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active-matrix organic light-emitting diode 
(f-AMOLED) is potentially strong candi-
dates for use in these devices, as they have 
high optical transparency exceeding 80% [ 3 ]  
with outstanding performance capabili-
ties, as exemplifi ed by their rapid refresh 
rates, short response time, and low power 
consumption levels. [ 4,5 ]  

 The backplane of oxide thin-fi lm tran-
sistors (TFTs) has been spotlighted as 
a switching and driving component for 
transparent f-AMOLED due to its high 
mobility, [ 6 ]  low leakage current, [ 7 ]  and high 
transparency. [ 8 ]  Several research groups 
have reported various approaches to create 
fl exible oxide TFTs by means of direct 
deposition onto plastics, [ 9 ]  solution-coating 
methods, [ 10,11 ]  and with composite-based 
nanomaterials. [ 12 ]  These methods, how-
ever, are associated with the fact that the 
oxide TFTs on fl exible substrates exhibit 
insuffi cient performance levels and low 
production yields compared to those on 

conventional glass substrates, owing to the inherent issues 
of high-temperature compatibility [ 13 ]  or their yellowish plastic 
color. [ 14 ]  Our group has recently developed high-performance 
fl exible one selector-one memristor (1S-1M) devices utilizing 
an inorganic-based laser liftoff (ILLO) process, [ 15 ]  an advanced 
exfoliation process for transferring only inorganic thin-
fi lm devices fabricated on a rigid substrate onto a large-area 
plastic substrate. While the application of fl exible high-density 
memory has been investigated, the ILLO process has not been 
exploited for display technology, where the largest fl exible elec-
tronic market exists. 

 Recently, skin-like electronics (thickness <5 µm, transmit-
tance >80%) that can be conformally attached onto any type 
of curvilinear surface have been reported for human/machine 
interfaces, wearable technologies, and biomedical applica-
tions. [ 16,17 ]  Despite the demonstrations of ultrathin electronics 
such as organic thin-fi lm transistors [ 18 ]  and strain sensors, [ 19–21 ]  
the skin-like display remains as a challenge to achieve next-gen-
eration imperceptible displays or display of things. 

 Here, we realize high-performance, skin-like, transparent 
oxide TFT arrays using the ILLO process. The 50 × 50 indium 
zinc oxide (IZO) TFT array, fabricated with a laser-reactive exfo-
liation layer on a rigid glass substrate, was successfully trans-
ferred onto an ultrathin fl exible substrate (4 um thickness). 
After irradiation by an excimer laser through the backside of the 
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  1.     Introduction 

 Augmented reality (AR) [ 1 ]  has attracted signifi cant attention 
with the development of smart devices and the Internet of 
Things (IoT), [ 2 ]  which can realize a hyperconnected society by 
collecting and exchanging bilateral information. Flexible trans-
parent displays have been proposed as a powerful medium 
of visual communication that can be attached to anything, 
including the windows of vehicles and buildings, mirrors, 
and even eyeglasses for the effi cient use of space. Flexible 
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glass substrate onto the exfoliation layer, only the upper inor-
ganic oxide TFT layers were exfoliated from the bulk mother 
glass substrate without structural damage. The skin-like oxide 
TFT arrays were conformally and stably attached to fabric and 
to human skin by utilizing a sophisticated theoretical design 
and with optimization by the fi nite-element method (FEM) to 
avoid thermal and structural damage during the ILLO process. 
The skin-like transparent oxide TFTs exhibited an excellent 
effective mobility of ≈40 cm 2  V −1  s −1 . Furthermore, the fl exible 
oxide TFT arrays showed superior optical/electrical stability for 
active matrix display applications; the threshold voltage shifted 
less than −1 V under positive bias temperature illumination 
stress (PBTIS) and −4 V under negative bias temperature 
illumination stress (NBTIS). Our skin-like IZO TFTs reliably 
operated for 5000 repeated bending/unbending cycles without 
serious degradation at a bending radius of 7.5 mm. Finally, we 
devised a skin-like oxide logic inverter composed of  n -channel 
metal oxide semiconductor (NMOS) TFTs on ultrathin, trans-
parent polyethylene terephthalate (PET) fi lm.  

