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Transparent Nanopaper-Based Flexible Organic Thin-Film

Transistor Array

Yoshihide Fujisaki,* Hirotaka Koga, Yoshiki Nakajima, Mitsuru Nakata, Hiroshi Tsuji,
Toshihiro Yamamoto, Taiichiro Kurita, Masaya Nogi, and Naoki Shimidzu

Eco-friendly and low-cost cellulose nanofiber paper (nanopaper) is a prom-
ising candidate as a novel substrate for flexible electron device applications.
Here, a thin transparent nanopaper-based high-mobility organic thin-film
transistor (OTFT) array is demonstrated for the first time. Nanopaper made
from only native wood cellulose nanofibers has excellent thermal stability
(>180 °C) and chemical durability, and a low coefficient of thermal expansion
(CTE: 5-10 ppm K'). These features make it possible to build an OTFT array
on nanopaper using a similar process to that for an array on conventional
glass. A short-channel bottom-contact OTFT is successfully fabricated on
the nanopaper by a lithographic and solution-based process. Owing to the
smoothness of the cast-coated nanopaper surface, a solution processed
organic semiconductor film on the nanopaper comprises large crystalline
domains with a size of approximately 50-100 um, and the corresponding TFT
exhibits a high hole mobility of up to 1 cm?V~" s7! and a small hysteresis of
below 0.1 V under ambient conditions. The nanopaper-based OTFT also had

on liquid crystals, organic light-emitting
diodes, and electronic paper have been
reported.'* However, the low thermal
durability and high coefficient of thermal
expansion (CTE) of plastic substrates fre-
quently become a major obstacle in the
manufacturing process. High-quality plas-
tics that can alleviate these problems are
expensive. Because the substrate occu-
pies a large part of display devices, cost-
effective and environmentally friendly
materials are strongly required. Paper,
made from natural wood resources, i.e.
cellulose, is ubiquitous in society, and is
an attractive potential material for sub-
strates.’! In fact, in recent years, flexible
electronics based on paper have attracted
considerable attention as a possible next-
generation technology to replace cur-

excellent flexibility and can be formed into an arbitrary shape. These com-
bined technologies of low-cost and eco-friendly paper substrates and solu-
tion-based organic TFTs are promising for use in future flexible electronics

application such as flexible displays and sensors.

1. Introduction

The outstanding features of flexible displays such as excellent
mechanical flexibility, a light weight, and shock resistance are
expected to enable a wide range of applications in the display
field, such as mobile terminals, arbitrary-shaped digital signage,
and large-area sheet-type displays. In recent years, the research
and development of flexible displays using plastic substrates as
a more durable and lightweight alternative to rigid glass has
been promoted actively, and various types of displays based
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rently used plastic-based electronics. A
wide range of applications such as smart
pixels,®) memory devices,”! printed cir-
cuits,’®! electrowetting,! batteries,!'% pho-
tovoltaic devices,!'!l and touch sensors!?!
have been demonstrated on substrates
made of conventional paper. If we can use
cheap and naturally derived paper as substrates for displays, it
will have a significant impact on the display industry from the
viewpoints of reduced cost and environmental impact.

