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Abstract: Recent progress in the fabricating flexible electronics has been developed significantly 9 
due to the increased interest of the flexible electronics which can be applied to enormous fields not 10 
only to conventional electronic devices but to bio/eco electronic devices. Flexible electronics can be 11 
applied to wide range of fields such as flexible display, flexible power storage, flexible solar cells, 12 
wearable electronics and healthcare monitoring devices. Recently, flexible electronics are being 13 
attached on the skin and even implanted into human body to monitor the bio-signals and for 14 
treatment purpose. To improve the electrical characteristic and the mechanical properties of flexible 15 
electronics, nanoscale fabrications using novel nano-materials are required. Advanced in nanoscale 16 
fabrication methods allow construction of the active materials that can combine with the ultra-thin 17 
soft substrate to form flexible electronics with high performances and reliability. In this review, wide 18 
range of nanoscale fabrication methods for flexible electronics classified in either top-down or 19 
bottom-up approaches such as conventional photolithography, soft lithography, nanoimprint 20 
lithography, growth, assembly and chemical vapor deposition(CVD) will be reported with specific 21 
fabrication processes and results. Here, our aim is to introduce various fabrication methods that can 22 
be used to fabricate the flexible electronics. 23 

Keywords: flexible electronics; nano-fabrication; top-down approaches; bottom-up approaches 24 
 25 

1. Introduction 26 
Nowadays, standard electronic devices require multi-functional platforms in limited substrate 27 

area. To keep in pace with demands for device users, nanofabrication process for flexible 28 
electronics[1-5] is deeply studied in a variety of field such as multi-functional energy storage 29 
devices[6-8], wearable devices for human healthcare[9-12], and displays[13-15] with great practicality 30 
and reliability. 31 

More specifically, approaches to the device fabrication with mechanical flexibility can be divided 32 
into two dominant processes; top-down[16-19] and bottom-up[20-22] approaches. The main 33 
difference between the top-down and the bottom-up approach is a mechanisms and methods for the 34 
initial state, such as from bulk-structure to the desired flexible device for top-down or the completely 35 
opposite method for bottom-up. Here, we introduce ultrathin nano-material structures and 36 
fabrication methods that allow assemblies of heterogeneous integration of functional materials onto 37 
soft substrates, with all the active components to maintain excellent electronic functions. The flexible 38 
and stretchable electronic systems with performance that reaches or exceed the levels comparable to 39 
those of conventional electronic systems are classified. This review summarizes some recent progress 40 
in the field of micro- and nano-electronics, and shows the novel electronic devices for the practical 41 
applications. 42 
  43 
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2. Novel Devices Designed by Top-down Nanofabrication 44 

Top-down approach is the process that the structure is cut out from the bigger thing. Specially, 45 
in the area of macro-electronics, top-down approach would be more desirable because various 46 
materials can be produced by conventional lithographic process[23,24] and etching techniques[25-47 
27]. The lateral dimensions of this method can range from tens of nanometer to the mm scales. Also, 48 
freestanding single-crystal sheet type can be created from wafers by employing an embedded release 49 
layer to yield flexible systems. Thus, nanostructures are synthesized by etching the layers on the 50 
substrate. However, it is impossible to conduct the entire process on the flexible substrate, such as 51 
doping process and chemical vapor deposition(CVD) because these processes require high 52 
temperatures that significantly deform the flexible substrates[28]. To resolve this issue, transfer-53 
printing process and a method of releasing from the rigid substrate are integrated to form flexible 54 
electronics[29-36]. Here, various flexible electronic devices fabricated using top-down approach are 55 
introduced in the following contents. 56 

First, photonic and plasmonic flexible devices based on eco-friendly hydroxypropyl 57 
cellulose(HPC) are introduced in Figure 1a[37]. In general, when the nanoscale celluloses exist in the 58 
form of fibers, they may not be seen white color, but has a transparent or iridescent property. This 59 
optical property can be arbitrarily adjusted by the structure of the particles either the amorphous 60 
state or the single-crystalline state. Using a special chiral behavior[38-41] possessed by the HPC 61 
solution, simple nanostructured design provides enhanced photoluminescence and potential of the 62 
HPC plasmonic membrane as a role of optical device. Core fabrication process is focused on 63 
exploiting soft lithography[42-46] rather than using conventional photolithography or growth 64 
method. Soft lithography realizes the cost-effective process with patterning large area, ensuring 65 
enhanced reproducibility. Figure 1b shows two specific approaches to fabricate photonic HPC films. 66 
First one is the hot-embossing process. Spin-casted HPC on the rigid substrate is heated, followed by 67 
a hard polydimethylsiloxane(h-PDMS) compound-based patterning. And then the HPC photonic 68 
film is transferred onto the flexible substrate to complete the device fabrication. Second method is to 69 
use a replica molding process. On the surface of a h-PDMS mold, HPC solution is poured and dried 70 
by applying heat. Finally, free-standing, flexible photonic HPC film is obtained by peeling off from 71 
the PDMS mold. The entire structures acquired from both methods are almost identical, but hot-72 
embossing process presented better optical property. After depositing and patterning metal on the 73 
HPC photonic films, the fabrication of HPC films can be completed. Figure 1c shows the scanning 74 
electron microscope(SEM) image of plasmonic HPC film patterned with arrays of hexagonal lattice 75 
structure. This unique nanostructure upgrades the photoluminescence, by maintaining its iridescent 76 
property with amplified optical extinction spectra. 77 