  2.     Results and Discussion 

  Figure    1  a shows a schematic illustration of the skin-like trans-
parent oxide TFT array on an ultrathin plastic substrate. The 
skin-like oxide TFT fabrication process is as follows. Prior to 
the construction of the oxide TFT array, a hydrogenated amor-
phous silicon (a-Si:H, thickness, 50 nm) and a silicon oxide 
(SiO 2 ) layer were grown by plasma-enhanced chemical vapor 
deposition (PECVD) on a glass substrate (Corning Lotus Dis-
play Glass, thickness = 700 µm) as an exfoliation layer and a 
buffer layer, respectively. The 50 × 50 oxide TFT arrays, which 
consist of high-quality oxide thin fi lms annealed at 350 °C, were 
fabricated on the buffer layer, as illustrated in the active-matrix 
circuit diagram shown in the inset of Figure  1 a. Each active-
matrix pixel unit on the glass substrate was composed of two 
oxide TFTs and a capacitor as the switching and driving com-
ponents with a rapid response, interconnected by Gate, Data, 
and  V  DD  lines. To eliminate the sacrifi cial glass substrate from 
the oxide TFT backplane, an XeCl excimer laser with a wave-
length of 308 nm, widely commercialized in low temperature 
polycrystalline silicon, [ 22 ]  was irradiated from the backside of a 
transparent glass substrate (transmittance over 73% at a wave-
length of 308 nm). The upper oxide TFT layers were detached 
from the bulk glass substrate by reducing the adhesion between 
the laser-reacted a-Si:H layer and the bulk mother substrate, 
thereby facilitating the transfer onto the ultrathin PET fi lm. 
(Detailed information about the entire fabrication process can 
be found in the Supporting Information, including a summary 
of the fabrication process of the oxide TFT array on a fl exible 
substrate, shown in Figure S1.)  

 Figure  1 b displays cross-sectional transmission electron 
microscopy (TEM) images of the high-performance IZO TFT 
on the glass mother substrate before the ILLO process. The 
upper inset shows a high-resolution TEM (HRTEM) image of 
oxide device layers. An indium tin oxide (ITO) gate layer was 
patterned by direct current (DC) sputtering and a standard 
photolithography process on a glass substrate. A gate insulator 
(GI) consisting of aluminum oxide (Al 2 O 3 ) was grown by atomic 

layer deposition (ALD) at 150 °C. The same experimental condi-
tions used with the gate layer were applied to the ITO thin fi lm 
used for the source/drain layer. Amorphous IZO (20 nm thick) 
as an active layer was deposited by radio-frequency (RF) sput-
tering (Figure S5, Supporting Information). The SiO 2  passiva-
tion layer was grown by PECVD at 300 °C to prevent water and 
oxygen gas from degrading the oxide TFTs. By means of energy 
dispersive spectrometer (EDS) elemental mapping, as shown in 
the lower inset of Figure  1 b, we clearly confi rmed the constit-
uent elements of the pure oxide TFT layers. Figure  1 c presents 
a magnifi ed optical microscopic image of the 50 × 50 oxide TFT 
array transferred onto an ultrathin PET substrate (4 µm thick). 
The active-matrix array, which consists of a switching TFT 
( W / L  = 40/20 µm), a driving TFT ( W / L  = 160/20 µm), and a 
capacitor, was attached to the skin-like polymer fi lm without 
mechanical damages (i.e., wrinkling of cracking). After the 
ILLO transfer process, the used sacrifi cial substrates may be 
reutilized multiple times, [ 15 ]  demonstrating the good economic 
advantages of the ILLO process. The skin-like transparent oxide 
TFT array can easily be attached to human skin with biocom-
patible glue, evenly covering the wrist area of the blood vessels, 
as shown in Figure  1 d. Figure  1 e displays skin-like IZO TFTs 
attached to the surface of a jumper sleeve to demonstrate wear-
able applications without wrinkling and delamination during 
arm movements. Moreover, it is extremely hard to distinguish 
the skin-like oxide devices from the background object such as 
human skin or cloth. 