Active devices such as thin-film transistors (TFTs) are indis-
pensable components for the low-power-consumption driving
of displays.'®l To realize large-area and high-resolution displays
on papet, electrical performances either equaling or surpassing
those of conventional amorphous Si TFTs, for example, mobility
over 1 cm? V157!, and a current on/off ratio over 10°, will
be required. In recent years, a great deal of effort has been
made to fabricate various types of TFTs on paper such as those
based on amorphous oxide semiconductors.'>1¢ A complemen-
tary metal oxide semiconductor inverter circuit has also been
demonstrated.'”! In contrast to inorganic or metal-oxide-based
TFTs, organic thin-film transistors (OTFT5s) have many technical
merits such as low-temperature deposition, large-area produc-
tion, and a solution-based process.®! These desirable features
make OTFTs an ideal candidate for active devices on paper sub-
strates. In addition, the highly bendable structure of organic
components originating from van der Waals bonding also make
them compatible for use with highly flexible paper substrates.
Previously, some research groups have demonstrated polymer
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or vapor-deposited small-molecule-based
OTFTs on paper or banknotes.'>21l How-
ever, the device performances were generally
inferior to those of devices on glass or plastic
substrates owing to the limitation imposed
on the process temperature and the large sur-
face roughness of the paper. More recently,
to increase mobility, a solution-processed
organic semiconductor material has also been
used in a device on paper.?”l However, while
many studies have focused on enhancing
the performances of TFTs, there have been
few reports focused on improving paper sub-
strates to enable high-performance device
integration. Most of the demonstrations have
used commercially available coated white paper. However, the
coated paper has poor chemical and thermal durability owing to
its coated layers, making it difficult to fabricate high-resolution
TFT arrays using versatile integration processes such as photo-
lithography and etching. Furthermore, considering applications
to transmissive- or emissive-type displays, optically transparent
paper is desirable for constructing high-resolution TFT arrays.
Thus, the realization of high-mobility OTFTs using transparent
paper substrates that can withstand a versatile integration pro-
cess is still a major challenge regarding paper-based flexible
electronics applications.

In this work, we report the development of high-mobility
organic TFT arrays on thin transparent paper. A 20-um-thick
transparent paper, which was made from only native wood
cellulose nanofibers,?}l was applied to the integration process
of an OTFT array for the first time. High thermal durability
at over 180 °C, a low CTE, and excellent resistance to solvent
attack, which originate from the native crystalline cellulose,
allowed us to fabricate devices in a manner similar to those
on glass or high-quality plastic. Moreover, we fabricated both
the nanopaper and the OTFT array using solution-based tech-
niques suitable for large-area and low-cost production. The
fabricated short-channel OTFT exhibited a high mobility of up
to 1 cm? V1571, good air-stability and a mechanically flexible
structure.

2. Results and Discussion

To realize a high-performance OTFT array for flexible displays,
highly optically transparent substrates compatible with glass
substrates are desired. We fabricated optically transparent sub-
strates using cellulose nanofibers (see Supporting Informa-
tion, Figure S1). In our procedures, the pulp was isolated into
15-nm-wide cellulose nanofibers because they were subjected to
repeated mechanical nanofibrillation. When such narrow cellu-
lose nanofibers were cast onto a smooth acrylic substrate, the
obtained paper exhibited a much smoother surface than normal
paper (Figure Sla,b, Supporting Information). Moreover, cellu-
lose nanofibers tend to collapse by capillary action during the
evaporation of water, and the deformed condition is fixed by
hydrogen bonds that form between hydroxyl groups of the cel-
lulose. As a result, the interstices between the nanofibers are
sufficiently small to avoid light scattering in the dried cellulose
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Figure 1. a) SEM image of fabricated nanopaper. The scale bar is 500 nm. b) Optical trans-
mittance of nanopaper for different curing temperatures. The nanopaper exhibited excellent
transmittance of 83% after 180 °C curing. c) Photograph of 20-um-thick transparent cellulose
nanofibers paper after 180 °C curing. The nanopaper exhibited excellent transparency.

nanofiber sheets as shown in the scanning electron microscopy
(SEM) image of Figure 1a. The precise procedures used in the
nanofibrillation of wood pulp and the fabrication of paper sub-
strates impart high optical transparency to the nanopaper. The
obtained smooth surface not only improves the transparency of
the nanopaper but is also beneficial for the deposition of the
thin multilayer structure of the OTFT array.

