devices (e.g., self-powered energy
source, battery, processing integrated circuit (IC), LED,
wireless communication, and antenna) can be conformally
implanted and attached to a human body to cure diseases. A
ﬂexible energy harvester can generate electricity from the
tiny biomechanical movement of human muscle to charge a
ﬂexible battery. The battery drives the main processing units
(MPUs), LED-based sensor/stimulators and wireless communication modules for treatment of cardiac/brain disorders or
the monitoring of vital signs such as blood pressure, pulse
rate, oxygen level, and body temperature.
Since the heart, diaphragm, and shoulders move consistently as long as a human is alive, this system can be
permanently operated by the abundant biomechanical
energy of these sources, without battery replacement, which
is a painful and dangerous operation for senior patients
[18,19]. The collected physiological information is subsequently transmitted to external devices like smartphones by
wireless RF communication. In vivo self-healing devices such
as self-powered cardiac pacemakers and phototherapy tools
can be also incorporated through the use of artiﬁcial electric
or optogenetic stimulation [19,20].
This review paper introduces a brief overview of elemental devices and breakthrough approaches for realizing
self-powered ﬂexible inorganic electronic systems, including concepts, materials, devices and technologies. Continuing progress in these areas will open a new era of ﬂexible
ubiquitous systems, providing novel solutions for urgent

issues facing humankind, including safety, environment,
and healthcare monitoring.

Piezoelectric energy harvesters
In our daily surroundings, mechanical energy is more accessible than solar or thermal energy, because it is not restricted
by time, place, or weather [21]. These mechanical and
vibrational sources can potentially enable practical applications, not only electronic devices but also diverse sensor
networks [22,23]. Several strategies have been studied for
converting mechanical energy, such as electromagnetic
induction [24], electrostatic generation [25,26], triboelectric
electriﬁcation [27], and piezoelectricity [21,28,29]. In particular, energy harvesting technologies using piezoelectric
materials have attracted huge attention due to their ability
to directly convert mechanical energy into electricity. A
variety of piezoelectric devices (e.g., actuators, sensors,
etc.) have been already commercialized in integrated electronics. However, the brittleness of their bulky ceramic
materials places fundamental limitations on ﬂexible applications, and produces low compatibility with curvilinear surfaces and poor responsiveness to tiny motions [22].
Flexible piezoelectric energy harvester, called nanogenerator (NG), can provide excellent energy conversion due to
its high ﬂexibility, light weight, and compatibility with
plastic substrates [2,19,30–32]. Although the operating
power required for high-end consumer electronics is still
about 10 times higher than current nanogenerator technology (a few mW, Figure 2) [21], it is noteworthy that a selfpowered cardiac pacemaker and several commercial electronic devices have been successfully operated with instantaneous responses to the minute strain produced by the
slight bending motions of ﬂexible substrates [19,32,33].
Nanoscale bottom-up piezoelectric materials have
received enormous interests because they can achieve high
electromechanical coupling from ﬂexible biomechanical
energy. Wang et al. have reported the observation of
strain-induced voltage generation in vertically aligned ZnO
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Figure 2 Power consumption of consumer electronics.

piezoelectric nanowires (NWs) on a GaN/sapphire substrate,
using atomic force microscopy (AFM), as illustrated in
Figure 3a [1]. When a constant force of 5 nN from the AFM
contact mode was applied to the top of the ZnO NWs
(Figure 3b), a sharp output voltage was observed for each
corresponding contact position. A delay phenomenon was
observed in the voltage signals in an analysis of the
topographical map and the potential distribution of NWs
(Figure 3c). Recently, Wang and coworkers signiﬁcantly
improved the performance of the ﬂexible energy harvester
using densely grown ZnO NW arrays on a plastic substrate,
fabricated by a low temperature growth method (Figure 3d)
[29,34]. The output voltage and current were up to 10 V and
600 nA at a strain of 0.12% and a strain rate of 3.56% s  1
(power density of 10 mW m  3), sufﬁcient to operate CMOSbased wireless communication for signal transmission at a
distance of 5–10 m (Figure 3e) [21,34].

