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Flexible and Neuromorphic Computing

Novel Electronics for Flexible and Neuromorphic

Computing
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Baker Mohammad, II-Suk Kang, and Keon Jae Lee*

Emerging classes of flexible electronic systems that can be attached to a
wide range of surfaces from wearable clothes to internal organs have driven
significant advances in communication protocols (e.g., Internet of Things,
augmented reality) and clinical research, shifting today’s personal computing
paradigm. The field of “system on plastic” is on the verge of an innovative
breakthrough toward a hypercognitive society by being fused with cur-

rent neuromorphic applications in the spotlight, which can offer intelligent
services such as personalized feedback therapy and autonomous driving.
The novel concept of electronics for flexible and neuromorphic computing
requires an important research leap in micro-/nanoelectronics on plastics,
system-level integration techniques (interconnection and packaging), and
synaptic devices. Here, representative advances and developments in the
area of flexible and neuromorphic technologies are reviewed with regard to
device configurations, materials, fabrication processes, and their potential

being converged with artificial intelligence
(AI) by providing users’ biological and
behavioral signals collected in wearable
biodevices, 231 offering intelligent ser-
vices based on big data cloud computing
and machine learning. 324!

A number of research groups have
demonstrated flexible memories, thin film
transistors (TFTs), and integrated circuits
(ICs) as key technology for data processing,
information storage, and communica-
tion.# Since Kim et al.’% reported
functional flexible resistive random access
memory (RRAM), various chalcogenide-
based phase change memories (PCMs)P*-4
as well as RRAMs using inorganic (e.g.,
WO3, Al,03, HfO,, Ti0,),#49305557] carbon

research fields.

1. Introduction

Flexible electronics have attracted significant attention due to
their outstanding portability, conformal contact characteristic,
and human friendly interfaces compared to bulk silicon devices,
showing considerable potential to change the paradigm of indi-
vidual computing to a hyperconnected society toward the fourth
industrial revolution.'3! For example, flexible displays can be
applied to smart electronics such as Internet of Things (10T),*”!
augmented reality (AR),®°] and wearable applications!!*-2"]
to exchange customized and bilateral information via visual
communication protocols. The field of flexible electronics is

H. E. Lee, Dr. ). H. Park, T. ). Kim, D. Im, J. H. Shin, D. H. Kim,
Prof. K. J. Lee

Department of Materials Science and Engineering

Korea Advanced Institute of Science and Technology (KAIST)
291 Daehak-ro, Yuseong-gu, Daejeon 34141, Republic of Korea
E-mail: keonlee@kaist.ac.kr

Prof. B. Mohammad

Department of Electrical and Computer Engineering

Khalifa University of Science Technology and Research

Abu Dhabi 127788, United Arab Emirates (UAE)

Dr. I.-S. Kang

National Nanofab Center

Korea Advanced Institute of Science and Technology (KAIST)
291, Daehak-ro, Yuseong-gu, Daejeon 34141, Republic of Korea

DOI: 10.1002/adfm.201801690

Adv. Funct. Mater. 2018, 28, 1801690

1801690 (1 of 18)

(graphene, carbon nanotubes (CNTs)),>8-64
and organic materials®>-%8 have been fab-
ricated on polymer films. In addition, an
ultrathin TFT and Si-based large-scale
integration (LSI) were demonstrated for high-density flexible
electronics.#%%7% Beyond the front-end device level, flexible pack-
aging has been developed to interconnect core and peripheral
modules to realize fully operational system-on-plastic (SoP).”-7l

Neuromorphic computing systems (brain-inspired model
of parallel neuron network) are considered as a promising
technology for Al applications, overcoming the limitation of
von Neumann architecture (serial and iterative processing)
for intelligent data analysis and low power consumption.¢-81
With the rapid advancement in the electronics (e.g., memristor,
PCM, and TFT) on plastics or any type of surface,®2-°% emula-
tion of biological synapses (adaptive synaptic weight,”1=4 and
spike-timing-dependent plasticity (STDP)*>®% of neurons)
is being demonstrated on flexible substrate, which realizes
an era of merged electronics toward cognitive IoT, physi-
ological sensor, wearable computer, and autonomous driving
system.[92:100]

Here, we present recent progress in the field of electronics
for flexible and neuromorphic applications that can be classi-
fied into four main categories: i) various devices (e.g., resistive
memory, PCM, TFT, and IC) on plastic for computing, ii) flexible
electronic systems using large-scale interconnection and
packaging, iii) electronics for neuromorphic engineering, and
iv) promising research areas of flexible synaptic applications. In
addition, we have organized the main features of the studies
in each section as a table to clearly compare their performance
and challenges. The new electronic concept of a flexible and
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neuromorphic system will provide a prospective outlook for
soft brain-machine interface, cognitive healthcare, and intelli-
gent wearable device.

2. Flexible Memory for Computing

2.1. Flexible Inorganic Resistive Memory

Flexible resistive memory has emerged as next-generation
memory, reconfigurable logic circuit devices, and synaptic
applications because of its fast response, simple structure,
high scalability, low cost, and memristive switching charac-
teristics.’7101-195] Tnorganic materials have significant merits
for flexible resistive memory applications due to their excel-
lent performance and advantages for high-density electronics.
However, there are major challenges that must be confronted
to overcome the inherent thermal limitation of plastic sub-
strate (e.g., low melting point and heat shrinkage/expansion),
requiring new solutions for inorganic resistive memory on
plastic with outstanding properties. Kim et al.’% reported fully
functional flexible RRAM by demonstrating a one transistor—
one memristor (1T-1M) SoP in a NOR type array via transfer
printing process. The flexible 1T-1M array could be confor-
mally attached on a quartz rod with a bending radius of 5 mm
without causing delamination or cracking of the RRAM, as
shown in Figure 1a. The developed flexible device presented
reproducible and reliable resistive switching properties with
outstanding stability upon harsh bending (Figure 1b). This
crossbar-structured 1T-1M RRAM on a plastic film exhib-
ited excellent RAM operation without cell-to-cell interference
by selectively switching off the unaddressed memory cells
(Figure 1c). Ji et al.B’l fabricated RRAM with a Cu/nano-
porous (NP) WO;_,/indium tin oxide (ITO) structure on a
polyethylene terephthalate (PET) film by employing electro-
chemical anodic process in a room temperature (Figure 1d).
As presented in Figure le,f, the RRAM device on a polymer
substrate showed an I/l ratio of =10° without serious
switching failure even after 1000 cycles of 1.58% bending
strain.