The flexible electronics fabricated by top-down approaches can be directly applied to medical 78 
application due to the absence of mechanical mismatch between the flexible electronics and organs 79 
or tissues of human body. The contents to be introduced next are new bio-integrated devices that can 80 
be widely applied in medical treatment/diagnosis. Here, we introduce the devices that can be formed 81 
by lifting off a thin layer from a temporary substrate using chemical dissolution[47,48], then transfer-82 
printing completed electronic systems from a rigid substrate to a flexible substrate.  83 

In the first instance, to distinguish the normal tissue from the abnormal one, highly flexible 84 
microscale piezoelectric device is developed[49]. Exploiting alteration of mechanical properties of 85 
tissue modulus in accordance with lesions expression[50-54], minimally invasive novel probe offers 86 
quantitative agreement with clinical insights. Exploded schematic views of the specific structures are 87 
shown in Figure 1d. The thin, photolithographically patterned and defined triple layer membrane, 88 
composed of Au/Cr, piezoelectric material lead zirconate titanate(PZT), and Ti/Pt materials, is used 89 
both as an actuator and a sensor simultaneously. Each of the components is transfer-printed onto the 90 
PI substrate from the donor wafer regardless of the structure in the form of either the free-standing 91 
device or the integration on a biopsy needle. After encapsulating the triple layer with PI, another 92 
layer of PI is encapsulated after the interconnecting Au lines. Figure 1e shows the images of the 93 
freestanding probe placed onto biological tissue environment and wrapped the device around the 94 
surface of the conventional biopsy needle. The bottom right magnified image in Figure 1e designates 95 
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the point of actuator/sensor region on the needle. Fundamental device operation is followed based 96 

 97 
Figure 1. HPC photonic thin film with hexagonal nanopillar structure / Flexible, piezoelectric 98 
tissue modulus recording probes (a) An image of HPC photonic crystal(top) and mechanical 99 
flexibility with a free-standing property of the design(bottom); (b) Schematics of two fabrication 100 
processes to make HPC photonic films-Hot embossing and Replica molding methods. The blue-101 
colored slide indicates glass substrate, green one for HPC, brown one for hard PDMS, respectively; 102 
(c) Special hexagonal nanopillar images by SEM lateral view. Paper substrates are used to imprint 103 
predesigned nanopattern. Copyright 2018 Nature; (d) Illustrations of two main PZT based modulus 104 
probes; free-standing device(left) and conformally attached device on a biopsy needle(right); (e) 105 
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Pictures of self-standing devices(top) and the device on the biopsy needle(bottom). Inset picture (top, 106 
upper-right) designates a pair of sensor/actuator and the other inset picture (top, down-right) shows 107 
a row of completed designs. Magnified picture(bottom) shows specific actuator/sensor sites; (f, g) 108 
Results of measured modulus of human tissues in a variety of organs with PZT based probe. Inset 109 
pictures of the upper-left side of the respective graphs show optical images of organs in which 110 
modulus sensing conducted. Copyright 2018 Nature 111 

 112 
 113 
on the piezoelectric effect[55-59]. When the device achieves conformal contact with tissue interface, 114 
induced potential makes piezoelectric strain at the actuator. The tissue which has a part of 115 
deformation transfers this force to the sensor, and then some strain force is changed into a certain 116 
value of voltage, thereby making measurement of tissue modulus be realized. Figure 1f shows the 117 
results of tissue modulus conducted in human organs such as fresh lung, adrenal gland, fresh 118 
cirrhotic liver, and hepatocellular carcinoma. As estimated, Figure 1f provides information that 119 
cirrhotic liver maintains average modulus about 10kPa, while the cancerous hepatocellular tissue 120 
makes peak modulus about 23kPa. Modulus Graph in Figure 1g also shows different values of 121 
modulus between the fresh tissue part and the abnormal tissue site from the human thyroid and 122 
formalin-treated kidney. In this work, devices offer an underwork for the modulus-measuring 123 
platforms for biopsy guidance, based on magnetic resonance elastography[60-64]. 124 