In addition to optical transparency, a low CTE is a critical
requirement for the substrate. Flexible displays for moving pic-
tures generally require TFTs with shorter channel length L below
10 um to obtain a larger drain current, which is responsible for
controlling pixels at a high frame rate of over 60 Hz and to obtain
high brightness. When high-resolution TFT arrays are fabricated
on substrates, undesirable thermal warping and shrinkage of
the substrates may occur during the heating process. There-
fore, glass substrates with a low CTE are suitable, although they
have low flexibility. Although plastics have been widely studied,
most of them have a large CTE (approx. 50 ppm K}), and fold-
able plastics exhibit particularly extremely large CTEs in excess
of 200 ppm K~L. Cellulose nanofiber sheets consist of only cel-
lulose nanofibers, which have a low CTE of 0.1 ppm K, as low
as that of quartz glass. As a result, the fabricated nanopaper had
an extremely low CTE of 5-10 ppm K™}, similar to that of glass.

High thermal durability is also an important requirement
of substrates. To display moving pictures with a high response
speed, high mobility is also required. Enhancement of the
electrical performances of TFTs strongly depends on the film
quality of the gate dielectric and the organic semiconductor
(OSC) layer. For example, imperfect curing of the dielectric
layer or insufficient vaporization of the organic solvent used
for the OSC leads to unstable and deteriorated electrical per-
formance owing to the residual solvent, ions, and moisture.l?
Therefore, polymer substrates or chemically modified cellulose
nanofiber sheets with low thermal durability result in much
lower TFT mobility than those on rigid glass substrates.*’!
Figure 1b shows the optical transmittance of our nanopaper
for various curing temperatures. TEMPO-mediated oxidation
deteriorate the thermal durability of cellulose.l?®l However, as
the graph indicates, the fabricated nanopaper made from native
cellulose nanofibers showed superior thermal durability to
chemically modified nanocellulose substrates and maintained
its transparency without brown discoloration even after curing
at 180 °C for 1 h in air. After heating, the nanopaper has a high
transmittance of 85.4% at 600 nm, which is almost the same
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structure provides a excellent flexibility and
mechanical durability; thus, we can bend and
fold the device without tearing or fracturing
it similarly to conventional paper.
Optical microscopy images of the fab-
ricated TFT array structure on the nano-
D paper and magnified images are shown in

Fluoropolymer dielectric

Figure 4a—c. In general, the height varia-
tion and morphology of metal and dielec-

| Mo Gate |

Transparent nanopaper

tric layers affect the insulating property. For
example, the rough surface of the gate metal
make it easy to induce pinholes or structual

Figure 2. Schematic illustration of fabrication process for nanopaper-based bottom-contact
OTFT array. a) A 20-um-thick nanopaper is laminated on support glass using a temporary
weak adhesive film. b,c) Schematic illustration and cross section of fabricated OTFT. d,e) The
fabricated nanopaper-based OTFT array can be easily peeled off from support glass without

any fracturing or cracks.