Flexible thin ﬁlm energy harvesters
Perovskite crystal structured materials are exceedingly efﬁcient and reliable for piezoelectric energy harvesting devices
due to their high electromechanical coupling coefﬁcient
(d33). For instance, BaTiO3 (BTO), PbZrxTi1 xO3 (PZT) and
Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT) perovskite materials exhibit 3, 25 and 90 times higher d33 values compared to wurtzite
ZnO materials, respectively [35]. PZT and BTO cantilevertype generators stimulated at resonance frequencies could
realize an energy conversion efﬁciency above 80% [23].
However, general piezoelectric ceramics are brittle and bulky
with limited capacity for ﬂexible deformation. Although
several efforts have been made to develop NWs-based
perovskite nanogenerators, bottom-up approaches have the
drawbacks of difﬁcult synthesis and low performance [36–39].
Park et al. demonstrated an eco-friendly ﬂexible BTO thin
ﬁlm energy harvester using the soft lithographic transfer of
well-crystallized perovskite materials [2]. Note that these

printing techniques overcome the thermal incompatibility
between high temperature processes and plastic substrates,
by transferring piezoelectric thin ﬁlms which have been
previously crystallized by 700 1C annealing on Si sacriﬁcial
substrates. Since it is essential to obtain crystallized and
high quality perovskite materials for excellent energy
conversion, the printing method is an optimal approach
for a ﬂexible nanogenerator [40,41]. However, the output
performance of the BTO thin ﬁlm nanogenerator (voltage of
1.0 V and current of 26 nA) was not sufﬁcient to operate
commercial electronics. This was due to the narrow horizontal length of the piezoelectric active regions, inevitably
resulting from the wet etching of the sacriﬁcial layer.
To overcome the size limitation of piezoelectric thin ﬁlm
on plastics, Hwang et al. developed a Ni ﬁlm induced
exfoliation strategy for transferring the entire area
(1.7 cm  1.7 cm) of a single crystalline PMN-PT ﬁlm onto a
ﬂexible substrate [19]. The PMN-PT thin ﬁlm energy harvester was able to scavenge tiny biomechanical bending
motions to generate electricity with high output current of
up to 0.223 mA and voltage of 8.2 V. This result illustrates
how having a sufﬁcient piezoactive area is extremely crucial
for high performance ﬂexible energy harvesting. The PMN-PT
nanogenerator not only charged a coin cell battery, but also
stimulated a living rat's heart as a self-powered cardiac
pacemaker (Figure 4a). Figure 4b presents the animal
experiment, with surgery on a rat's thorax, for stimulating
the heart by regulating the heartbeat. Using the output
current signals generated during bending/unbending motions
(inset of Figure 4b and Figure 4c), the corresponding sharp
pulses of the PMN-PT energy harvester clearly stimulated the
rat's original heartbeat, as indicated by the electrocardiogram (ECG), shown in Figure 4d.
A high performance PZT thin ﬁlm nanogenerator using an
inorganic-based laser lift-off (ILLO) method was also introduced, combined with a cost-effective sol–gel thin ﬁlm
process [32]. The wafer-scale PZT thin ﬁlm, crystallized at
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Figure 3 (a) SEM image of vertically aligned ZnO NWs grown on a GaN/sapphire wafer. (b) Electricity generation by the
deformation of a piezoelectric ZnO NW using the direct contact of conductive AFM tip, which scans across the NWs. (c) The plots of
the topology of ZnO NW arrays (red line) and the corresponding generated piezopotential (blue line) measured by the AFM analyses.
(d) Cross-sectional SEM image of the densely grown NW textured ﬁlm on the polystyrene (PS) substrate. The inset is the top view of
the NW ﬁlm. (e) A prototype schematic of an assembled self-powered system using a piezoelectric nanogenerator for mechanical
energy harvesting. (a–c) Reproduced with permission from [1]. Copyright 2006, Science (AAAS). (d,e) Reprinted with permission from
[34]. Copyright 2011, American Chemical Society.

650 1C, was then transferred from a bulk sapphire wafer to a
ﬂexible substrate by backside irradiation with an excimer
laser. An image of the ﬂexible PZT thin ﬁlm nanogenerator
with interdigitate electrodes (IDEs) is shown in Figure 4e.
During periodic deformation of the PZT thin ﬁlm energy
harvester (3.5 cm  3.5 cm), the output voltage and current
reached up to 250 V and 8.7 μA, respectively, the highest
generated voltage among previously reported ﬂexible piezoelectric nanogenerators. This ﬂexible energy harvester was
able to directly turn on over 100 blue LED bulbs without any
external energy source (Figure 4f). The detailed mechanism
and procedure of the ILLO process will be described in a
later part of this review paper.