Top-down approach for nanopatterning can be also extensively applied to electrophysiology 125 
mapping[65-68] or electrical/optical stimulating systems[69-75]. Recently, opto-genetics is 126 
extensively studied, because of its delicate controllability of neural activity by selectively modifying 127 
channel-rhodopsin treated genes with light. Entirely seamless implantable optoelectronic device that 128 
let axons react directly in accordance with light stimulating is introduced in Figure 2a[76]. The RF 129 
harvesting unit rectifies the signals that received from the transmitter and routes the output current 130 
for the optical energy(LED). And then, interconnected serpentine-structured Ti/Au antenna layer 131 
diminishes the resonant frequency with maintaining wide bandwidth requisite for the efficient 132 
energy harvest at certain frequency. Fabrication process for the device is initiated from the spin-133 
casting of polyimide(PI) onto the polymethyl methacrylate(PMMA) coated on glass surface. And then, 134 
the bilayers of Ti/Au are deposited by the e-beam evaporator and photolithographically patterned in 135 
serpentine structure to form an antenna. After the encapsulating the completed device with 136 
polydimethylsiloxane(PDMS), this component is immersed in acetone solution to dissolve the 137 
PMMA layer. Finally, thin free-standing composite optogenetic device is released from the glass, 138 
featuring soft, flexible property. This flexible, stretchable state optimizes conformal contact between 139 
the surface of the tissue and device. Optogenetic controlling experiment is conducted mainly into two 140 
parts; underneath gluteus maximus muscle and epidural space in the lumbar spinal cord of mice, as 141 
shown in Figure 2b and 2c. To determine the device functionality as an optogenetic platform, an 142 
experiment of Ch R2 activation for nociceptive reaction of mice with spontaneous pain expression, 143 
following space abhorrence is conducted. Figure 2d and 2e demonstrates the nociceptive pathways 144 
and LED stimulating formation of the device that is fully implanted at sciatic nerve and epidural 145 
space in the Ch R2 expressive mice, respectively. Rotarod test is conducted to identify either the 146 
motor activity of the experimental rodent affects the performance of the LED stimulator (Figure 2i). 147 
The result provides the fact that there is no changing balance of the device. For specific experimental 148 
data, both mice expressing Ch R2 and control units are introduced to the y-shaped maze, where mice 149 
can arbitrarily move to both sides of the maze pathways. Especially, at the left side of the passage in 150 
y-shaped maze, there is a RF antenna which makes the implanted LED be turned on, as illustrated in 151 
Figure 2h. Figure 2f and 2g show the result of the number of nociceptive expression and trend of 152 
space abhorrence checking times of staying by the Advillin-Ch R2 for sciatic nerve-implanted mice, 153 
SNS-Ch R2 for epidural space in the spinal cord of mice and control units according to the LED 154 
illumination. This result shows the correspondence of expected simulation, presenting the potential 155 
for the clinical devices as a novel optogenetic therapy system[77,78] with great advantages such as 156 
physical tether-free and external feature free characteristics. 157 
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 158 
Figure 2. Fully implantable, flexible systems for wireless optogenetic stimulator with related 159 
experiments. (a) Schematics of fully implantable, flexible electronic systems for wireless optogenetic 160 
stimulator; (b) Sciatic insertion surgery to implant the completed device into the spinal cord. Wing-161 
shaped LED extension site pass from the gluteus maximus to the sciatic nerves; (c) Similar 162 
implantation is conducted at the epidural space in the spinal cord; (d, e) Illustration of nociception 163 
path with a LED stimulator in a sciatic nerve and epidural space, respectively; (f, g) Graphs of 164 
numbers of adverse behaviors/Time in y-maze observed by the rodents treated Advillin-ChR2 in 165 
accordance with the LED stimulation in the sciatic nerve and epidural space, respectively; (h) 166 
Experimental y-maze illustration. Using RF signal, pathways are separated by LED ON/OFF 167 
environments; (i) Graph of a rotarod performance result. This graph shows motor activity does not 168 
change the entire performance of the device. Copyright 2015 Nature 169 

 170 
The method of releasing an active device from rigid substrates to obtain a mechanical flexibility 171 

of the device is efficiently used in multifunctional cardiac patches (Figure 3a)[79]. These novel cardiac 172 
patches are composed of three main parts; electronic system for sensing & stimulating, electroactive 173 
polymer-deposited electrode sites for chemical factor diffusion for controlling cell function, and 174 
three-dimensional(3D) dense nanofiber scaffolds in the cardiac cell environment. A detailed 175 
fabrication process is illustrated in Figure 3b. The device fabrication begins with depositing nickel as 176 
a relief layer onto the silicon substrate. And then, the spin-casting and curing of SU-8 photoresist on 177 
the surface of the Ni layer followed by the Cr/Au metal lift-off process. Subsequently, titanium 178 
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nitride(TiN) layer is deposited on the gold pads by sputtering to increase their surface area. 179 
Passivated components of the design are released from the previous silicon substrate and remains 180 
free-standing, flexible structure by etching the Ni relief layer using nitric acid. Figure 3c is an image 181 
of flexible device which consists of 32 electrodes with SU-8 mesh structure. 182 