 To interpret the exfoliation phenomena, [ 23,24 ]  we theoretically 
calculated the temperature distribution of the laser-reactive 
layer using FEM and experimentally analyzed its detaching 
mechanism. The ILLO process is based on melting, [ 25 ]  disso-
ciation, [ 26 ]  or vaporization [ 27 ]  of an optical-reactive layer when it 
interacts with a high-energy laser. Upon laser irradiation, the 
temperature of the exfoliation layer instantaneously reaches 
thousands of kelvin, [ 27 ]  resulting in laser-induced thermal dam-
ages to active device layer. To protect the oxide TFT layers from 
thermal damage induced by heat diffusion, the laser energy 
density and the thickness of the buffer oxide layer should be 
carefully optimized. [ 28 ]   Figure    2  a shows the simulated tempera-
ture distribution in FEM heat fl ux mode during the ILLO pro-
cess. The heat fl ux through the entire device was solved by the 
heat transfer equation 
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 where  ρ  is the density,  C  is the specifi c heat,  k  is the thermal 
conductivity, and  Q  is the total heat caused by laser irradiation. 
Given that a-Si:H thin fi lm has a specifi c absorption and refl ec-
tion rate at a wavelength of 308 nm, the laser heat source can 
be redefi ned by the following equation 

 , 1 0α( ) ( )= − α−Q x y R I eC
yC

    ( 2)     

 Here,  I  0  denotes the intensity of the laser,  R  is the refl ec-
tance, and  α  C  is the absorption coeffi cient of a-Si:H (Figure S6, 
Supporting Information). According to the calculation results, 
while the temperature of the a-Si:H layer with a laser density 
of 460 mJ cm −2  rises instantly up to 3231 K, the buffer oxide 
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layer with a thickness of 1 µm suffi ciently protects the oxide 
TFTs from thermal laser damage. Figure  2 b presents the sim-
ulated temperature profi le versus the entire vertical structure 
after laser irradiation. During a laser duration time of 30 ns, 
the interface temperature between the a-Si:H and the buffer 
oxide layers increased to 3231 K, then distributed throughout 
the entire structure by conductive heat transfer. As shown in 