Recently, an inorganic-based laser liftoff (ILLO) has been
developed to transfer entire inorganic devices onto plastic
films to realize flexible, high-performance, and multifunc-
tional electronics with excellent complementary metal—
oxide-semiconductor (CMOS) compatibility.[2+106-113]
Scheme 1 shows the representative mechanisms of the ILLO
process.[B24114 When a laser (e.g., excimer (XeCl)) is irradi-
ated to the backside of the rigid substrate with a high bandgap
(larger than input photon energy), light can pass through the
transparent substrate, reaching to the laser absorbing mate-
rial. Depending on light interacting films (e.g., lead zirconate
titanate, gallium nitride (GaN), and hydrogenated amorphous
Si), various photothermal interactions such as melting/vapor-
izing, dissociating (e.g., 2GaNgolid) = 2Gaiquid) + N2 (gas))s
and explosive gas releasing occurred in the sacrificial layer,
which weaken the interfacial adhesion between the sub-
strate and active device. This low adhesion enables ultrathin
electronics to be safely peeled off from the mother substrate
without any mechanical deformations, cracks, or wrinkles.
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Kim et al.l'% demonstrated one selector-one resistor (1S—1R)
crossbar array (32 x 32) on a plastic film via ILLO (Figure 1g).
The flexible 1S-1R memory maintained a constant resistance
ratio between the low resistance state (LRS) and high resist-
ance state (HRS) without severe degradation despite 1000
iterations of bending fatigue (15 mm bending diameter). As
shown in Figure 1h, the 1S-1R memory could work effectively
on a plastic film without electrical interference even in a one
bit-line pull-up (OBPU) condition by suppressing unintended
current paths. Precise addressing capability of flexible 1S-1R
memory was additionally confirmed through successful dem-
onstration of a 3 x 3 image based on the HRS (logic state “0”)
and LRS (logic state “1”) currents. Table 1 shows the main
features of the aforementioned flexible inorganic resistive
memories.

2.2. Carbon- and Organic-Based Resistive Memory
on Plastics

Flexible resistive memory has been fabricated using various
carbon and organic materials to exploit their unique electrical
properties (e.g., memristive switching behaviors) and flexi-
bility.l0211-120]. Hwang et al.l®? demonstrated mechanically
flexible resistive memory by solution casting of CNT-nano-
composites (polystyrene (PS) and chemically doped CNTs), as
schematically illustrated in Figure 2a. Figure 2b presents the
current-voltage (I-V) characteristics of a memory device fab-
ricated with a boron (B)-doped CNT (BCNT)-based nanocom-
posite. B-doping increased the deep charge traps in the PS/
CNT nanocomposite, enabling an on—off ratio exceeding 102
As shown in Figure 2c, the flexible devices presented reliable
resistive memory characteristics even after being bent more
than 500 times. In 2013, flexible nonvolatile memory (NVM)
based on graphene oxide (GO) material (highly reduced GO
(hrGO)/lightly reduced GO (IrGO)/hrGO) was demonstrated
(Figure 2d). Voltage was applied to the top and bottom hrGO
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Figure 1. a) Photograph of 1T-1M-system-based flexible RRAM array attached on a quartz rod. The inset shows that the flexible RRAM can provide
conformal contact on the curved surfaces of two pipets. b) Mechanical durability test of the flexible RRAM. The insets present the straightening and
bending of the devices. c) Schematic of the structure of the flexible 17T-1M RRAM. The green and red lines represent unselected and selected, respec-
tively. The white arrows indicate a data flow related to the state of the (2,2) cell. d) Schematic of the flexible Cu/nanoporous (NP) WO,_,/ITO RRAM.
€) lon/lof ratio distribution of the flexible Cu/nanoporous (NP) WO;_,/ITO RRAM under different bending conditions. f) Bending fatigue test of the
flexible Cu/nanoporous (NP) WO;_,/ITO RRAM during 1000 bending/unbending cycles. g) Schematic of the flexible TS-TR RRAM fabrication via
the inorganic-based laser liftoff (ILLO). h) Operation of the flexible 1S—1R RRAM in the one bit-line pull-up (OBPU) condition: schematic of the device
operation in the OBPU condition (top left), and the addressing test results of the flexible 1IS-TR RRAM based on the histograms of currents with
3 X 3 images, and the corresponding color maps (top left, bottom). (a—c) Reproduced with permission.’% Copyright 2011, American Chemical Society.
(d—f) Reproduced with permission.”l Copyright 2016, American Chemical Society. (g, h) Reproduced with permission.'® Copyright 2014, Wiley-VCH.

electrodes to control the resistance state of the flexible device,
presenting a NVM effect. The hrGO/IrGO/hrGO NVM struc-
ture on PET showed a strong retention ability (=10° s) without
significant device degradation. Flexible graphene/SiO,/
graphene NVM with a crossbar structure was also demon-
strated by utilizing a graphene transfer process, as presented
in Figure 2e. A fluoropolymer film with a high-melting point
(>280 °C) was used as a substrate to withstand the current
local heating effect that could be induced during the ini-
tial electroforming step of the resistive memory on plastic.
The electroformed memory exhibited a reliable on and off
switching characteristic (ratio over 10%) without degradation of
the memory state during 300 cycles of bending, which shows
the feasibility of flexible memory applications (Figure 2f).
Nagashima et al.l'?!l reported nonvolatile RRAM on plastic
based on Ag-decorated cellulose nanofiber paper (Ag-CNP).
The flexible Ag-CNP memory could conformally wrap the glass
rod without any crack and exfoliation of the device, as shown in
Figure 2g. The developed flexible memory presents the stable
on-off resistance ratio of 10° at severe bending strain (radius of
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350 um) due to outstanding mechanical properties (e.g., high
tensile strength, low thermal expansion coefficient) of CNP
(Figure 2h). Kim and Leel!??l proposed a flexible biopolymer-
based RRAM on plastic using carboxymethyl k-carrageenan
(CM:k-car) solution casting. The CM:k-car material with high
oxygen vacancy and conductivity enabled a low power resistive
switching (=0.35 uW). In addition, the flexible device exhibited
a fast switching speed (50 ns), low reset voltage (=0.05 V), and
stable operation under compressive/tensile stress, as shown in
Figure 2i (Refer to Table 2).