Nanocomposite generators
In 2012, Park et al. demonstrated a nanocomposite generator
(NCG) fabricated by mixing piezoelectric BTO nanoparticles
(NPs) and graphitic carbon (carbon nanotubes (CNTs) or

reduced graphene oxide) with a polydimethylsiloxane (PDMS)
matrix (Figure 5a) [30]. This nanocomposite-based piezoelectric generator can provide unique advantages, enabling
cost-effective and large-area infrastructural applications, by
excluding the vacuum chamber required by standard semiconductor processes. In the NCG devices, the CNTs or other
conductive nanomaterials act as physically dispersing and
mechanically reinforcing agents for effective piezopotential
distribution and power generation [18,30,42]. Another important feature of the graphitic carbon is its role as an
‘electrical nanobridge’, providing conduction paths to reduce
the internal resistance of the piezoelectric nanocomposite
(p-NC) layer. The piezopotential produced by mechanical
deformation vanished in the RC discharging process with a
time constant (τ), as in the following Eq. (1),
τ ¼ ðRN þ RL Þ  CN

ð1Þ

where RN, RL, and CN are the internal resistance of p-NC, the
load resistance of circuit, and the capacitance of p-NC,
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Figure 4 (a) Illustration ﬁgures of a fabricated ﬂexible PMN-PT piezoelectric energy harvester and its biomedical application for
cardiac pacemaking. (b) Digital photograph of the surgery experiment on an alive rat for the stimulation of the heart. The insert is a
photo of ﬂexible PMN-PT thin ﬁlm stimulator used in the experiment. (c) Output short-circuit current from the ﬂexible PMN-PT thin
ﬁlm energy harvester by ﬁnger ﬂicking. (d) Considerable artiﬁcial peaks of the rat's ECG caused by the stimuli using the ﬂexible PMNPT energy harvester. (e) A large-area PZT thin ﬁlm energy harvester (3.5 cm  3.5 cm) on a glass cylinder (a radius of 1.5 cm). The
inset presents a transferred large-area PZT thin ﬁlm on a PET substrate from a sapphire wafer by the LLO method. (f) A captured
photograph showing the turned on 105 blue LED bulbs in serial connection by the generated electrical energy from the PZT thin ﬁlm
energy harvester. The inset presents the operated LEDs in a darkroom. Reproduced with permission from [19,32]. Copyright 2014,
John Wiley and Sons.

respectively. Therefore, the low internal resistance can
result in a short lifetime which leads to the increasing
amplitude of output voltage peaks [30,43].
To further enhance the output performance of the NCG,
there have been several efforts to replace the piezoelectric
particles with materials having higher piezoelectric coefﬁcients, such as PZT and alkaline niobate particles [18,42].
Large-area NCG devices (30 cm  30 cm) could be fabricated
by bar/roller-coating or doctor-blade methods, as shown in
Figure 5b. A large-scale NCG, stimulated by hand slapping,
generated output voltage of above 140 V and current of
about 10 μA, directly operating commercial red-green-blue
(RGB) LED bulbs in serial connection.
Kim et al. reported unidirectional high-output generation
using a composite-type hybrid piezoelectric nanogenerator
based on ZnSnO3 nanocube particles without carbon nanomaterials [44]. Under a rolling automobile tire, the nanogenerator

successfully converted the car movement into electrical energy
with voltage of 20 V and current density of 1 μA cm  2
(Figure 5c). Highly aligned and dense PZT nanoﬁber arrays
fabricated by electrospinning were also assembled into a PDMS
matrix to make a high-output nanogenerator, which was able to
stimulate the sciatic nerve of a frog and induce the contraction
of the gastrocnemius muscle [45]. Composite-based nanogenerators using 1D piezoelectric nanomaterials such as BTO,
KNbO3, NaNbO3, and PMN-PT nanostructures have been also
developed [46–50]. These 1D composite nanogenerators are
highly attractive for large-scale energy harvesting applications
because the 1D piezoelectric structures can be well dispersed in
the polymeric matrix by themselves without additional dispersal
agents like CNTs.
Jeong et al. introduced the 1D synthesis of bio-templated
piezoelectric BTO nanomaterial for a ﬂexible energy harvester, which was prepared by using the M13 virus as a

116

S.H. Lee et al.

Figure 5 (a) Schemes of the fabrication for the NCG device composed of BTO NPs, CNTs, and PDMS matrix. (b) A photograph of the
large-area NCG device (30 cm  30 cm) fabricated by the Mayer bar-coating method. (c) The experimental setup for electricity
generation using a composite-based nanogenerator under the rolling of an automobile wheel tire. Reproduced with permission from
[30,42,44]. Copyright 2012, 2013, and 2014, John Wiley and Sons. (d) (i–iii) Schematic ﬁgures of the fabrication procedure for the
virus-templated ﬂexible nanogenerator. (iv) A digital photo of the nanogenerator and (v) an SEM image of well-entangled BTO
nanostructures in the PDMS matrix. Reprinted with permission from [51]. Copyright 2013, American Chemical Society.

starting material [51]. The M13 virus was genetically
modiﬁed to display triple glutamate groups (E3) on the
outside of the p8 capsid protein. An intermediate virusmetal ion complex was utilized to prepare the virustemplated BTO 1D nanostructure. The ﬁlamentous form of
the M13 virus resulted in the uniform dispersion of anisotropic piezoelectric BTO nanostructures, which is crucial for
the generation of effective piezopotential. The biotemplated BTO nanostructures exhibiting high crystallinity
and effective piezoelectricity were incorporated into an
elastomeric matrix to fabricate a bio-inspired inorganicbased piezoelectric energy harvester (Figure 5d).