the temperature profi le versus vertical position within an ultra-
short time, the infl uence of the nanosecond laser on the active 
oxide TFT layer is negligible due to its extremely short pulse 
and suffi cient buffer oxide thickness. Figure  2 c shows an optical 
microscopy image of the a-Si:H fi lm on the remaining glass 
substrate after the ILLO process. We confi rmed the presence of 
repetitive rectangular patterns on the surface of the sacrifi cial 
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 Figure 1.    a) Schematic illustrations of a skin-like oxide TFT array for transparent display via the ILLO fabrication process, consisting of a switching 
TFT, a driving TFT, and a capacitor. The inset shows an active-matrix pixel unit with a circuit diagram. b) A cross-sectional TEM image of the entire 
oxide TFT on a glass substrate. The upper inset shows a cross-sectional bright-fi eld TEM image of an oxide TFT between the buffer oxide layer and 
the passivation layer. The lower inset shows the EDS elemental mapping results. c) A magnifi ed optical microscopy image of the active-matrix oxide 
TFT array. The inset shows a unit pixel of the array. d) A photograph of a skin-like oxide TFT array attached to a human wrist. The inset is a picture of 
a transparent oxide TFT array refl ecting white lamplight. e) A picture of a skin-like oxide TFT array attached to the sleeve of a jumper. The inset shows 
an enlarged photograph of the skin-like transparent oxide TFT array on creased cloth.
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substrate, as created by 2D laser shots (625 × 625 µm 2 ) with an 
overlapped length of 20 µm at 10 Hz of laser shot frequency. 
After the XeCl laser was exposed to the a-Si:H layer, the optical-
reactive fi lm melted and easily released hydrogen gas. The 
released hydrogen gas, with volume expansion, reduced the 
adhesion between the glass substrate and the a-Si:H fi lm, [ 29,30 ]  
resulting in detachment of all device layers from the sacrifi cial 
substrate. [ 31 ]  The insets present the scanning electron micros-
copy (SEM) images of the laser irradiated area. The SEM 
images show the randomly assembled Si nanostructures on 
the remaining glass substrate. In-depth investigation of the 
a-Si:H fi lm surface by means of HRTEM and EDS analyses 
reveals that random Si agglomerations formed on the glass 
substrate, as in Figure  2 d. A high-magnifi cation image shows 
the crystalline lattice of the Si nanostructure with a  d -spacing 
value of 0.317 nm along the [111] direction (the upper inset in 
Figure  2 d). The lower inset describes the corresponding fast 
Fourier transform pattern of the crystalline Si. Upon irradiation 
with the laser, the a-Si:H fi lm was heated over the Si melting 
point, subsequently transforming from the amorphous to the 
crystalline phase. [ 32 ]  The EDS results also indicate that the Si 
nanostructures were agglomerated on the sacrifi cial glass sub-
strate after the ILLO process (Figure S8, Supporting Informa-
tion). It appears that the assembled Si nanostructures weak-
ened the adhesion between the buffer oxide layer and the glass 
substrate by reducing the contact area. The agglomerated Si 

nanostructures can be easily removed by SF 6 -based inductively 
coupled plasma dry etching. [ 15 ]  

  Figure    3  a depicts a cross-sectional schematic illustration 
of an IZO TFT unit cell on a fl exible PET substrate. We fab-
ricated a bottom gate structure of the IZO TFT, which offers 
the advantage of a simple fabrication process compared to a 
top-gated TFT. [ 33 ]  The optical characteristics of the transparent 
IZO TFT are shown in terms of the UV-visible transmittance 
spectra in Figure  3 b. In this fi gure, the fl exible IZO TFT array 
on the transparent PET substrate showed outstanding average 
transmittance of >83% in the visible light region (wavelengths 
of 400–700 nm) as compared to the 88% transmittance of the 
PET substrate. [ 34–36 ]  The insets in Figure  3 b and Figure S9 
(Supporting Information) indicate the high transparency of the 
fl exible IZO TFT, clearly presenting the emblem behind the 
wide-bandgap IZO TFT on the plastic substrate. [ 37 ]   

 The transfer characteristics ( I  DS – V  GS ) of an IZO TFT unit cell 
on a glass and fl exible substrate are displayed in Figure  3 c on 
a semi-logarithmic scale, indicating a subthreshold swing (SS) 
of 168 mV dec −1  and a drain current on/off ratio of ≈8 × 10 7 . 
It is clearly demonstrated that both n-type IZO TFTs effectively 
show no differences in their transfer characteristics during the 
ILLO process. The right inset in Figure  3 c shows a plot of the 
fi eld-effect mobility ( µ  FE ) versus the gate bias ( V  GS  at  V  D  = 0.1 V. 
The effective  µ  FE  value is determined to be 40.1 cm 2  V −1  s −1  on 
the glass substrate and 39.5 cm 2  V −1  s −1  on the plastic substrate 
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 Figure 2.    a) Heat distribution in an FEM simulation when an excimer laser with 460 mJ cm −2  is irradiated onto the exfoliation layer through the backside 
of a glass substrate. b) Calculated temperature profi le as a function of the overall structure dimensions (in the  z -direction). The graphs show that it 
takes nearly 105 ns for the heated device to cool down after the laser exposure. The time changes from zero to 105 ns until the entire heated structure 
cools down to room temperature. c) Optical microscopy image of rectangular patterns formed on a sacrifi cial glass substrate after the ILLO process. 
The insets display SEM images of the agglomerated Si nanostructures in the area exposed to the laser. d) TEM analysis results of the Si nanostructure 
formed on the sacrifi cial glass substrate. The upper inset shows a cross-sectional HRTEM image of the Si nanostructure. The lower inset is a fast 
Fourier transform image of the Si lattice in the HRTEM image.
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at  V  GS  = 15 V. Figure  3 d presents the output characteristics 
( I  DS – V  DS ) of an n-type IZO TFT on a fl exible substrate with 
six different values of  V  GS , exhibiting the linearity of the drain 
current ( I  DS ) in the low- V  DS  region (triode region) and its sat-
uration in the high- V  DS  region. The transferred fl exible oxide 
TFTs displayed suitable gate modulation with I DS  proportional 
to  V  GS . As compared to the fi ndings in previous studies, [ 11,36,38 ]  
the excellent electrical characteristics of our fl exible oxide TFTs 
come from the ILLO process, which provides high stability 
even at high temperatures exceeding 500 °C. [ 27 ]  