2.3. Flexible Phase-Change Memory

PCM has recently won attention due to the commercializa-
tion of Intels 3D XPoint PCM.[1231241 PCM on flexible film
has strong potential for future memory devices because of its
excellent endurance, high switching speed, remarkable scal-
ability, and analog conductance change characteristic.[12>:126]
However, it was difficult to fabricate high-density PCM on a
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Scheme 1. The principle and exfoliation mechanisms of the ILLO.

flexible substrate with excellent performance because of its
nonflat feature and vulnerability to chemical elements.[27128]
Although various soft lithography and printing techniques
have been established as chemical-free and low temperature
processes, they still have limitations in achieving high critical
dimension resolution. Hong et al.b!l reported PCM with high-
density nanopillars (diameter of 200 nm) on various flexible
films, including PET, polyimide (PI), and stainless-steel plate
via nanoimprinting lithography, as schematically presented
in Figure 3a. The PCM with germanium-antimony-tellu-
rium (GST) nanopillars showed an =10? current on/off ratio

Photothermal Decomposition
Ref). Science, 340,6129,2013 (GaN)

Large Gas Volume (Repulsion)

Ref.) Adv. Funct. Mater., 26,6170, 2016 (a-Si:H)

regardless of the type of flexible film, as confirmed by conduc-
tive atomic force microscopy. A similar nanoimprinting strategy
was employed using an anodic alumina oxide (AAO) template
for high-density flexible PCM. Figure 3b shows that PCM with
closely packed GST nanopillars (diameter of =300 nm and
thickness of 100 nm) could be formed on PI without severe
polymer damage, exhibiting a current on/off ratio of 10%, as
presented in Figure 3c.

A large writing current has been a major obstacle for dem-
onstrating high-performance flexible PCM because it generates
intense Joule heating that causes thermal degradation of the

Table 1. Summary of main parameters in inorganic-based flexible resistive switching memories.

Fabrication Memory Switching  Io,/lof ratio  Operation Endurance Retention Bending  Bending Opportunities  Challenges  Reference
process structure element (@read voltage [switching #] [s] radius [mm] cycles [#]
voltage)
Direct fabrica- Al/TiO, /Al Si-based 50 (@—0.5V) (Set) -4.5V 100 104 8.4 1000 - Low sneak - Low integra- [50]
tion on Pl +dry transistor (Reset) 5.5V current tion density
transfer of Si — Random — Inefficient
accessibility transfer
process
Semiconductor  Pt/NiO,/Ni  Nonlinear >500 (Set) —4.2V 100 104 >5 1000 — Low sneak [104]
process + laser resistor (@2V) (Reset) 3V current
liftoff (LLO) (Ni/TiO,/Ni) ~ Random
accessibility
— High
scalability
Direct fabrication Cu/WOs_,/ - 105 (@0.5V)  (Set) 1V 1000 5x10° 5.53 1000 — Facile — Lack of [57]
on PET ITO (Reset) =1.1V fabrication interconnection
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Figure 2. a) Schematic and scanning electron microscope (SEM) image of the CNT nanocomposite-based flexible resistive memory. b) I-V character-
istic of the memory device fabricated with nanocomposite composed of boron (B)-doped CNTs. The inset shows the device under the bending condition.
c) Current measurement of the CNT-nanocomposite-based flexible memory during 500 bending/unbending cycles. The insets show the memory device
under two different bending conditions. d) Schematic of the flexible nonvolatile resistive memory (NVM) device based on graphene oxide (GO) with a
configuration of highly reduced GO (hrGO)/lightly reduced Go (IrGO) /hrGO. e) Schematic of the flexible graphene/SiO,/graphene crossbar-structured
NVM on a plastic substrate. The inset shows an optical image of the device structure. f) Bending fatigue test of both ON/OFF memory devices
during 300 bending/straightening cycles at bending diameter curvature of =1.2 cm. The inset shows the memory device under the bending condition.
g) Photograph of the flexible Ag—-CNP-based RRAM providing conformal contact on the curved surface of a glass rod. The insets present the magnified
view of the device (top right), and the schematic of the fabricated flexible RRAM devices (bottom left). h) On—off resistance ratio of the flexible Ag—
CNP memory depending on the bending curvature. i) Resistive-switching property of CM:«x-car-based flexible RRAM under tensile bending condition.
(a—c) Reproduced with permission.®4 Copyright 2012, American Chemical Society. (d) Reproduced with permission.l""®l Copyright 2013, Wiley-VCH.
(e, f) Reproduced with permission.l% Copyright 2012, Springer Nature. (g, h) Reproduced with permission.?"l Copyright 2014, Springer Nature.
(i) Reproduced with permission.[?2l Copyright 2018, American Chemical Society.

plastic substrate and adjacent cells during PCM operation.'?”)  parameter properties of the flexible PCM devices are indicated
The writing current of PCM can be reduced by diminishing in Table 3.