as the initial transmittance of 86.7%. Figure 1c shows a photo-
graph of our transparent nanopaper after curing at 180 °C.
The nanopaper consisting of native cellulose fibers also has
high chemical resistance to common solvents such as acetone,
acidic metal etchants, and resist developers, making it advan-
tageous for fabricating bottom-contact OTFTs which suited for
shrinking channel size. As mentioned above, the integration
process of the OTFT array can be applied in a manner similar
to that used for OTFT arrays on a conventional glass substrate.
Figure 2 shows a schematic illustration of the fabrication
process and the cross-section structure of the bottom-contact
OTFT array on a nanopaper. Photographs of the fabrication
scheme are also shown in Figure S2, Supporting Information.
To accomplish the process without floating or deformation of
the thin nanopaper, a lamination and peel-off scheme was used.
As shown in Figure 2a, we first laminated the nanopaper sheet
on support glass using a temporary weak adhesive film. Prior
to OTFT fabrication, the nanopaper was covered with a 2-um-
thick thermally cross-linkable olefin-type polymer!?”] to enhance
the mechanical flexibility of the device and to further planarize
the surface of the nanopaper. The bottom-contact OTFT array
based on fluoropolymer gate dielectric and a soluble small-
molecule OSC was fabricated using a lithographic and solution-
based process (Figure 2b,c). After the integration of the device,
the 20-um-thick transparent nanopaper was peeled off from the
support glass without any fracturing or cracks (Figure 2d.e).
Figure 3a shows a photograph of the fabricated transparent
nanopaper-based OTFT array. A short-channel TFT arrays
with a resolution of 70 x 70 was successfully integrated on the
nanopaper. As shown in Figure 3b,c, the thin nanopaper-based
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defects in the polymer dielectric layer, and
this leads to a high leakage current. More-
over, the gate dielectric layer on the rough
metal had an uneven surface, which deteri-
orated the adhesion of the S/D contact and
contact resistance; therefore, TFTs exhibit
deteriorated performance and a high leakage
current. Thus, the uniform formation of
several tens nm of each TFT components is
very important. In this study, the metal con-
tacts and gate dielectric layer deposited on
the nanopaper had a flat surface and good
uniformity of the thickness because of the
smooth surface of the nanopaper. Figure 4d
shows an atomic force microscopy (AFM)
topography image of the gate dielectric layer
on the nanopaper. From the topography
image, we found that the gate dielectric layer was very smooth
and the root mean square (RMS) roughness was 1.9 nm over an
area of 20 pm x 20 um. As a result, we obtained an acceptably
low leakage current for the dielectric layer of below 1078 A cm™2
at an applied voltage of 50 V (Figure 4e).

The formation of large crystalline domains in the OSC film
is essential for high-mobility TFTs.8-3% The crystalline struc-
ture of the OSC film strongly depends on the surface condi-
tion of the gate dielectric layer.3'32l The properties of the
interface between the OSC film and the dielectric layer also
significantly affect the subthreshold slope, hysteresis, and trap
density;13*34 thus, the choice of the dielectric material is very

S0
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)

(a)

Figure 3. a) Photograph and optical microscopy image of 20-um-thick
transparent nanopaper-based OTFT array. Short-channel TFTs with a res-
olution of 70 x 70 were integrated in a 70 mm x 70 mm area. Photographs
of OTFT array in b) bending and c) folding states.
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(@) Y w»w  high boiling-point of 160 °C, as the solvent
T : " f the OSC solution to enable slow solvent
o

evaporation during the spin-coating process.
The measured water and meshitylene con-
— tact angles of the dielectric layer surface are
shown in Figure S3, Supporting Informa-
tion. Owing to the high solvent wettability
of the dielectric surface, the OSC solution
immediately spread out over the substrate
after drop-casting. As a result, we obtained
a uniform thin film by a simple spin-coating
process. Figure 5a,b show optical micros-
10° | copy and cross-polarized microscopy (CPM)
images of the spin-coated OSC film on the
nanopaper, respectively. We obtained large
crystalline domains of size varying from 50
to 100 pm. For comparison, Figure 5c shows
the crystalline structure of an OSC film on
a glass substrate. In general, the crystalline
structure of OSC films is severely affected at
the atomic level by the surface roughness of
the dielectric layer.?”) Owing to the smooth-
ness of the nanopaper surface, the spin-
Figure 4. Optical microscopy images of OTFT array on nanopaper after a) gate metal pat- coated OSC film exhibited a similar crystal-
terning and b) S/D contact patterning. c) Magnified image of the channel region of the TFT. d)  line structure and crystalline domains with a
AFM topography image of spin-coated gate dielectric layer on nanopaper. The height scale is  gimilar size to those on the glass substrate.
12 nm. The‘surfac-:e roughness of the dielectric layer was estimated to be 1.9 nm. e) Leakage To further investigate the microstructure of
current of dielectric layer. the OSC film, we examined an atomic force
microscopy (AFM) topography image of the
important. A gate dielectric with low surface energy is advanta-  film. As shown in Figure 5d, the OSC film exhibited a smooth
geous for controlling the molecular ordering and minimizing  terrace- and step-like morphology, and the step height of the
the number of interface traps. For example, an amorphous  discotic valleys was estimated to be approximately 2-3 nm from