Fascinating cardiac cell cultures are optimized by the stitched structure-like nanofiber based 183 
biomaterial scaffolds. As shown in Figure 3d, an integration of the biomaterials gives a potential for 184 
on-demand drug release to control the tissue functions without interfering cardiac cells with seeding. 185 
Schematic representation and picture of device cultivated in the cardiac site in Figure 3e indicate the 186 
process for the cell culture and its foldable scaffold structure with the reliable cell viability. Electrical 187 
signals recording acquired by cardiomyocytes is done from nine gold electrodes in the device shown 188 
in Figure 3f. As a result, all nine electrodes showed the similar results as the signal generated by 189 
cardiomyocyte. Figure 3g presents the result of cardiac patch sensing for the signal frequency twice 190 
as high as that of administering norepinephrine and the integrated quantification recording through 191 
calcium imaging. 192 
 In addition to the ability to sense temporarily electrophysiological signals from the brain, a 193 
multiplexed bio-resorbable arrays of the silicon transistor are introduced in Figure 3h[80]. This 194 
particular device is implanted over a cortical surface of a rat brain and functions programmed time 195 
period and resorbs in the body of the rat. Because the device only consists of biocompatible and 196 
biodegradable materials, the secondary surgery to extract the device is not required. After recording 197 
brain activities for predefined periods of time, but the device gradually dissolves in the body. The 198 
device is based on the actively multiplexed array with Si nano-membrane (SiNM) NMOS transistors, 199 
which serve as the sites of the electrode. SiO2 layer and Mo serve as a gate insulator and contacts for 200 
the source, drain, and gate, respectively. Two sets of triple layers of SiO2/Si3N4/SiO2 provide interlayer 201 
dielectric and encapsulation barriers. Fabrication begins with the silicon on insulator(SOI) wafer 202 
which is doped with phosphorous sources to form source and drain for NMOS transistors. And then, 203 
the Si NM layer is separated from the bulk Si wafer by dissolving a box SiO2 layer using hydrofluoric 204 
acid(HF). SiNM is then transfer-printed onto a diluted PI/PMMA/Si substrate using PDMS stamp, 205 
followed by isolating of SiNM, depositing SiO2 as a gate dielectric and MO for source, drain and gate 206 
contacts to form the active matrix. The device is encapsulated and isolated with trilayers of 207 
SiO2/Si3N4/SiO2. Also, another layer of MO deposited on via holes separates the columns and rows 208 
interconnects. Finally, encapsulating the device with another layer of diluted PI and forming mesh 209 
structures by photolithography lead to transferring the entire active layer to bio-resorbable substrate. 210 
After dissolving PMMA layer by acetone to release the entire device, the mesh is consequently 211 
transferred onto the surface of the bio-resorbable poly (lactic- co -glycolic acid) (PLGA) substrate to 212 
finalize the device fabrication. Soak testing is conducted in phosphate buffer saline (PBS, pH 7.4) 213 
solution in Figure 3i (top). Figure 3i (bottom) shows the image of a conformally implanted bio-214 
resorbable array in the left hemisphere and the control electrode in the right hemisphere of an 215 
anaesthetized rat brain for in vivo recording. A series of eight movie frames from each epileptic spike 216 
activity which is induced by applying picrotoxin is shown in Figure 3j. The electrical mapping results 217 
of different forms of spikes (e.g., clockwise spiral, lower right to upper-left diagonal, upper left to 218 
lower-right diagonal, and right to left sweep) recorded from the electrodes, clearly demonstrate the 219 
spatio-temporally resolved neural propagation, thereby ensuring a potential device use in clinical 220 
area or health-care system. 221 
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 222 
Figure 3. Multifunctional electronic system with biomaterial-based 3D scaffold cardiac patches / 223 
Multiplexed bio-resorbable silicon based design for brain mapping. (a) Designed cardiac patches 224 
for recording electrical tissue activity/providing electrical stimulation/spatial releasing biochemical 225 
factors; (b) Detailed fabrication process of cardiac patches. Upper picture is the side view and the 226 
bottom picture for the top view of the device. Components indicate temporary silicon wafer(blue), 227 
nickel layer(gray), SU-8 resist(green), and Au(yellow), respectively. 1. Deposition of 20nm nickel relief 228 
layer 2. Photolithography of SU-8 for mesh structure 3. Patterning and Cr/Au deposition followed by 229 
metal lift-off process and titanium nitride(TiN) layer deposition 4. Substrate coating with a uniform 230 
layer of SU-8 and followed by photolithography & curing 5. Releasing the device from the substrate 231 
by etching the nickel layer with nitric acid; (c) A picture of a flexible device comprising 32 gold 232 
electrodes with a mesh of SU8; (d) SEM image of larger size electrode in the cardiac patches with 233 
nanofiber-based three-dimensional scaffolds; (e) Schematics of foldable patches with conformal cell 234 
culture(left). Brown dots are electrodes which are used to release chemical factors. Gray serpentine 235 
lines are compounds of 3D biomaterial scaffolds, and Pink lines are seeded cardiac cells. An image of 236 
the device in cell cultures(right); (f) Results of electrical signals from the cardiac tissues recorded by 237 
nine gold electrodes; (g) Images of increased signal frequency after treating 238 
neurotransmitter(norepinephrine) on the tissue(top) and integrated recordings through calcium 239 
imaging(bottom). Copyright 2016 Nature; (h) An exploded schematic of compositions of actively 240 
multiplexed brain-mapping sensor based on the highly doped SiNM; (i) Bio-resorbable device in PBS 241 
with a reference electrode(top) and a magnified image of implanted device at the left side of the rat 242 
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hemisphere(bottom); (j) Epilepsy signal-traced brain mapping results acquired by electrode channels 243 
from the device with various spikes. Copyright 2016 Nature 244 