the switching volume of the PCM. However, it is difficult to

apply conventional photolithography on rough flexible films

because. of the limitation in high-precision focusing an‘d multi- 3 Flexible TFTs and ICs

level alignment.”Z Mun et al.’?l demonstrated a flexible one

diode—one PCM (1D-1P) array with low operating current by  Flexible TFT5s (e.g., Si- and oxide-based, or organic transistors)
incorporating block copolymer (BCP) self-assembly (Figure 3d).  have provided considerable impacts for the commercializa-
Si-containing poly(styrene-b-dimethylsiloxane) (PS-b-PDMS)  tion of wearable electronics, currently expanding their fields
BCPs were introduced onto GST and converted to thermally  to the synaptic applications by pursuing computation in a
stable silicon oxide (SiO,, thickness of 20 nm) to decrease the single device with high scalability and low power consump-
contact area between the phase-changing material and the  tion."**13% [ow-temperature polycrystalline-silicon (LTPS)
heater (titanium nitride). Figure 3e and its inset clearly show  TFTs are one of the most promising technologies that can be
fingerprint-like 20 nm width insulating SiO,, nanopatterns with  employed for next-generation electronics due to their high car-
50% area fill factor, which effectively reduces the writing cur-  rier mobility, stability, and CMOS compatibility.'*!! Figure 4a
rent of PCMs on plastic by 4 times compared to PCM without  shows the photographic and schematic (inset) images of TFTs
BCP. As shown in Figure 3f, a flexible BCP-incorporated PCM  on plastic demonstrated by LTPS.[133l Appropriate energy den-
(FBPCM) with a single-crystal silicon diode could be success-  sity (560 m] cm™) of excimer laser was applied to completely
fully switched from LRS (crystalline) to HRS (amorphous) melt the silicon while minimizing the protrusion of poly-Si
with a rectifying characteristic of the selection device. Main  created during LTPS process, resulting in flexible TFTs with
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Table 2. Summary of main parameters in organic-based flexible resistive switching memories.

Fabrication Memory Lon/lof ratio Operation Endurance Retention Bending Bending ~ Opportunities Challenges  Reference
process structure (@read voltage) voltage [switching #] [s] radius [mm]  cycles [#]
Direct fabrication Graphene/SiO,/  <10° (@1V) (Set) 6V 400 - 12 300 - High — No selection [60]
on PET + graphene  graphene (Reset) 14V transparency device
transfer — High operation
voltage
Direct fabrication ~ Al/PS-BCNT/ 4 x10? (@-1V) (Set) -3V 500 105 - 500 — Multilevel — No selection [62]
on PET PS—N-doped (Reset) 3V resistance device
CNT (NCNT)/Al — Cost-efficient
process
Direct fabrication hrGOP/IrGO9/ 1.57 x 102 (@1V) (Set) -13.2V - 103 - 1000 — Eco-friendly - No selection [116]
on PET + graphene hrGO (Reset) — material device
oxide transfer by — Write-once
PMMA? operation
— Low
productivity
Direct fabrication Ag/Ag-decorated 10° (@0.01 V) (Set) 0.28 V 100 105 >0.35 103 — High flexibility — Lack of [121]
on Al foil CNPY/Pt (Reset) —0.22 V interconnection
— Unstable HRS
cell resistance
Direct fabrication ~ Ag/Ag-doped ~ >10° (@0.02 V) (Set) 0.2V - 103 15 - — Low-power — Lack of [122]
on PET CM:K-car®) /Pt (Reset) —0.07 V operation interconnection
— Insufficient
bending
robustness

APMMA: poly(methyl methacrylate); ®hrGO: highly reduced graphene oxide; 9IrGO: lightly reduced graphene oxide; CNP: cellulose nanofiber paper; ©/CM:k-car: carboxy-

methyl kappa carrageenan.

high mobility (over 45 cm? V! s71) and flexibility. Lee et al.l¥
demonstrated high-performance, ultrathin (4 pm thickness)
oxide TFT array (50 x 50) with outstanding transparency (83%)
via the ILLO process, as schematically illustrated in Figure 4b.
Through the optimized ILLO based on a XeCl laser, skin-like
indium zinc oxide TFTs with outstanding effective mobility
of =40 cm? V-1 s7! and stability under optical stress were fab-
ricated without structural and thermal damage (Figure 4c).
The flexible TFT array could be stably attached onto fabrics
(Figure 4d) and reliably operated during 5000 cycles of repeated
bending/unbending fatigue at a bending radius of 7.5 mm
without severe mechanical (e.g., wrinkling, delamination,
cracking) or electrical degradation. Furthermore, n-channel
metal-oxide—semiconductor field-effect transistor (NMOS) logic
inverter circuits were devised on transparent and ultrathin PET
substrate, exhibiting excellent static and dynamic electrical per-
formance. Figure 4e presents the schematic illustration of the
ultrathin (total thickness of 2 um) and imperceptible organic
field-effect transistor (OFET).['**l The active device was placed
between the polymer foil and encapsulation layer (near the neu-
tral plane position) to maximize the mechanical stability. The
transfer curve of the flexible OFET exhibits saturation mobility
of 3 cm? V- 57}, presenting equal performance to that of device
demonstrated on Si/SiO, substrate (Figure 4f). Due to the
ultrathin feature of the organic transistor, it could withstand
severe bending fatigue (radii of 5 um) and crumpling stress
without degradation of electrical properties (Refer to Table 4).
LSI (more than thousands of integrated nanocircuits) for
high-density memories and core logic processors is essential

Adv. Funct. Mater. 2018, 28, 1801690

1801690 (6 of 18)

to realize fully functional electronics for data analysis, storage,
and communication.'*#13%] Flexible LSI (f-LSI) has attracted
considerable interest for intelligent computing devices on
plastics.'3138 However, there are significant difficulties of
multilayer interconnection and nanoscale alignment caused
by thermal expansion of polymer substrates.®®13] Hwang
et all® first reported ultrathin, Si (single crystalline)-based
radio frequency integrated circuits (RFICs) fabricated by a
0.18 pm CMOS process for LSI computing circuits. Figure 4g
presents completely bent flexible RFIC encapsulated by liquid
crystal polymer (LCP) substrates that is a promising biocom-
patible material for in vivo applications. The microscopic
image of the IC device is shown in Figure 4h. The switching
nanotransistors on plastic exhibited an effective on/off ratio
of 108, mobility (teg) of 400 cm? V! 571, and threshold voltage
of 0.26 V. In 2016, a Si-based NAND flash memory on plastic
was further demonstrated by bonding Si NAND on a glass sub-
strate and sequentially removing the handle wafer via chemical
mechanical polishing and etching process (Figure 4i).”? The
aforementioned f-LSIs were successfully realized without prob-
lematic nanofabrication or multialignment steps since the LSI
was initially devised on a bulk wafer and the ultrathin LSI layer
was specifically transferred onto a flexible substrate.