Flexible lithium ion batteries
Recently, the need for high performance ﬂexible lithium ion
batteries (f-LIBs) has dramatically increased as ﬂexible displays come close to commercialization for future mobile
electronics [52]. The key requirements for ﬂexible batteries
are high energy density, charge rate, stability, and durability
[53–56]. However, the electric capacity of f-LIBs is still
immature to operate wearable/ﬂexible applications because
of much thinner active areas compared to conventional
massive LIBs which are generally composed of carbon-based
anodes, lithium oxide-based cathodes, polymer separators,
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Figure 6 (a) Photograph of an all-ﬂexible LED system operated by a ﬂexible LIB, and schematic diagram of fabrication steps for the
ﬂexible LIB: (i) high temperature deposition process of LIB layers on a mica substrate, (ii) delamination of the mica substrate using adhesive
tape, (iii) transfer of thin active layers onto a PDMS substrate, (iv) encapsulation with another PDMS layer for mechanical stability.
(b) Voltage retentions test during 20,000 bending cycles. Inset: ﬂat (left) and bent (right) state of the ﬂexible thin ﬁlm LIB. Reprinted with
permission from [3]. Copyright 2012, American Chemical Society. (c) A conceptive image of multi-stacked thin ﬁlm LIBs. (d) Operation of
stretchable battery in biaxially stretched state. Reproduced with permission from [61]. Copyright 2013, Nature Publishing Group. (e) A
picture of cable type LIB with excellent mechanical durability. Reproduced with permission from [62]. Copyright 2012, John Wiley and Sons.

and carbonate-based organic liquids as the electrolyte [57].
This traditional conﬁguration of LIBs lacks mechanical ﬂexibility, mainly due to the materials themselves: the rigid
nature of ceramics, poor interconnection of active components, and unstable performance in ﬂexible deformations [58].
The major innovations in f-LIBs are related to the
development of materials and device structures, thus it is
critical to consider the selection of high quality ﬂexible
electrodes [59,60]. Gwon et al. introduced carbon-based
electrode materials based on multi-functional graphene
papers [4]. Graphene oxide was dispersed by vacuum
ﬁltration on a 2 μm thick paper, and showed conductivity
of 8000 S m  1 with mechanical ﬂexibility. In addition, the
modulation of V2O5 deposition or pre-lithiation was shown
to change the electrode polarity of the graphene papers, for
applications as either a cathode or an anode.
Despite enormous research efforts focused on unit electrodes, the full-cell packaging of f-LIBs is still at a preliminary stage. Koo et al. demonstrated the ﬁrst full-cell
ﬂexible thin ﬁlm LIBs and its application for an all-in-one
ﬂexible electronic system (Figure 6a) [3]. All-solid-state
thin ﬁlm LIBs were constructed on a bulk mica substrate

including lithium cobalt oxide cathode (LiCoO2, crystallized
at 700 1C), lithium phosphorous oxinitride (LiPON) electrolyte and lithium (Li) anode (Figure 6a-i). The sacriﬁcial mica
substrate was then removed by physical delamination,
following weakening of the layered mica during high
temperature annealing of the LiCoO2 cathode electrode
(Figure 6a-ii). After physical removal of the sacriﬁcial
substrates, the thin active battery layers were transferred
onto ﬂexible substrates (Figure 6a-iii) with another encapsulation layer (Figure 6a-iv) to settle the device on a neutral
mechanical plane. The thin ﬁlm f-LIBs exhibited high
electrical performance (charging voltage of 4.2 V and
capacity of 106 μAh cm  2) and excellent durability after
20,000 bending cycles (Figure 6b). This approach will
provide the multiple transfer of a multi-stacked thin ﬁlm
battery for high energy density (Figure 6c), which has
previously been impossible because of material damage to
the LiPON electrolyte caused by the subsequent high
temperature processing of second layer LiCoO2 cathodes.
Xu et al. have demonstrated novel strategies for stretchable
LIBs using self-similar deformable interconnects [61]. These
spring mechanics resulted in 300% biaxial stretchability of the
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Figure 7 (a) Multifunctional sensors in intimate contact with epidermis. Reproduced with permission from [15]. Copyright 2011,
Science (AAAS). (b) Photographs of the ﬂexible logic memories conformally wrapped on a quartz rod and a bunch of two pipets
(inset). Reprinted with permission from [5]. Copyright 2011, American Chemical Society. (c) A picture of biocompatible LSI
implantation in a subcutaneous region, and a conceptual image of application on a sub-retinal area. Reprinted with permission from
[7]. Copyright 2013, American Chemical Society. (d) Schemes of roll-to-roll process for large-scale transfer of electronics.