fluoropolymer such as Cytop or Teflon provides excellent TFT  the height variation shown in Figure Se.
performance.’23+3°1  However, the strong
dewettability of its hydrophobic surface
often makes it difficult to deposit a solution-
processed OSC film directly on the dielectric
layer. In this study, we employed a hydroxyl-
free partially fluorinated polymer dielectric
(EPRIMA AL-X6, Asahi Glass, Japan). We
optimized the solution wettability of the
polymer by controlling the number of fluori-
nated alkyl groups at the dielectric surface to
obtain wettability favorable for the organic
solvent of the OSC. A 20 wt% propyleneglycol
monomethylether acetate solution was spin-
coated on the substrate and cured at 150 °C
on a hot plate under air. In addition to the
dielectric layer, the choice of an OSC mate-
rial that provides good charge transport and
reproducible processability is very important
for achieving high mobility. Moreover, stable
operation under ambient air is indispen-
sable for practical applications. To this end,
a soluble small-molecule OSC (lisiconS1200
Merck Chemicals I1td.),® which has a low
lying ionization potential (IP) of 5.4 eV,

FULL PAPER

108 |

1010,

Leakage current (A/cm?)

1012

0 20 40 60
Applied voltage (V)

Source / Drain

Figure 5. Magnified images of fabricated OTFT on transparent paper substrate. a) Optical
. ) microscopy image of the OSC film on nanopaper. Cross-polarized microscopy images of the
was employed in this work. We also used 2 0sc film on b) paper and c) glass substrates. d) Tapping-mode AFM image of OSC film on
mesitylene-based formulation which has a  nanopaper and e) height variation along dashed line in (d).
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Figure 6. Typical electrical performances of fabricated OTFT array. a) Output and b) transfer characteristics measured under ambient air. Channel
length is 10 um. c) Transfer curves for different numbers of days exposed to air. d) Photographs of measurement approach for nanopaper-based TFT
under bending. €) Measured transfer curves of TFTs before, during and after bending (black: initial; blue: during outward bending; red: after outward
bending). Measurements were performed by wrapping the TFT array around a cylindrical bar with 2 mm diameter.

Figure 6a,b show plot of the typical output and transfer
characteristics of the corresponding TFT on the nanopaper,
respectively. The short-channel device with a channel length
L of 10 um exhibited a high on-current of over 10~ A, a high
on/off ratio of between 10° and 108, and its mobility reached
1 cm? V7! s7! under ambient air. We also obtained a small hys-
teresis of below 0.1 V and a relatively low subthreshold slope of
0.84 V per decade. These obtained characteristics indicate that the
number of interface traps between the gate dielectric and the OSC
film is very low.?”3338 The average mobility and subthreshold
slope for 30 TFTs within a 5 cm x 5 cm area were 0.83 cm? V157!
and 1.1 V per decade, respectively (see Figure S4, Supporting
Information). These results are similar to our previous results for
a device with a plastic substrate.””3% This suggests that our device
fabricated on the nanopaper has good interface quality similar
to that of the device on the plastic substrate. We believe that the
sufficient curing of both the dielectric and the OSC layer and the
smooth surface of the nanopaper contributed to these results. The
linearity at a low drain voltage in Figure 6a also indicates Ohmic-
like carrier injection, which is attributed to the low injection bar-
rier between the work function of the SAM-modified S/D contact
and the HOMO energy of the OSC film. The energy level mis-
match between the Fermi level of the SAM-treated Au contacts
and the HOMO of the OSC film was measured to be 0.06 eV by
photoelectron yield spectroscopy (Riken Keiki, AC-3). However,
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as shown in Figure S4 (Supporting Information), the fabricated
array exhibited a range of characteristics and the mobility varied
from 0.53 to 1.3 cm? V-1 s7%. This variation is mainly due to the
size variation of the crystalline structure (Figure S5, Supporting
Information). The difference in grain boundary densities crossing
the channel region determines the charge transport. Therefore,
we consider that the formation of a larger crystalline domain or
the control of the crystal size will be effective to decreasing the
variation of the characteristics. Precise isolation of the OSC film
will also effective to minimize the variation of on/off ratio which
will cause crosstalk errors in the array device.