 245 

3. Novel Device Designed by Bottom-up Nanofabrication 246 
The components of the flexible electronic devices in nanoscale can be fabricated using stacking 247 

the atoms or chemicals from the bottom to the top, referred as bottom-up approaches which have 248 
distinctive advantages in some aspect compared to top-down approaches. Device fabrication process 249 
can be controlled precisely by using bottom-up approaches and can be achieved at relatively lower 250 
temperature so that there is no need to take a risk of substrate deformation due to the applied heat[81]. 251 
There are various approaches to fabricate components of the device with novel materials using 252 
bottom-up approaches such as growth method[82-86], assembly methods[87-89], and chemical vapor 253 
deposition(CVD)[90-92].  254 

With the conventional CVD process, large-scale MoS2 film has poor electrical properties such as 255 
low field effect mobility of lower than 15cm2V-1s-1[93-96]. On the other hand, using MoSe2 as an active 256 
layer, high mobility can be achieved. To form MoSe2 device layer with high field-effect mobility, 257 
modified CVD(mCVD) process which uses polycrystalline compounds of MoSe2 as precursor that 258 
directly synthesized on SiO2 is used. (Figure 4a) High mobility transistor based on crystalline MoSe2 259 
film grown on SiO2 insulator[91] can be fabricated with field effect mobility of 121cm2V-1s-1. MoSe2 260 
film fabricated via mCVD has hexagonal shape grains whereas MoSe2 film fabricated via 261 
conventional CVD process has triangular shape grains. (Figure 4b, c) Figure 4d shows the transfer 262 
curves of MoSe2 transistor with different bending regimes. The black, red, and green curves represent 263 
the MoSe2 TFT without bending and with the bending radius of 10mm and 5mm respectively as 264 
shown in Figure 4e. As a result, no significant changes or shifts in transfer curves are found while 265 
changing the bending radius of the device. Therefore, MoSe2 TFTs fabricated by modified CVD 266 
process are endurable to induced mechanical stress while maintaining their electrical performance. 267 

Self-assembly method is another novel nano-fabrication technique which uses specific affinity 268 
between two molecules[97-99]. Molecules that are used to form self-assembled layer have high 269 
interaction forces which are noncovalent interactions so that the monolayer can be formed tightly. 270 
Van der Waals[100,101], hydrogen bonds[102], π-π interactions[103,104] are the representing 271 
examples of noncovalent interactions used in self-assembly method. Various nano-materials can be 272 
used for self-assembly technique; from graphene to gold nanowires(AuNWs). Here, solution based 273 
self-assembled nanomesh using aged gold nanowires(AuNWs) is fabricated[89]. As Figure 4f shows, 274 
keeping the fresh AuNWs for 12 hours before drop-casting to form aged AuNWs. Aged AuNWs self-275 
assembled into the bundles creating continuous nanomesh structure with pore size of 8-52μm. While, 276 
steric hindrance of fresh AuNWs is stronger than wire-to-wire van der Waals force which maintains 277 
ordered structure of nanomembrane, steric hindrance and van der Waals force balance is destroyed 278 
at aged AuNWs which creates bundles of AuNWs. Due to the pores in nanomesh from aged AuNWs 279 
(Figure 4g), nanomesh film is transparent while nanomembrane formed by fresh AuNWs doesn’t. In 280 
addition, nanomesh fabricated by aged AuNWs is also electrically conductive with sheet resistance 281 
of 130.1Ω-1. The AuNWs nanomesh can be transferred onto polyethylene terephthalate (PET) with a 282 
sacrificial layer of mask sheet. While, removing the sacrificial mask by peeling off using the tape or 283 
washing with ethanol, patterned AuNWs nanomesh is preserved on PET (Figure 4h). AuNWs 284 
nanomesh can be utilized as an array of pressure sensors for the flexible touch screen as shown in 285 
Figure 6i. Nanomesh film shows the similar level of pressure sensitivity compared to that of 286 
commercial products[105].  287 

Flexible light emitting diodes(LEDs) have been studied broadly due to its wide range of 288 
applications such as flexible displays[106-108], optoelectronic system[109-111], wearable health care 289 
system[112,113], etc. In various types of nanowires, nitride nanowires have remarkably good 290 
optoelectronics properties with excellent resistance to mechanical deformation[114]. Here, flexible 291 
LEDs based on nitride nanowires are introduced[92]. Especially, fully flexible blue LEDs with core 292 
shell of InGaN/GaN nanowires grown via metalorganic chemical vapor deposition(MOCVD) has 293 
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been demonstrated in Figure 5a. The fabricated blue LEDs as shown in Figure 5c show no degradation 294 
of light brightness down to 3mm bending radius without any encapsulation while conventional 295 
flexible LEDs require encapsulation barriers to protect the LEDs. In addition, two-layer bicolor 296 
nanowire based on flexible LEDs with lighting blue and green light at the same time have been 297 
demonstrated. To fabricate the semitransparent green LED layer which is the top layer of the two-298 