LIB, with the device showing a capacity of 1.1 mAh cm  2
(Figure 6d). Twistable and bendable batteries based on a coaxial
cable design were also introduced by Kwon et al. The hollowhelix anode supported a polyethylene terephthalate (PET)
nonwoven separator, and a LiCoO2-coated spiral shape aluminum
wire [62]. After packaging in an external insulator, a liquid
organic electrolyte layer was stably injected into the battery
cell. The ﬁnal cable-like full-cell LIB was able to operate under
the large strain of twisting conditions (Figure 6e).

Flexible inorganic electronics
The ﬂexibility of an electronic system is highly crucial to
achieving an intimate and conformal integration with
human interfaces [16]. One solution is to use organic
electronic materials, which often have simple and costeffective deposition on ﬂexible substrates [63]. However,
they have also shown relatively low performance (e.g.,
mobility, durability, etc.) and sensitivity to humid conditions
[64,65], which make them unsuitable for biocompatible
in vivo devices and outdoor wearable electronics. Although
nanomaterials formed by bottom-up growth directly on
plastic substrates have shown tremendous advances, several
issues still remain to be solved, such as inaccurate alignment and incompatibility with the standard fabrication
processes of semiconductor industry [66–68].
Rogers and coworkers have developed top-down approaches
for fabricating ﬂexible single-crystalline semiconductor electronics using thin ﬁlm transfer from bulk inorganic wafers [69–
74]. Photolithography and subsequent wet etching procedures

are used to deﬁne the lateral dimensions of semiconductor
nanomembranes, which can then be transferred by printing
techniques from the mother substrates. Many researchers
have demonstrated ﬂexible inorganic electronic devices such
as transistors, photovoltaics and sensors for wearable [75],
dissolvable [76] and epidermal electronics (Figure 7a) [15].
Kim et al. demonstrated fully-functional ﬂexible resistive
random access memory (RRAM) with one transistor-one
memristor (1T–1M) structures using a single-crystal silicon
switcher and amorphous titanium oxide [5]. Using ﬂexible
8  8 nonvolatile memory arrays on plastic substrates, the
ﬁrst random access operation on plastics was successfully
measured to prove there was no electrical interference
between adjacent cells. The ﬂexible 1T-1M structure with
ultrathin Si switcher, which can be conformally attached on
curved surfaces (Figure 7b), will be a crucial architecture
for fully-functional ﬂexible memory for data processing,
wireless communication, and information storage.
One drawback of the above-mentioned ﬂexible inorganic
electronics is the small number of possible transistor
integrations, which hampers the realization of core logic
processors and high-density memories. The main problem is
related to the limited size of the active layer ( 100 μm of
horizontal length) and its nanoscale alignment on plastic
substrates [77]. Hwang et al. reported ﬂexible large-scale
integration (LSI, thousands of nano-transistor integrations)
based on the 0.18 RF CMOS process for implantable wireless
communication [7]. The entire freestanding ultrathin LSI,
composed of a 145 nm thick Si nanomembrane, was transferred from silicon on insulator (SOI) wafer onto a ﬂexible
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Table 1 Comparison of mechanical properties between LCP and other polymer substrates. Reproduced with permission from
[9]. Copyright 2011, Elsevier.

Tg (1C)
Water absorption (%)
Dielectric constant (at 1 MHz)
Oxygen transmission (cm3 m  2 day  1, at 20–23 1C)
Water vapor transmission (g m  2 day  1, at 37.8–40 1C)
Thermal expansion (ppm 1C  1)

liquid crystal polymer (LCP) and in vivo measurements of
biocompatible f-LSI with LCP monolithic encapsulation were
performed in live rats. Here, LCP is a promising biocompatible ﬂexible material for implantable in vivo electronic
applications given its mechanical stability, chemical resistance, low water absorption, high temperature durability,
excellent dielectric property, and low thermal expansion
compared to other commercialized ﬂexible substrates such
as PET and polyimide (PI) substrate (Table 1) [9]. Moreover,
monolithic packaging of LCP can totally block the penetration of ions and moisture while providing small, light, and
cost-efﬁcient advantages over conventional biomedical
packaging using ceramics and titanium materials [78]. This
advanced monolithic packaging of semiconductor devices
facilitates stable and durable operation of f-LSI in solutionbased biointegrated conditions (Figure 7c). Roll-to-roll
printing process can be also applied (Figure 7d) for commercial ﬂexible logic products including display drivers,
smart watches, and retinal prosthesis.