 The oxide TFTs of commercial displays are generally affected 
by prolonged negative and positive gate voltage stress, [ 39 ]  
and by the temperature, [ 40 ]  and illumination, [ 41,42 ]  causing a 
threshold voltage shift and reduced lifetimes. In order to con-
fi rm the practical capability of our fl exible transparent oxide 
TFT, we undertook various stability tests such as negative bias 

temperature stress (NBTS), positive bias temperature stress 
(PBTS), NBTIS, and PBTIS tests. Figure  3 e shows the NBTS 
(left) and PBTS (right) results when  V  GS  = ±20 V and  V  DS  = 
0.1 V at 80 °C. After external stress of 10 000 s, negligible 
changes of the threshold voltage (Δ V  th ) were observed in the 
NBTS tests, because minority positive-donors that related with 
the oxygen vacancies are trapped at the interface between the 
GI and the active layer (Figure S12a, Supporting Informa-
tion). In case of PBTS assessments, however, Δ V  th  = 0.8 V of 
our IZO TFT stems from electron trapping near the interface 
between the GI and the active layer (Figure S12b, Supporting 
Information). [ 43 ]  In the PBTS, it has been well known that the 
oxygen plasma causes the damages on the GI surface during 
the oxide thin fi lm deposition, [ 44 ]  resulting in parallel positive 
V th  shifts without a signifi cant change in the SS. [ 45 ]  Under 
normal AMOLED operation, the autonomous illumination 
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 Figure 3.    a) 3D schematic illustration of a unit cell of an IZO TFT based on an IZO active layer. b) The transmittance spectra of the transparent IZO 
TFT array and commercialized transparent PET fi lm. The inset shows an optical image of an oxide TFT array on skin-like plastic fi lm as marked by the 
blue lines. c) Transfer characteristics on a semi-logarithmic scale of an IZO TFT. The lower inset shows  µ  FE  as a function of  V  GS  at a drain voltage of 
0.1 V. d) Output characteristic of the IZO TFT with  V  GS  varying from 0 to 10 V in 2 V steps. Transfer characteristics of the IZO TFT on a plastic substrate 
(e) under NBTS (left) and PBTS (right) conditions, and (f) under NBTIS (left) and PBTIS (right) conditions for 10 000 s. Each inset shows the change 
of the threshold voltage as a function of the applied stress time.
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effect is important; [ 46 ]  thus, the light-susceptibility character-
istics of our oxide TFTs should be investigated in NBTIS and 
PBTIS tests. In Figure  3 f, the oxide TFTs were optically and 
electrically stressed under  V  GS  = ±20 V,  V  DS  = 0.1 V and light 
density with luminous intensity of 500 cd m −2  [ 47,48 ]  at 80 °C. 
500 cd m −2  is currently known to be the maximum luminance 
exposed by smart phones (≈300 cd m −2  for normal operation). 
After the fl exible TFTs were exposed to light for 10 000 s, Δ V  th  
values of −3.7 V in NBTIS and −0.8 V in PBTIS were observed. 
Under dark stress conditions, the value Δ V  th  was extremely low 
for all of the NBS, NBTS, due to negligible density of the gen-
erated hole carriers. [ 49 ]  In NBTIS stress tests, the transparent 
all-oxide TFTs typically show enormous negative  V  th  shifts 
which are caused by electron depletion and photogenerated 
holes [ 50,51 ]  trapping at the interface of the GI/active layer. [ 52,53 ]  
In the case of PBTIS stress test here, the transparent all-oxide 
TFTs commonly exhibit insignifi cant negative Δ V  th  values 
caused by the compensation of the illumination-induced nega-
tive  V  th  shift and the positive  V  th  shift which originated from 
the charge trapping. [ 54 ]  As presented in Figure  3 f, our fl exible 
transparent oxide TFTs showed the valid results based on the 
considerations above reasons in the diverse stress tests con-
ducted here. [ 55 ]  