 299 
Figure 4. High-mobility transistors based on CVD-grown MoSe2/Transparent and flexible 300 
nanomesh via self-assembly of ultrathin gold nanowires to fabricate flexible touch panel (a) 301 
Schematic of synthesis of MoSe2 film with modified CVD method; (b) SEM image of CVD grown 302 
MoSe2 film with hexagonal grains on Si wafer; (c) TEM image of dispersed MoSe2 particles and the 303 
inset image is taken from the particle via selected area electron diffraction (SAED); (d) I-V 304 
characteristic of unbent and bent (up to 5mm of radius) MoSe2 transistor; (e) Optical image of bended 305 
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MoSe2 transistor. Copyright 2016 Advanced Materials; (F) TEM image of AuNWs nanomembrane 306 
fabricated by fresh AuNWs solution and SEM image of AuNWs mesh film fabricated from aged 307 
AuNWs solution; (g) Optical image of AuNWs mesh film with pores fabricated by self-assembly 308 
method from aged AuNWs solution; (h) Schematic of patterning the AuNWs mesh film on the PET; 309 
(i) Flexible touch panel fabricated using AuNWs mesh film. Copyright 2016 Advanced Electronic 310 
Materials 311 

layered bicolor flexible LEDs on the thin metal shell of Ni/Au, GaN nanowire arrays are embedded 312 
in PDMS and peeled off. And then, the whole layer is flipped over to deposit Ti/Au which serves as 313 
an arbitrary substrate. Since AgNWs provide high electrical conductivity, AgNWs are dispersed on 314 
the other side of deposited Ti/Au (Figure 8d 1-4)). For the fabrication of the fully transparent blue 315 
LED, fabrication process is similar to that of semitransparent LED, but instead of Ti/Au deposition, 316 
optically transparent AgNWs are dispersed on both sides of PDMS encapsulated layers (Figure 8d 5-317 
8). The fabricated two-layer flexible LED shows no significant performance degradation of I-V 318 
characteristic or electroluminescence (EL) characteristic under 3.5 mm and 2.5 mm of bending radius 319 
with repeated bending cycles.  320 

Nano fabrication method using bottom up approach can be utilized as smart fabrics. Nanowire 321 
strain sensor integrated with smart fabric shows good electrical characteristics[82]. Herein, wireless 322 
flexible strain sensor is applied on commercial textile via assembling hybrid carbon materials in 323 
nanoscale and piezo-resistive ZnO NWs growth on the commercial textile. This assembled hybrid 324 
carbon nanomaterials provide excellent properties in terms of robust electrical performances against 325 
a mechanical deformation due to bending. On the pristine PET textile, carbon nanotube(CNT) and 326 
reduced graphene oxide(rGO) are coated to provide excellent growth condition for ZnO 327 
nanowires[115,116]. The coated hybrid carbon nanomaterials provide the continuous conductivity 328 
and durability from the externally applied mechanical strain. Then, ZnO based texture-type strain 329 
sensor is encapsulated with thin PDMS (Figure 5e). Figure 5f, g show the current density change of 330 
bending and release of fabricated flexible textile strain sensor. The plots in Figure 5g show the flexible 331 
textile sensor monitoring the repeated bending and release of the arm up to bending angle of 60° and 332 
120° respectively. The assembled ZnO-3 on a PET substrate textile which hybrid with carbon 333 
nanomaterials has twice higher gauge factor(GF) of 7.64 compared to that of ZnO-3 assembled on 334 
plain conventional PET film. This result implies that using the fabric-like structure as the substrate 335 
for strain sensors shows the high-pressure sensitivity and stability at the same time.  336 