Flexible inorganic optoelectronics
Flexible optoelectronics play a signiﬁcant role in displays,
communication, sensors and biomedical stimulators. Flexible
organic LEDs (OLEDs) have been intensively studied for the
last two decades due to their easy fabrication and compatibility with polymeric substrates [79,80]. Despite the big
success of OLEDs in the display industry, OLEDs still have
disadvantages in efﬁciency, brightness, lifetime and instability in humid conditions, which are especially signiﬁcant for
in vivo bio-applications [9,17,81]. On the contrary, inorganic
light-emitting diodes (ILEDs) are promising solid-state light
sources with excellent electrical, optical and mechanical
properties [82,83]. LEDs are widely commercialized and used
in daily life as light sources [84], back light units (BLUs) for
displays [85], biosensors [86] and therapeutic tools [87].
Although ﬂexible ILEDs (f-ILEDs) are difﬁcult to achieve due
to the brittle nature of inorganic materials, this technology
can have high impact on both industrial and research
communities in the ﬁelds of ﬂexible light source and
biomedical applications.
Recent advances in the transfer of inorganic thin ﬁlms
have advanced the development of reliable and high
performance f-ILEDs on plastic substrates [6,88–90]. Lee
et al. demonstrated water-resistant ﬂexible blue LEDs on a
biocompatible LCP substrate (Figure 8a) [9]. Starting with
the epitaxial growth of GaN LED layers on a silicon
substrate, a high temperature (600–900 1C) ohmic contact

LCP

PI

PET

285
0.04
3.0
0.03–0.09
0.006–0.016
0–30 controllable

300
2.9
3.1
0.04–17
0.4–21
20

75
0.5
3.0
1.7–7.7
3.9–17
15

was then formed on both n- and p-type GaN. The freestanding inorganic LEDs were then transferred onto a
ﬂexible LCP substrate by selective etching of sacriﬁcial
silicon wafer. The resulting ﬂexible GaN LEDs with polytetraﬂuoroethylene (PTFE) passivation showed superb optical
power, water resistance and biocompatibility, leading to an
interesting prototype of a prostate-speciﬁc antigen biosensor with a detection limit of 1 ng mL  1.
A ﬂexible red inorganic LED is also important for photodynamic therapies and biosensors. Park et al. reported
ﬂexible AlInGaP ILEDs on elastomeric substrates (Figure 8b)
after a selective removal of a sacriﬁcial AlGaAs layer [10].
Nevertheless, as described previously, selective wet etching
of the sacriﬁcial interlayer inevitably results in size limitation, along with the high cost of growing epitaxial LED layers
on unusual interlayer.
Recently, a facile approach of fabricating high performance ﬂexible vertical structure LEDs (f-VLEDs) was demonstrated using anisotropic conductive ﬁlm (ACF) bonding
(Figure 8c-i) and removal of the entire GaAs mother wafer
(Figure 8c-ii) [14]. This approach can overcome the size
limitations and cost issue of the interlayer wet etching
process by using widely commercialized GaAs product. The
characteristics of the f-VLEDs were stably maintained in a
bending state with a radius of 3 mm over 1000 bending
cycles. In addition, the red f-VLEDs were operated using a
ﬂexible PZT piezoelectric energy harvester as a selfpowered energy source (Figure 8d). The schematic image
in Figure 8e shows that the f-ILED surrounds a blood vessel,
for use as an implantable and label-free biosensor.

Inorganic-based laser lift-off (ILLO) for ﬂexible
applications
Flexible electronics using single crystalline inorganic semiconductors have shown unprecedented potential for performance
enhancement and reliability. However, as noted earlier, the
printing transfer technology has several drawbacks related to
the complicated wet etching procedure, leading to restricted
dimension, high cost, and low throughput [77]. Thus the largearea applications such as displays and touch panels may not be
accomplished using the printing method. One solution for largearea ﬂexible applications utilizes the beneﬁcial properties of
laser material interactions; the laser's narrow wavelength and
extremely short duration ( tens of ns) facilitates spatialtemporal laser annealing on various substrates [91,92]. For
instance, the high temperature crystallization of amorphous Si
(above 1000 1C) directly on plastic substrates using excimer laser

120

S.H. Lee et al.