4. Flexible Interconnection and Packaging

Packaging technology is a semiconductor back-end process
that enables the assembly of core and peripheral electronics

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED FUNCTIONAL
SCIENCE NEWS

www.advancedsciencenews.com

(a)

Pulse width: 30ns =
RESET SET
oS5 soe O e
0°%e%°%
%%
. .‘ s
: e -
Phase ckange - s
A evice
Fl
High ) Low
Resistance Resistance
12 14 16 18
Voltage (V)

SiOx cylinder ; erch Viead = 1.0V
(width =20 nm) = PR —u—RESE
» a I al —e—SET
~ 106
o 10 M
8 3 ; 1-V curve
GST film % g gf /y..-uv
(7)10 o~-2-101234
(] Vol
o
10*

45 10 5 0 5 10 15
Pulse voltage (V)

Figure 3. a) Schematic of the PCM with high-density nanopillars on flexible substrates. The inset shows the resistance change of the nanopillar phase-
change material in the flexible PCM. b) SEM image of the closely packed GST nanopillar formed on the PI substrate using an AAO template in the
flexible PCM. c) R-V characteristics of the flexible PCM fabricated by using the AAO template. d) Schematic of the flexible 1D-1P PCM array based
on block copolymer (BCP) self-assembly. The inset shows the device structure of the flexible BCP-incorporated PCM (f-BPCM). e) SEM image of SiO,
nanopatterns within 2 um diameter contact hole of -BPCM. The inset shows a magnified SEM image of the SiO, nanopatterns (20 nm width). f) R—V
curves of the -BPCM with a single-crystal Si diode at the forward and reverse pulse voltages and the corresponding circuit diagram. The inset shows the
|-V curves of the flexible 1D-1P device. (a) Reproduced with permission.F'l Copyright 2011, Elsevier. (b, c) Reproduced with permission.3 Copyright
2010, Elsevier. (d—f) Reproduced with permission.’? Copyright 2015, American Chemical Society.

(e.g., memory, LSI, and sensor) for electrical interconnection and
mechanical protection from the external environment.!'40-142]
Flexible packaging is a critical issue to be addressed for the
industrial commercialization of fully operational electronic
SoPs.l'*3144 Kim et al.”? reported that roll-based flexible pack-
aging technology with fine optical alignment enabled Si-based

Table 3. Summary of main parameters in flexible phase change memories.

f-NAND flash memory to be simultaneously interconnected
and transferred to a flexible printed circuit board via anisotropic
conductive film (ACF) bonding (Figure 5a). The flexible ACF
packaging provides excellent electrical and resilient proper-
ties under bending stress by interconnecting vertically aligned
conductors through conductive particles that are uniformly

Fabrication Memory Switching  I,./lofratio  Operation  Endurance Retention  Bending Bending Opportunities Challenges  Reference
process structure element (@read voltage  [switching #] [s] radius [mm] cycles [#]
voltage)
Direct fabrication Pt probe/ - >10° (Set) 1.7V - - - - - High- — No selection [53]
on plastics + Ge,Sb,Tes/ (Reset) — resolution device and
nanoimprint Tiw pattern of NIL interconnection
lithography (NIL) process - Insufficient
memory
performance
— Incompatible
with semicon-
ductor process
Cr/Ge,Sb,Tes/ - >10% (Set) 1.9V - - - - [51]
Tiw (Reset) 3V
Direct fabrication ~ TiW/TiN/  Si-based p-n 20 (@1V)  (Set) 5.6V 100 104 10 1000 — Low sneak — Lack of [52]
on Pl + block Ge,Sb,Tes/ diode (Reset) 12.8 V current  interconnection
copolymer TiW — Low-power - Inefficient
self-assembly operation  transfer process
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Figure 4. a) Photograph of the flexible TFTs fabricated on plastic substrates through the LTPS process. The inset is a schematic of the cross-section of
the devices. b) Schematic of the high-performance, ultrathin oxide TFT arrays fabricated by using the ILLO process for cognitive visual communication.
The inset model shows the unit pixel of an active-matrix display panel with a circuit diagram. c) An optical microscopy image of the ultrathin oxide TFT
arrays. The inset shows a unit pixel of the devices. d) Photograph of the ultrathin oxide TFT arrays adhered to artificial leather. The inset is a magnified
view of the ultrathin oxide TFT arrays on wrinkled cloth. e) Schematic of the ultrathin and imperceptible OFET. f) Transfer curve of the ultrathin OFET
device. g) Photograph of the flexible RFICs encapsulated with liquid crystal polymer (LCP) substrates. The inset shows that the flexible RFICs can pro-
vide conformal contact on the curved surfaces of three glass pipets. h) Optical image of the flexible RFICs consisting of RF switches, nanotransistors,
and passive elements. i) Photograph of the ACF-packaged flexible NAND wrapped on a glass rod. The inset shows the optical image of the electrode
area (left), and the active region of the device (right). (a) Reproduced with permission.l32l Copyright 2017, American Chemical Society. (b—d) Repro-
duced with permission.®l Copyright 2016, Wiley-VCH. (e, f) Reproduced with permission.['*3l Copyright 2013, Springer Nature. (g, h) Reproduced with

permission.l®l Copyright 2013, American Chemical Society. (i) Reproduced with permission.’2 Copyright 2016, Wiley-VCH.

dispersed in an elastic resin matrix. Reliable operation of a
16 x 16 NAND array on a flexible substrate was first established
at the circuitry level by successfully programming and reading
ASCII code letters, as shown in Figure 5b.