Skin-like electronics known as e-skins have been studied widely due to its wide applications 337 
such as health monitoring, medical implantation, integration of sensors, etc. Wide range of novel 338 
materials can be used to fabricate e-skins. Among those materials, graphene is one of the most widely 339 
used material to fabricate the active devices nowadays [117-120]. Graphene shows remarkable 340 
electrical conductivity, mechanical strengths, flexibility and optical transparency. With these 341 
properties of graphene and microstructured graphene layer via Layer-by-Layer (LBL) assembly 342 
method[121-124], ultra-sensitive pressure sensor can be developed. The advantages of LBL assembly 343 
method are thickness of the LBL assembled layer can be easily controlled through adjusting the 344 
number of layers and the shapes of LBL assembled layer with uniformly distributed molecules on 345 
each layer. Due to geometrical and self-limiting properties, the surface structure of the ultrathin film 346 
formed by LBL assembly method can be designed in a variety of shapes while it is not possible with 347 
other methods such as spin-coating or drop-casting[87]. Figure 6a shows the fabrication process of 348 
the ultra-sensitive flexible tactile sensor. With the KOH etched Si master mold, pyramid shapes of 349 
PDMS can be fabricated. Graphene oxide(GO) from graphite oxide suits for the LBL assembly 350 
because GO sheet has abundant negatively charges with hydroxyl and carboxyl groups. After 351 
depositing GO sheets on microstructured PDMS which improves the sensitivity via structure, GO 352 
layers were treated with hydrazine vapor to form reduced graphene oxide (rGO) which is electrically 353 
conducting graphene sheets[125,126]. rGO sheets are sandwiched between PDMS and ITO-coated 354 
PET film to construct the pressure sensor unit. The tips of pyramid shapes of rGO contacts the ITO-355 
coated PET film which increase the sensitivity of the device. Figure 6b shows relative resistance 356 
changes (ΔR/R0) of the pressure changes. The microstructured film is highly sensitive over 357 
unstructured film. Pressure response curves of the microstructured film can be subdivided into two 358 
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parts; highly sensitive at lower pressure with range of 0-100kPa and saturated sensitivity segment 359 
with range of above 100kPa. At lower pressure range(0-100kPa), pressure sensitivity slope is -360 
5.53kPa-1 and at saturation in sensitivity range(>100kPa), pressure sensitivity slope is -0.01kPa-1 361 
which means this highly sensitive flexible tactile sensor is ultra-sensitive at lower pressure range of 362 
0-100kPa with ultra-fast response time of 0.2ms.  363 

 364 
Figure 5. Flexible Light Emitting Diodes based on vertically grown nitride nanowires/Flexible 365 
textile sensor based on hybrid of carbon materials as substrate (a) SEM image of grown ZnO 366 
nanowire obtained with tilt angle of 45°; (b) Schematic of bi-layered flexible LED with blue LED for 367 
top layer and green LED for bottom layer; (c) Flexibility of fabricated ZnO nanowire LED; (d) 368 
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Schematic of fabrication process for half transparent LED (1-4) and fully transparent LED (5-8). 369 
Copyright 2015 Nano letters; (e) Schematic of fabricating flexible textile strain sensor fabricated via 370 
growth of ZnO nanowires; (f, g) Bending and releasing of the cloth made by flexible textile strain 371 
sensor and corresponding result according to the different bending angle of the arm. Copyright 2016 372 
Advanced Functional Materials 373 

 374 
Sensitivity can be improved via not only by structurally but also by using ultra-thin sensitive 375 

graphene film formed through self-assembly method[88]. Marangoni effect[127-129] which is the 376 
phenomenon of transferring the group due to the difference of gradient of the two differrent fluid’s 377 
surface tension, was used to form ultra-thin graphene film(UGF). Figure 6d shows the schematic of 378 
how ultra-thin graphene film(UGF) is formed by self-assembly method. Graphene flakes with 379 
thickness of 2.5nm are injected on the surface of deionized(DI) water and ethanol is spread on the 380 
surface of DI water. Due to the Marangoni effect, ethanol with graphene flakes tends to move toward 381 
to high surface tension area where DI water is richer than ethanol. And then, transferred graphene 382 
flakes will collide and compacted together via π-π interactions by forming large area of UGF as 383 
shown in Figure 6e. The whole process of forming large area UGF of 150cm2 takes only 5 seconds. 384 
The advantage of using self-assembly processes introduced here is that self-assembly process can 385 
form the uniform UGF while other methods such as drop-casting and spin-coating cannot. With UGF 386 
formed by self-assembly method, strain sensor can be fabricated. As shown in Figure 6f, UGF is 387 
transferred onto the mask which is attached on the PDMS slab. After removing mask to form 8x8 388 
pixels, electrodes are transferred to create electronic skin with tactile sensor. UGF formed by self-389 
assembly process show an extremely high gauge factor(GF) of 1037 at lower strain (2%). The 390 
resistance of individual graphene flakes hardly changes because of stable crystal structure. However, 391 
using the tunneling effect[130] of overlapped intersection area of self-assembled graphene flakes, the 392 
exceptionally high GF as shown in the result could be achieved. Figure 6g (top) shows the 393 
performance of the pressure sensor array, wrapped around the arm. As applied strain from the 394 
fingers, spatially resolved pressure sensing can be monitored in Figure 6g (bottom). 395 