To evaluate the stability of the device in air, long-term sta-
bility was monitored during storage in air. Figure 6¢ shows
the measured transfer curves as a function of the number of
days of exposure to air. Despite the passivation layer, although
a negative shift in the threshold voltage (Vqy) of 5 V and an
approximately 13% reduction in mobility were observed, the
fabricated TFT still exhibited a high mobility of 0.88 cm? V-'s7!
and a small hysteresis of below 0.1 V after 1 month of storage
in air. This is probably due to the high oxidation barrier of
the OSC film with a deep IP and the dielectric interface with
a low polar functionality*” This result suggests that the TFT
on the nanopaper has good stability enough to maintain its
high performance in the presence of moisture. The results for
a 500 repeated cycling test after two months of storage in air
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and constant gate bias stress are also plotted in Figure S6, Sup-
porting Information. As can be seen from the figure, the fabri-
cated TFT exhibited good stability. A relatively small Vry shift
of 1.8 V was observed after applying the gate stress for 10* s.
As shown in Figure 6¢, however, the large shift in Vyy indicates
that long-term exposure to air induces charge trapping in the
OSC or dielectric film. A shift in Vyy generally deteriaorate the
luminance and causes image sticking on the display device;
hence, the minimization of the shift is important for practical
application. We consider that employing a passivation layer
to protect the active layer from the penetration of oxygen and
moisture is a promising approach to improving the stability in
addition to the pretreatment process such as a nitrogen anneal.
The moisture resistance of the cellulose paper can be improved
by using various techniques, as previously reported.'1=** The
formation of an OSC film with a single-crystalline or larger
crystalline structure will also suppress charge trapping at the
dielectric interface and further improve the stability.*! Finally,
to evaluate the mechanical flexibility, we simply measured the
bending stability by wrapping the TFT array around a cylin-
drical bar (2 mm diameter). Figure 6d shows photographs of
measurement approach of the bending stability. Bending was
performed in the parallel direction to the source-drain current
path for 1 h. Figure 6e shows the transfer curves before, during,
and after the outward bending of the substrate. Although a
slight decrease in drain current and increase in hysteresis was
observed, we found that the OTFT can still function and that
no significant degradation of mobility occurred. Off-current
remains below 1 pA, indicating that the leakage current through
the gate dielectric layer is sufficiently low after the bending. In
general, outward bending induce tensile strain to a device.l*647]
These results suggest that the thin nanopaper structure based
on narrow cellulose nanofibers contributes to the excellent flex-
ibility of the device and that the polymer planarization and die-
lectric layer also relax the bending-induced mechanical strain.

3. Conclusions

Transparent nano cellulose substrate attract considerable
attensions for the application of flexible electron device.®!
In this study, a transparent nanopaper-based OTFT array
was successfully demonstrated. Nanopaper made from only
native cellulose nanofibers has high thermal and chemical
durability and a low CTE. As a result, we fabricated a high-
mobility short-channel OTFT array using a similar process to
that for an array on conventional glass. The spin-coated OSC
film on the nanopaper comprised large crystalline domains
and the resulting TFT exhibited high mobility of up to
1 cm? V71571, almost hysteresis-free characteristics, and good
operational and mechanical stability. We believe that these com-
bined technologies of solution-based organic TFTs and low-
cost and eco-friendly paper substrates are promising for use in
future flexible electronics application such as flexible displays.