The flexible packaging technology can be extensively applied
for all-in-one SoP, enabling the integration of various elec-
tronic components such as optoelectronics, energy sources, and
sensors on a single plastic.?#7+145-147] Ag presented in Figure 5c,
flexible AlGalnP vertical light-emitting diodes (LEDs) (size of
50 x 50 um?) were devised through ACF interconnection tech-
nology, demonstrating high-performance (optical power density
over 25 mW mm™2) LEDs with improved heat dissipation and
a short current path. The flexible vertical LEDs (f-VLEDs) with
bending stiffness of 2.6 x 10® N m and thickness of =35 um

Adv. Funct. Mater. 2018, 28, 1801690
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showed high flexibility along with mechanical robustness,
and exhibited identical electrical properties and optical output
under bending at a curvature radius of 2.5 mm. Jeong et al.’!]
reported self-powered flexible light-emitting systems via flexible
packaging, as shown in Figure 5d. Figure 5e presents an active-
matrix (Figure 5f) backplane for a flexible pressure-sensor array.
The integrated sensor for an artificial electronic skin (e-skin)
could be operated at a low operating voltage (less than 5 V) with
excellent mechanical reliability. Wang et al.'] reported user-
interactive flexible electronics at a system level by monolithi-
cally integrating various TFTs, a pressure sensor, and a display
over large areas on a single plastic substrate, and they can not
only sense and spatially map external pressure but also provide
a visual response through a full-color display (Figure 5g).
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Figure 5. a) Schematic of the Si-based f-NAND flash-memory fabrication by roll-based anisotropic conductive film (ACF) packaging. b) The current
histogram of the 16 x 16 flexible NAND array which programs and reads ASCII letters. c) Schematic of the ACF-packaged flexible AlGalnP vertical LEDs
(f-VLEDs) (left), and a photograph of the devices (right). d) Photograph of a 3 x 3 array of the f-VLEDs in a bending state on a glass rod. The inset is
an image of the f-VLEDs in the flat state. e) Photograph of the nanowire-based active-matrix backplane for a flexible pressure-sensor array. f) Circuit
diagram of the nanowire-based active matrix to control each pixel. g) Photograph of the flexible e-skin device with 16 x 16 pixels showing that only
the pressed pixels are switched on. (a, b) Reproduced with permission.l’2l Copyright 2016, Wiley-VCH. (c) Reproduced with permission.¥l Copyright
2017, Elsevier. (d) Reproduced with permission.”!l Copyright 2014, Royal Society of Chemistry. (e, f) Reproduced with permission.”>] Copyright 2010,

Springer Nature. (g) Reproduced with permission.['"l Copyright 2013, Springer Nature.

5. Neuromorphic Computing Devices

Various memristors and synaptic transistors have been
recently investigated to demonstrate a human cognitive mech-
anism (e.g., STDP,’*%] integrate-fire modell'*®4%). Wang
et al.l"*% proposed a serially connected structure of one atomic
switch (Au/SiO,N,:Ag/Au) and one memristor (Pt/TaO,/Ta/
Pt) to emulate a STDP event in a biological synapse, as sche-
matically illustrated in Figure 6a. For demonstration of the
STDP operation, nonoverlapping pre- and postspikes (nega-
tive and positive pulses) with a time interval At were applied
to the combined element (Figure 6b). As shown in Figure 6c,
a short At could induce large resistance variation (synaptic
weight change) of the memristor due to the volatile nature of
the atomic switch. When a presynaptic spike occurred before
the postsynaptic spike (potentiation process), the synaptic
weight was increased by high oxygen-vacancy concentration
generated in the TaO, layer, whereas depression mode (post-
synaptic spike first applied) decreased the synaptic weight of
the memristor. As a result, the connection strength between
biological neurons that determines the degree of memory loss

Adv. Funct. Mater. 2018, 28, 1801690
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was successfully emulated by STDP learning operation of the
synaptic device.

Tian et al.’>! imitated the biological multisynaptic network
between two neurons by black phosphorous (BP)-based single-
gated multichannel transistor that exhibit anisotropic drain
current (postsynaptic current, PSC) depending on the channel
direction (Figure 6d). The pre- (positive pulses) or postsynaptic
spikes (negative pulses) applied at the back gate of the BP tran-
sistor could control the amount of trapped charges inside the
native phosphorous oxide at the BP/SiO, interface, modulating
the PSC change (APSC) of each BP channel formed along dif-
ferent directions. Figure 6e,f shows STDP behavior of the BP
synaptic device, which presents that synaptic weight changes
(APSC/PSC) along the y-axis is more prominent compared to
the x-axis. Therefore, a single gate pulse train could simultane-
ously induce discrete APSC/PSC of the transistor for multisyn-
aptic network.

A Ag nanocone-/SiO, nanomesh-/Pt-structured conductive
bridge memory demonstrated uniform and consistent multi-
level cell (MLC) operation that is important for neuromorphic
applications (Figure 6g).°% A well-defined interdigitated hybrid
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Figure 6. a) Schematic of a synaptic junction between the pre- and postsynaptic neurons, and a circuit diagram of the electronic synapse composed of
the SiO,N,:Ag atomic switch connected with the TaO, drift memristor and between pulsed voltage sources. b) The pre- and postsynaptic spike pulses
applied to the device for spike-timing-dependent plasticity (STDP) imitation (depression: blue, potentiation: red). c) Plot of the resistance (synaptic
weight) change of the memristor with changes in At. d) Optical image and schematic (inset) of the multisynaptic network based on a black phos-
phorous (BP) transistor. e,f) STDP behavior of the BP synaptic device along the x-axis and the y-axis, respectively. g) Schematic of the Ag nanocone/
SiO; nanomesh/Pt memristive device. h) |-V characteristic for multilevel cell (MLC) operations of the Ag nanocone/SiO, nanomesh/Pt memristor at
the reset process region. i) MLC cycling endurance test of the Ag nanocone/SiO, nanomesh/Pt memristor cell under four different memory states.
(a—c) Reproduced with permission.>% Copyright 2016, Springer Nature. (d—f) Reproduced with permission.>!l Copyright 2016, Wiley-VCH.