Monitoring the body temperature is important since numerous diseases can be characterized by 396 
the abnormal changes of body temperature. Therefore, precise and continuous temperature 397 
monitoring device is required. Recent work presents the stretchable and flexible temperature senor 398 
in the form of electronic skin with stable temperature sensing performance when external strain is 399 
applied[90]. The device consists of 5x5 SWCNT TFTs layer, two liquid metal interconnection layers 400 
and 5x5 arrays of temperature sensors layer. On the layer 1 SWCNT TFTs on PET film arrays which 401 
are fabricated via CVD process are transferred. Layer 2 and layer 3 are microchannel Ecoflex layers 402 
formed on microstructured mold. Layer 4 is temperature sensing layer with polyaniline temperature 403 
sensors on PET films. (Figure 7a, b) Four different layers were electrically connected via liquid metals 404 
which is compound form of gallium, indium, and tin. Since the device consists of the thin soft 405 
elastomer (Ecoflex), and ultrathin active components, the entire device can be stretched up to 30% of 406 
strain without device fractures or performance degradations. The completely fabricated temperature 407 
sensor can sense both heating and cooling through the normalized resistance changes with respect to 408 
the temperature changes. There is no hysteresis found on normalized resistance change for heating 409 
and cooling. Figure 7c shows, the temperature sensor arrays can be bent up to radius of 14mm 410 
maintaining its electrical performances. 411 

In another example of e-skin, arrays of stretchable transistors are fabricated with components of 412 
polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene (SEBS) as flexible dielectric, 413 
conjugated polymer/elastomer phase separation induced elasticity (CONPHINE) film as 414 
semiconductor and spray-coated CNTs for electrodes[131]. Figure 7d shows the fabrication processes 415 
of the arrays of stretchable transistors. Rigid Si/SiO2 has been used as bottom layer to fabricate the 416 
arrays and on the top, water soluble dextran which is used as sacrificial layer to separate active layer 417 
from rigid Si/SiO2 layer has been spin-coated. Then, stretchable dielectric, stretchable semiconductor 418 
and stretchable conductor (CNT) have been patterned. SEBS is laminated on to function as flexible 419 
substrate and CNTs are patterned to form the gate electrodes. Figure 7e shows the schematic of 420 
stretchable transistor formed. The completed arrays of stretchable transistors show slight difference 421 
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of carrier mobility when applying the external stresses vertically and horizontally. (Figure 7f) The 422 
average charge-carrier mobilities from the arrays of transistor recorded 0.821±cm2V-1s-1 with highest 423 
value of 1.11 cm2V-1s-1 and on/off current ratio as 104 with low operation voltage of 10V. In addition,  424 

 425 
Figure 6. Microstructured graphene arrays for sensitive flexible tactile sensors/Strain sensors based 426 
on ultrathin graphene films (a) Schematic of fabricating flexible tactile sensor device via layer-by-427 
layer(LBL) assembly method. Ultrathin graphene film which detects applied pressure is deposited on 428 
the PDMS film; (b) Pressure response curve of unstructured and structured rGO/PDMS film. The 429 
slope of relative resistance change is -5.53kPa-1 at range of 100Pa which shows very sensitive change 430 
at the lower pressure; (c) Image of tactile senor applied on the flexible substrate. Copyright 2014 Small; 431 
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(d) Graphene flakes forming the ultrathin graphene film(UGF) via π-π interaction of each other; (e) 432 
Optical image of formation of UGF in 20ms taken by high speed CCD camera; (f) Schematic of strain 433 
sensor fabricated from the self-assembled UGF; (g) Strain sensor applied on the forearm and real-time 434 
response mapping of pressure applied on the strain sensor. Copyright 2016 Advanced Materials 435 

 436 
this stretchable transistor arrays consumes low power which suggests the potential of used as self-437 
powered e-skins. (Figure 7f, g) Figure 7h shows the stretchable arrays of transistors attached onto the 438 
palm. The device can detect very small pressure change with high spatially resolved pattern and 439 
sensitivity even when the artificial lady bug sits on the device. 440 

 441 
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Figure 7. Stretchable temperature sensor arrays for electronic skin/Electronic skin based on 442 
stretchable transistor array (a) Schematic of fabricating the flexible and stretchable active matrix 443 
temperature sensor array; (b) Vertical schematic view of sensor(left) and injecting liquid metal for 444 
gate/source lines; (c) Optical image of bended sensor with radius of 14mm. Copyright 2016 Advanced 445 
Materials; (d) Schematic of fabrication process for arrays of flexible transistors; (e) Closer view of 446 
flexible transistor with high performance; (f) Mobility and threshold voltage change when applying 447 
strain from 0% to 100%; (g) I-V characteristic of fabricated transistors which has almost no hysteresis; 448 
(h) Stretchable arrays of transistors attached on the human palm with small artificial lady bug with 6 449 
legs and corresponding result from the stretchable sensor. Copyright 2018 Nature. 450 

 451 

4. Conclusions 452 

This review summarizes some of the most recent developments in novel fabrication techniques 453 
of flexible and stretchable electronics. To minimize the defects created during the fabrication process, 454 
various nanoscale fabrications are required to fabricate flexible electronics. Since the required 455 
fabrication conditions for each technique are different as an example of temperature, choosing proper 456 
fabrication technique for each component of the flexible electronic device is needed. Various 457 
techniques introduced in this review show the great potentials of flexible electronics fabricated in 458 
nanoscale, which can be the cornerstone of future researches on fabricating biocompatible and 459 
implantable flexible electronics without any performance degradations. 460 
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