Figure 8 (a) Images of 2  2 GaN LEDs on an LCP substrate and the magniﬁed photograph (inset). Reproduced with permission from
[9]. Copyright 2011, Elsevier. (b) Flexible passive matrix display consisting of 16  16 array AlInGaP LEDs on a plastic substrate
covering around the curvilinear surfaces of a dummy hand and a glass tube (inset). Reproduced with permission from [10]. Copyright
2009, Science (AAAS). (c) (i) The ACF bonding of AlGaInP red LEDs to a plastic substrate. (ii) GaAs wafer with LED chips bonded on a
plastic substrate by the ACF sinks into the speciﬁc ammonia-based etchant. The GaAs mother substrate is completely removed after
about 1 h. The f-VLEDs array spontaneously ﬂoats on the surface of the etchant solution. (d) Digital photograph of a 3  3 array of
ﬂexible red LEDs made by the method (c). Reproduced with permission from [18]. Copyright 2014, Royal Society of Chemistry. (e) A
schematic image of implantable ﬂexible inorganic LEDs for label-free biosensing. Reproduced with permission from [16]. Copyright
2012, Dove Press.

enables the low temperature polysilicon (LTPS, electron mobility
of 190 cm2 V  1 s  1) process of AMOLED active matrix [93].
The dry transfer method, inorganic-based laser lift-off (ILLO),
has also been developed as a promising methodology to
manufacture large-area ﬂexible inorganic devices without using
a wet etching process. The excimer laser can successfully
transfer high performance inorganic thin ﬁlms onto plastics
from transparent bulk substrates with excellent reproducibility,
productivity, and compatibility with the current production line
of the display industry [94]. High-quality inorganic-based ﬂexible
electronics, such as LEDs [95], high-density memories [96], and
energy devices [32], can be realized by laser interfacial
irradiation between a transparent mother substrate and laserreactive sacriﬁcial layer. Several groups have demonstrated the
fabrication of ﬂexible GaN LEDs using LLO by melting the
interface between a GaN and a sapphire wafer [97,98]. As with
the ﬂexible GaN LEDs transferred from a Si substrate, highquality epitaxial LED can be transferred onto a ﬂexible substrate. The key issue of GaN ILLO is related to the management

of induced destructive stresses produced by the decomposition
of the sacriﬁcial layer. A supporting adhesion layer can release
this stress and safely hold the resulting freestanding inorganic
GaN on a ﬂexible substrate (Figure 9a) [95].
Park et al. introduced a high performance ﬂexible PZT
thin ﬁlm energy harvester using ILLO of sol–gel PZT layers
[32]. The XeCl excimer laser beam was exposed to the
backside of the sapphire substrate to separate the entire
area (3.5 cm  3.5 cm) of the PZT layer to be directly
attached onto a PET ﬁlm (Figure 9b). The photonic energy
of the XeCl laser (4.03 eV) is smaller than the band gap
energy of sapphire (8.7 eV) and larger than that of PZT (3.2–
3.6 eV) so that the laser beam penetrates the sapphire
wafer, causing the partial melting and decomposition of PZT
at the interface with the sapphire wafer.
Kim et al. demonstrated the ILLO approach for high-density
crossbar-structured ﬂexible memory arrays employing a laserreactive exfoliation layer [96]. High-density crossbar-structured RRAM arrays of one selector-one resistor (1S-1R) were
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Figure 9 (a) Illustration of LLO separation of GaN LED chips from the sapphire substrate. (b) A schematic image of LLO of PZT thin
ﬁlm. (c) Graphical drawings of the fabrication process of crossbar-structured ﬂexible memory arrays utilizing the LLO method.
Reproduced with permission from [32,96]. Copyright 2014, John Wiley and Sons.

fabricated on a rigid glass substrate consisting of an amorphous silicon (a-Si:H) sacriﬁcial layer, Ni/TiO2/Ni selector and
Pt/NiOx/Ni resistor (Figure 9a-i). A 308 nm excimer laser was
irradiated from the backside of the glass substrate and melted
out the a-Si:H layer, thus detaching only the top 500 nm-thick
active memory layers from the mother glass substrate
(Figure 9a-ii). To avoid the fracture of active memories during
ILLO, an epoxy encapsulation layer and a thermal release tape
were used to hold the device layers. The large-size active 1S1R RRAM were then transferred to a plastic substrate
(Figure 9a-iii). Due to its high reliability, this novel idea may
be extended to the next-generation large-area applications
(Gen 10, 2.88 m  3.13 m) such as active matrix of display and
thin ﬁlm inorganic solar cell, which can be combined with rollto-roll mass production.