(g—i) Reproduced with permission.l% Copyright 2016, American Chemical Society.

architecture comprising a SiO, nanomesh (sub-10 nm) and Ag
nanocones could selectively guide the positions of Ag nanofila-
ments in a memristor by inducing a highly concentrated electric
field between the SiO, and the Ag nanocone tip end, enabling
stable MLC applications with four discrete levels without any
overlap (Figure 6h). The MLC cycling endurance test addition-
ally confirmed the four memory states in either the reverse or
forward voltage sweeping direction, as presented in Figure 6i.
The field of neuromorphic electronics is about to embrace
radical innovations through the convergence with the tech-
nologies of SoP, which can realize hyperintelligent society by
providing human-like understanding capability to flexible elec-
tronics.?%152153] Furthermore, numerous attempts have been
made to demonstrate the highly scalable synaptic array on
plastic beyond a single element level for practical neuromorphic
computations that are similar to our human brain. Bessonov
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et al.'> reported a novel memristive array on plastic com-
posed of a MoO,/MoS, active material, and printed Ag top elec-
trode (TE) and bottom electrode (BE) to mimic the short-term
potentiation (STP) and long-term potentiation (LIP) learning
mechanisms of the biological synapse (Figure 7a). As shown in
Figure 7b, the Ag/AgNW/MoO,/MoS,/Ag system did not sus-
tain a gain current level and drastically returned to its original
off state because of its fast oxygen vacancy migration (inside
MoO,) and charge trapping (at the Ag/MoO, interface) char-
acteristics when electric pulses with a low repetition rate (6 s)
were applied (STP). On the other hand, a nonlinear switching
dynamics and NVM property of LTP could be induced by
repeated stimulation (short repetition intervals of 0.6 s, for
25 s), as shown in Figure 7c. Kim et al.}8l suggested hierar-
chical pattern recognition scheme based on an array of flexible
inverters and synaptic transistors (artificial synapse). For image
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Figure 7. a) Photograph of the MoO,/MoS, memristive devices with Ag co

(h)

>

nductors for the emulation of STP and LTP processes in the biological synapse.

b) Resistive switching of the Ag/AgNW/MoO,/MoS,/Ag device with electrical pulses having a long repetition interval of 6 s. c) Resistive switching of
the Ag/AgNW/MoO,/MoS,/Ag memristive device with electrical pulses having a short repetition interval of 0.6 s. d) Photograph of the flexible synaptic
transistors on the paper substrate. ) Schematic of the neural network for pattern recognition consisting of 28 x 28 synaptic transistors between the input
and the output neurons. f) Pattern recognition through the conductance change of the synaptic devices which connect the input neurons to the output

neurons individually. g) Schematic and photograph of the flexible 3D mem

ristor array fabricated by using Cu-doped pMSSQ. h) The overall programming

process of the flexible memristors to memorize the image. (a—c) Reproduced with permission.l'4 Copyright 2014, Springer Nature. (d—f) Reproduced
with permission.['"® Copyright 2017, American Chemical Society. (g, h) Reproduced with permission.l'>* Copyright 2017, Springer Nature.

identifying simulation as shown in Figure 7e, hypothetic 28 x
28 synaptic transistors were parallelly connected with the leaky
integrator circuits to control the degree of channel conductance
(synaptic weight) change in the synaptic transistor, enabling the
highly accurate recognition of 10 different digits from the mod-
ified national institute of standards and technology (MNIST)
database (Figure 7f). Wu et al.l'>*] proposed a flexible 3D mem-
ristor array based on a Cu-doped poly(methylsilsesquioxane)
(pPMSSQ) material to demonstrate artificial neural network,
successfully mimicking correlated learning behavior and train-
able memory function of biological synapses. As shown in
Figure 7g, triple layers of crossbar-structured memristor array
are vertically stacked on plastic substrate to independently
operate discrete neuromorphic functions of the three mem-
ristor array. To emulate cognition process of human brain,
repeated image training pulses (15 times) were applied to the
desired (blue arrow) and undesired memristors (green arrow),
as indicated in Figure 7h. The trained memristors successfully
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programmed the letter “H” by changing their conductance (syn-
aptic weight) gradually during each training session despite the
intentional incorrect inputs. Other memristor layers also could
be independently operated after same procedures, showing sig-
nificant potential for realizing new physical platform for hierar-
chical network applications such as visual and auditory process
systems. Table 5 presents the performance and challenge of the
neuromorphic devices in section 5.

6. Potential Research Fields of Flexible
Neuromorphic Applications

6.1. Wearable Electronics

Wearable electronics have attracted a great deal of
attention as one of the promising research areas for the flex-
ible neuromorphic applications.['*¢157] Recently, Son et al.'>®!
reported wearable memory modules, capacitors, and logic gates
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Figure 8. a) Schematic of the semiconducting single-walled CNT (s-SWNT)-based wearable electronic system consisting of charge-trap floating gate
memory (CTFM) devices, logic gates (NAND/NOR gates) and inverters, and capacitors (left). Circuit diagram of the s-SWNT-based wearable electronic
devices (top right). Schematic of layered components of the CTFM (bottom right). b) Photograph of the wearable bioelectronic system consisting of
a TiO,-based RRAM array, single-crystal Si-based strain sensors, and electroresistive heaters. The inset shows a 10 x 10 array of TiO, RRAM devices
on the wearable patch. c) Photograph of the implantable electronic device, and its components. d) Photograph of the implantable electronic device
inserted in the subdermal dorsal region of a BALB/c mouse. e) Photograph of the iWEBS inserted under the skull (left), and the artificially induced
spike-and-wave discharge (SWD)-like spikes (absence seizure indicator) in the mouse cortical subdomains measured by the iWEBS (right). f) Photo-
graph of the AlGalnP f-VLED array inserted into the meningeal space under the mouse skull. The inset shows red light illumination of the f-VLEDs.
g) Record of the whisker movement during the f-VLED illumination. Yellow triangles indicate the mouse whiskers. h) Blue-light illumination of the GaN
f-VLED array inserted under the mouse skull. The inset shows the 30 x 30 array of GaN f-VLEDs. (a) Reproduced with permission.['>® Copyright 2015,
American Chemical Society. (b) Reproduced with permission.?8! Copyright 2014, Springer Nature. (c, d) Reproduced with permission.['® Copyright
2012, AAAS. (e) Reproduced with permission.?l Copyright 2016, American Chemical Society. (f, g) Reproduced with permission.’l Copyright 2017,
Elsevier. (h) Reproduced with permission.[7% Copyright 2018, Wiley-VCH.