4. Experimental Section

Fabrication of Transparent Nanofibers Paper: Wood chips of Sitka
spruce (Picea sitchensis) were bleached by the Wise method and alkali

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

s
Mt oS
www.MaterialsViews.com

treatment.[**l A water suspension containig never-dried wood pulp was
mechanically nanofibrillated using a high-pressure water jet system (Star
Burst, HJP-25005E, Sugino Machine Co., Ltd.) equipped with a ball-
collision chamber.59 After the mechanical nanofibrillation, a cellulose
nanofiber hydrogel was obtained (1 wt% fiber content). The nanofiber
gel was cast onto a smooth acrylic plate and then oven dried at 50 °C for
1 day. After drying, an optically transparent nanopaper with a thickness
of 20 um was obtained.

Organic TFT Array: The bottom-contact OTFTs consisted of Mo gate
electrodes, fluoro-based polymer gate dielectric layer (EPRIMA, AL-X6,
Asahi Glass Co. Ltd., Japan), Au source/drain electrodes, and an organic
semiconductor (OSC, lisiconS1200 Merck Chemicals Ltd.) film. Before
fabrication of the OTFT array, 20-um-thick transparent nanopaper was
laminated on a glass substrate using a weak adhesive film (FixFilm,
FujicopianCo., Japan) and the laminated nanopaper was heated in a
vaccum oven at 100 °C for 1 h to remove undesirable air bubbles between
the nanopaper and glass substrate. Then, the nanopaper was covered
with a 2 um-thick thermally cross-linkable olefin-type polymer (ZEOCOAT,
Zeon Co., Japan). Mo gate electrodes with a thickness of 50 nm were
sputtered at room temperature then patterned. A polymer gate dielectric
layer was spin-coated under air at 2000 r.p.m. and then cured at 150 °C
for 2 h for complete cross-linking after precuring treatment at 90 °C.
The thickness of the dielectric was 300 nm. A 50-nm-thick Au source/
drain electrode was deposited by e-beam deposition and patterned by
wet etching using an etchant (Aurum-302, Kanto Chemical Co.). The
fabricated array device was immersed in a thiol-based self-assembled
monolayer (SAM) solution for the surface modification of the Au contact,
which was followed by brief UV/O; exposure. Then, the substrate was
rinsed with pure isopropanol solution and dried with a nitrogen gas
stream. The OSC solution (2 wt% mesitylene solution) was spin-coated
at room temperature and immediately cured at 100 °C for 30 min on
a hot plate under air condition. Finally, the 20-um-thick transparent
nanopaper integrated with the OTFT array was peeled off from the
support glass without any fracturing or cracks.

Characterization: Scanning electron microscopy (SEM, Hitachi S-4500)
was used to characterize the surface morphology of the nanopaper.
SEM samples were prepared by depositing a thin layer of Pt onto the
nanopaper. The optical transmittance of the nanopaper was measured by
spectrophotometer (Shimadzu UV-3100). To evaluate the thermal durability
of the nanopaper, bare nanopaper sheet was cured at 100, 150, and 180 °C
for 1 h on a hot plate. The morphology and crystalline structure of the
OSC films were characterized by digital microscopy (Keyence, VHX-2000),
cross-polarized optical microscopy (Olympus, BX51TRF), and atomic force
microscopy (AFM, Digital Instruments Dimension 3100). The contact
angle of the gate dielectric was measured by using a dispense system
(Kyowa Interface Science Co., Ltd DropMaster DMC-MC3). Low-frequency
(20 Hz) capacitance-voltage characteristics were used to estimate the
gate capacitance (12.1 nF cm™), and this value was used for mobility
calculation. The fabricated OTFT arrays were electrically characterized under
a dark condition in air using a Keithley 4200-SCS semiconductor parameter
analyzer and a semi-auto proving system (SUSS, PA200 BlueRay).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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