 The mechanical stability of the fl exible oxide TFTs was exam-
ined in bending tests with various bending curvature radii and 
cycles, as shown in  Figure    4  a,b. In Figure  4 a, the bent oxide 
TFTs result in typical transfer graphs on a curved PDMS 
mold (left: horizontal bending from the channel direction, 

right: vertical bending from the channel direction). Despite 
the diverse curvature radii and bending directions, Δ V  th  shifted 
only by ≈ −0.4 V on a half-cylindrical PDMS mold. SS values 
showed no signifi cant changes directly related to the bending 
directions or bending radii (Table S2, Supporting Information). 
Figure  4 b presents the outstanding mechanical durability of 
the oxide TFTs at a curvature radius of 7.5 mm with luminous 
intensity of 500 cd m −2  which is the real operating condition of 
fl exible display. [ 44,45 ]  Δ V  th  shifted by −0.4 V during the repetitive 
bending of 5000 cycles. This remarkable mechanical stability 
is attributed to the polymer encapsulation layer on the top of 
devices, which can be explained in the form of a mechanical 
neutral plain given the following equation [ 56 ] 
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 Here, Ei is the effective Young’s modulus and  h  i  is the thick-
ness of the  i th layer. According to the calculated results, the 
mechanical neutral plane is located at a thickness of nearly 6.4 µm 
below the top surface. Because the epoxy encapsulation layer 
coated onto the top of the oxide TFTs has a thickness of ≈6 µm, 
the stress-free region is located at the center of the TFT device 
layers (see the Supporting Information for details.) With this 
mechanically neutral design of our ultrathin oxide TFTs, we 
could not fi nd any mechanical damage in the oxide layers 
under severe bending conditions. [ 57–59 ]  
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 Figure 4.    a) Transfer characteristics of an IZO TFT on a half-cylindrical PDMS mold with various radii in the horizontal (left) and vertical (right) 
bending directions. The insets display the changes of the threshold voltage. b) Bending fatigue test results of the subthreshold swing and changes of 
Δ V  th  for the IZO TFT with 5000 continuous bending/unbending cycles at a bending curvature radius of 7.5 mm with luminous intensity of 500 cd m −2 . 
c) Distribution histogram with a threshold voltage of 40 of TFT devices on a fl exible plastic substrate. The upper inset shows box-whisker plots of the 
fi eld-effect mobility and subthreshold swing. d) Oxide TFT performance parameters as a function of the channel length on a fl exible plastic substrate 
with a channel width of 20 µm (blue: change of the threshold voltage, black: subthreshold swing, red: the effective fi eld-effect mobility).
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 To test the uniformity of the oxide TFTs, the electrical charac-
teristics of 40 individual n-type IZO TFTs on a plastic substrate 
were measured, presenting comparatively uniform outcomes. 
As shown in Figure  4 c, a statistical histogram of  V  th  expresses 
the best-fi t Gaussian distribution, showing that 72.5% of the 
devices have a  V  th  value which ranges from −0.8 to −0.6 V. The 
box-whisker plots shown in the inset of Figure  4 c present a 
narrow distribution with an average  µ  FE  of 38.5 cm 2  V −1  s −1  and 
with a SS of 180 mV dec −1 . Figure  4 d compares the electrical 
parameters of the oxide TFTs as a function of different channel 
lengths ( L ) with a specifi c channel width ( W ). In general,  V  th  
and SS are proportional to the channel length, while  µ  FE  is 
inversely proportional to the channel length. [ 60 ]  The oxygen 
vacancies generated near the interface between the source/
drain and active layer during the high temperature annealing 
can be diffused into the channel, resulting in decrease of the 
effective channel length than the mask design and cause an 
overestimation of  µ  FE . [ 61 ]  Δ V  th  was also infl uenced due to the 
increased carrier amounts by diffusion of oxygen vacancy from 
the source/drain to the active layer. [ 62 ]  However, other origin 
also should be investigated for the full analysis since the dif-
fusion length of oxygen vacancy would not be longer than 
40 µm. Although it is unclear why the SS is proportional to the 
channel length, we speculate that the compressive stress within 
each oxide TFT layer is the predominant cause of the change in 
the bandgap and the density of states. [ 63 ]  