for advanced electronic circuit/systems, as schematically illus-
trated in Figure 8a. An ultrathin (<=3 pum) island array system
enables conformal integration of electronics on the human
skin, fulfilling not only mechanical reliability but also perfor-
mance requirements. Kim and co-workersi?®l demonstrated
wearable sensor systems with functionality of diagnosis, data
storage, and controlled therapeutic treatment by integrating
a TiO,-based RRAM array, strain sensors, and electroresistive
heaters (Figure 8b). Because of the ultrathin feature of the elec-
tronics, it could be conformally contacted with the skin, exhib-
iting stable electrical operation under repeated tension and
compression stresses caused by a human wrist. Those wearable
electronics are expected to be merged with the neuromorphic
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technologies, enabling the individual big data systems such as
chemical fallout alert, and air pollution monitoring.*>*!

6.2. Biomedical and Brain Applications

Modern technological progress in SoP enables biological inte-
gration of flexible electronics (e.g., sensors, drug delivery
devices, and optoelectronics) at the precise location of the
human organs or brain with minimally invasive strategies,
which has significant potential to be converged to neuromorphic
system.[2>114.145,147,160-168] ' Ag shown in Figure 8c,d, Hwang
et al.l'%l demonstrated implantable electronic components
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Figure 9. Schematic of future neuromorphic SoP consisting of wearable and biomedical applications, and flexible synaptic device system. Bottom-
center image (heart with flexible electronic system): Adapted with permission.l'’%l Copyright 2015, Elsevier. Top-center image (synaptic device): Adapted

with permission.81 Copyright 2016, AAAS.

such as capacitors, inductors, resistors, and diodes for inte-
grated sensors (e.g., temperature or strain), actuators, photo-
detectors, and solar cells. Lee and co-workers!?’! reported the
insertable wrapping electrode array beneath the skull (iWEBS)
biosystem for pathological and physiological optogenetic map-
pings of functional connectivity among cortices across a wide
surface in a freely moving mice (Figure 8e, left side). As shown
in the right illustration of Figure 8e, dynamic changes of cor-
tical activity were precisely measured during physiological
and drug-activated epileptic states. Beyond the spatiotemporal
mapping technology of neural interactions, an optogenetic
tool for precisely controlling the body movements was realized.
A densely arranged AlGalnP f-VLED array was inserted into the
meningeal space on each hemisphere, successfully wrapping
the motor cortical regions in a less invasive manner for multi-
spot photoexcitation of the frontal motor neurons (Figure 8f).
When the f-VLEDs were illuminated, distinct movements
of the whiskers and electromyogram (EMG) signal changes
were observed, as shown in Figure 8g. Flexible blue LED light
sources were further developed for optogenetic recording and/
or stimulation. As presented in Figure 8h, a flexible GaN VLED
array (30 x 30) demonstrated by a simple monolithic fabrication
was smoothly inserted under a living mouse skull via a cranial
slit for functional optical irradiation to the neuron cortex.[7%
We strongly believe that a new form of artificial synaptic devices
will be developed through a convergence between the research
fields of the bioelectronics and flexible neuromorphic systems.
Such device systems can be directly connected to humans’ sub-
dermal tissue, providing excellent capabilities of fast mapping
and analyzing of physiological signals based on an unprec-
edented bio-machine interface.[?>162171-173]

Adv. Funct. Mater. 2018, 28, 1801690
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6.3. Representative Examples of the Future Flexible
Neuromorphic System

Figure 9 illustrates future technological design of neuro-
morphic SoP. Implanted sensors can continuously collect
many kinds of complex biosignals (e.g., pulse, body tem-
perature, hormone, pH), which offer critical information
regarding injury and somatic dysfunction of cells, tissues, and
organs.”*74 In addition, various environmental information
(e.g., sound, light, air pollution, network availability) can be
provided to the user by simply wearing the device.'7>7178] On
the basis of the compiled big data, wearable neuromorphic
system produces the optimal solution. For example, the syn-
aptic devices on plastic can quickly perceive and categorize
the patient’s particular disease modes based on the pattern
of stored biological data.l'’>18) Then, the flexible Al systems
automatically judge by themselves to send the patient’s bio-
logical state to the specific medical team that can provide accu-
rate diagnosis through the user’s flexible transparent display
of eyeglasses.[181-183] Finally, corresponding feedback therapy
(e.g., first aid, drug delivery) will be involuntarily proceeded by
the wearable therapeutic devices.!'>184

7. Summary and Outlook

Numerous research efforts to demonstrate high-performance
devices beyond the thermal limit of plastics have yielded broad
technological advances in the fields of memory, LSI, elec-
tronic SoP, and synaptic devices, leading to a new concept of
electronics for flexible and neuromorphic computing that can

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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bring an intelligent breakthrough to diverse areas ranging from
wearable Al systems to personalized healthcare. Representa-
tive examples of flexible NVM (RRAM, PCM), TFTs, ICs, fully
functional SoPs, and synaptic devices, and their potential appli-
cations described in this report suggest the future flexible and
neuromorphic technology. At the front-end device level, flexible
memories, TFTs, and LSIs were realized using various mate-
rials (inorganics, GST, and organics) and strategies (printing,
ILLO, nanoimprinting, and chemical etching). For system
level demonstration, integration of high-performance flexible
electronics on a single plastic substrate was accomplished by
advanced interconnection and packaging technology for multi-
functional SoP. The fields of wearable and biomedical applica-
tions were introduced as one of the promising research that can
be merged with flexible neuromorphic systems, showing sig-
nificant potential for shifting the conventional paradigm of Si
very-large-scale integration (VLSI) electronics.
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