Self-powered ﬂexible electronic systems
The concept of self-powered fully-ﬂexible electronic systems
has been a dream of both medical and electronic scientists
because they can scavenge biomechanical energy and facilitate intimate contact on curvilinear organs [21,99]. Such
biomedical devices can be placed in completely-isolated
in vivo conditions where electrical energy cannot be supplied

by external power sources. The ultimate solution is to utilize
the abundant mechanical energy sources existing in the
human body [33]. Although it is not yet possible to make
all electronic and energy devices ﬂexible on a single plastic
substrate, diverse types of ﬂexible energy harvesters have
been studied for wearable electronics [100–103].
Flexible thermoelectric power generator is a potential
candidate for providing sustainable energy for wearable electronics, because of the consistent temperature gradient
between humans and ambient conditions. Kim et al. reported
a wearable thermoelectric generator using a screen printing
method on glass fabric [104]. The output power density
reached a higher value (28 mW g  1 at ΔT=50 K) than previously reported thermoelectric devices, and achieved a
bandage application on a human wrist. However, the temperature gradient around the human body is generally not enough
to generate sufﬁcient electricity for driving practical consumer
devices. Triboelectric energy harvester based on the coupling
of frictional electriﬁcation and electrostatic induction can
generate huge power, sufﬁcient to even drive a mobile phone.
Jung et al. demonstrated a wearable fabric-based triboelectric
integrated energy generator [105]. This energy harvesting
device with power density of 0.18 μA cm  2 was able to
monitor human activity and supply energy for operating
external pressure sensors. Nonetheless, the relatively new
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Figure 10 (a) Photographs of the ﬂexible PZT energy harvester at bending/releasing states, and corresponding generated output
current. (b) Photographs of a 3  3 array of operated f-VLEDs on a curved glass in the self-powered ﬂexible light-emitting system.
(c) Self-powered fully-ﬂexible light-emitting system on single ﬂexible substrate will be applied to various biomedical purposes such
as phototherapy and optogenetics. Reproduced with permission from [14]. Copyright 2014, Royal Society of Chemistry.

ﬁeld of triboelectric technology has to focus on extensive
research to address limitations that affect friction phenomenon, such as humidity, sensitivity, and abrasion resistance.
Moreover, the triboelectric energy harvester is not perfectly
suitable for ﬂexible systems since two counterpart substrates
cannot effectively respond to slight motions [106].
Jeong et al. successfully realized the ﬁrst self-powered fullyﬂexible electronic system by combining a ﬂexible piezoelectric
energy harvester and ﬂexible VLED optoelectronics [14]. The
ﬂexible PZT thin ﬁlm piezoelectric generator made by ILLO
could operate the f-VLED devices during bending/releasing
deformations driven by ﬁnger movements (Figure 10a). The
ﬂexible piezoelectric energy harvester had output voltage and
current of 140 V and 10 μA, which was sufﬁcient to directly
drive the ﬂexible 3  3f-VLED array (Figure 10b) without any
external energy supply. The paper also contains signiﬁcant
advances demonstrating that two different ﬁelds of high
performance ﬂexible inorganic devices can be integrated on
plastic substrates by the sophisticated optimization of f-ILED

and self-powered energy. Figure 10c depicts the conceptual
image of a self-powered ﬂexible optoelectronic system on a
single plastic substrate for various biomedical applications.

Conclusion
The emergence of self-powered ﬂexible electronic systems
represents a great paradigm shift in future electronics for
human-friendly or human-integrated ﬁelds. In particular,
such systems are of immediate interest for application in
sensor networks and wearable electronics by accessing
permanent energy sources, and delivering power harvested
from abundant mechanical energy. Novel ﬂexible systems
include combinations of ﬂexible energy harvesters, batteries, LEDs, sensors, high-density memories, and LSI on a
single plastic substrates. The key issue today lies in how to
obtain large-scale and high performance ﬂexible inorganic
thin ﬁlms. Laser-assisted processes such as inorganic-based
laser lift-off and high temperature annealing directly on

Inorganic electronic system
plastics will become more and more important in the future
ﬂexible era. Finally, self-powered fully-ﬂexible electronic
systems will open up unprecedented in vivo biomedical
applications (e.g., self-powered cardiac pacemaker, implantable biosensor, phototherapeutic or optogenetic tools)
[107]. These innovations are strongly related to the development of material advancements, processing strategies,
and device integration, which requires the interdisciplinary
research of IT, biotechnology (BT), nanotechnology (NT),
and environment technology (ET).
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