 Finally, skin-like oxide logic inverter circuits were charac-
terized on a transparent PET fi lm with a thickness of 4 µm. 
 Figure    5  a shows a magnifi ed optical image and a circuit dia-
gram of the enhancement-load NMOS inverter, [ 64 ]  which con-
sists of the load and drive transistors. The load and drive TFTs 
have a channel width of 50 and 100 µm, respectively, with an 
identical channel length of 10 µm. Figure  5 b displays the typ-
ical static voltage transfer characteristics (VTC) for the enhance-
ment-load NMOS inverter setting supply voltage ( V  DD ) from 
0 to 5 V on ultrathin plastic substrates. There were no signifi -
cant changes of  V  out  between the glass and skin-like substrates. 
As shown in Figure  5 c, the static VTC of the fl exible inverter 
circuits was slightly shifted to the right with a decrease in the 
bending curvature radii at  V  DD  of 1 V. These inverter circuits 
exhibited a voltage gain of about 1.1, as calculated from −d V  out /
d V  in  (the right inset of Figure  5 c). Lastly, we evaluated the 
dynamic responses of the fl exible inverter circuit on a fl at and a 
half-cylindrical mold with a bending curvature radius of 7.5 mm 
(see Figure  5 d). Flexible inverter circuits were driven with a 
constant  V  DD  of 5 V and an input voltage ( V  in ) of 100 Hz with a 
rectangular waveform ranging from 0 to 5 V. The measured rise 
( T  r ) and fall times ( T  f ) of  V  out  were 30 and 54 µs on the skin-like 
fi lm, respectively, proving the excellent mechanical/electrical 
stability of the developed devices. The electrical characteris-
tics of fl exible oxide inverters were identical to the predicted 
results by PSPICE circuit simulation (Figure S15, Supporting 
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 Figure 5.    a) A magnifi ed optical microscopy image and schematic circuit diagram of an IZO-based enhancement-load NMOS inverter. b) Static transfer 
characteristics of the NMOS inverter as a function of the input voltage. The blue lines indicate the characteristics on a glass substrate and the red lines 
indicate those on a skin-like PET substrate. c) Output characteristics of NMOS inverters with  V  DD  = 1 V under various bending states. The inset shows 
the voltage gain of the NMOS inverter at diverse bending curvature radii. d) Dynamic operation of the NMOS inverter circuit. An AC input voltage of 
5 V with a 100 Hz rectangular waveform was applied to the inverter using a function generator. The gray line shows the input voltage, the blue line 
shows the output voltage in a fl at state, and the red line shows the output voltage of the fl exible inverter on the curved PDMS mold. The right inset 
displays a photograph of the measurement process in a bent state.
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Information). These fi ndings with the oxide inverter imply that 
our ultrathin oxide TFTs in conjunction with the ILLO process 
can be successfully applied to electronic logic circuits.   

  3.     Conclusions 

 In conclusion, we have demonstrated high-performance, skin-
like, transparent oxide TFT arrays using the ILLO process. The 
high-performance oxide TFTs were transferred from a glass sub-
strate onto an ultrathin polymer fi lm with a thickness of 4 µm for 
attachment to human skin and wearable clothes by a laser-based 
delamination process. FEM simulations and surface analyses 
(TEM, SEM, and EDS) were utilized to optimize the sophisticated 
material, structure, and thermal design of the transfer protocol. 
The fl exible transparent oxide TFTs demonstrated outstanding 
characteristics, with mobility as high as 38.5 cm 2  V −1  s −1 , 
an SS of 180 mV dec −1 , an on/off ratio of ≈8 × 10 7 , a threshold 
voltage of −0.3 V, and optical transmittance of 83% in the vis-
ible light region. The excellent stress stability of the skin-like 
transparent oxide TFTs was confi rmed by NBTIS and PBTIS 
tests under direct illumination. The fl exible oxide TFTs also 
showed mechanical durability up to 5000 continuous bending/
unbending cycles. The NMOS oxide inverter circuits on the 
ultrathin plastics exhibited superior static and dynamic elec-
trical characteristics with bending curvature radii of 7.5 mm. 
Therefore, the ultrathin, fl exible, and transparent oxide TFTs 
using the ILLO process could be used to realize a prosperous 
approach for the development and commercialization of skin-
like AMOLEDs. We are currently investigating ultrathin trans-
parent AMOLEDs using high performance oxide TFT and ILLO 
technologies to the realization of AR for coming IoT era.  

  4.     Experimental Section 
  Fabrication of the IZO TFT : ITO as the gate layer was grown by 

DC sputtering with an ambient pressure (Ar 10 sccm, O 2  0.6 sccm) 
of 0.67 mTorr Ar/O 2  at room temperature and was patterned by 
photolithography and a wet etching process on a bulk glass substrate. 
Afterward, a GI of Al 2 O 3  was deposited by ALD at 150 °C. The same 
experimental conditions were used for the ITO thin fi lm as a sputtering 
source/drain layer. The active layer of IZO was grown by RF sputtering 
under an ambient pressure (Ar 6.4 sccm, O 2  2.9 sccm) of 0.65 mTorr Ar/
O 2  at room temperature. Finally, all devices were passivated by a 100 nm 
thick SiO 2  at 300 °C to protect the vulnerable oxide fi lms from oxygen 
and water vapor. 

  Electrical Measurements : The electrical characteristics of the IZO 
TFTs and NMOS inverter circuits were measured by a parameter 
analyzer (Keithley 4200-SCS) in DC voltage and current sweep mode, 
a programmable DC voltage source (Keithley 230, constant  V  DD  of 
5 V), a pulse function generator (Agilent 33250A,  V  in  of 100 Hz with 
a repetitive rectangular waveform ranging from zero to 5 V), and an 
oscilloscope (Tektronix DPO3054). White LED source with a current 
control module (NIC-199) was used for NBTIS/PBTIS measurements. 
The power of the light source was ≈0.9 mW in radiometric value at 
10 cm away from the source. 

  Finite-Element Method Simulation : The thermal diffusion simulations 
were calculated by COMSOL Multiphysics 4.4 using the heat transfer 
mode. The heat fl ux of a complete device was calculated by a heat 
transfer equation. The absorption coeffi cient and refl ectance were 
measured by a UV spectrometer (Shimadzu UV 3101pc). The mesh size 
of an entire device structure distributed from 0.4 to 200 nm.  
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 Supporting Information is available from the Wiley Online Library or 
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