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Fully R2R-Printed Carbon-Nanotube-Based Limitless
Length of Flexible Active-Matrix for Electrophoretic

Display Application

Junfeng Sun, Ashish Sapkota, Hyejin Park, Prince Wesley, Younsu Jung,
Bijendra Bishow Maskey, Yushin Kim, Yutaka Majima, Jianfu Ding, Jianying Ouyang,
Chang Guo, Jacques Lefebvre, Zhao Li, Patrick R. L. Malenfant,* Ali Javey,*

and Gyoujin Cho*

A limitless-length flexible active-matrix implies that virtually any surface can
be rendered into an interactive medium when laminated with electrophoretic
or organic light-emitting diode sheets. However, performance, cost, and size
limitations of current fabrication technologies and semiconducting materials,
typically utilized in thin film transistor (TFT) active matrices (TFT-AMs), have
hindered progress, thus preventing the realization of fully printed TFT-AMs
on a plastic roll. A new high-purity semiconducting single-walled carbon
nanotube (s-SWCNT) ink is prepared by first isolating 99.9% pure s-SWCNTs
via conjugated polymer extraction, and then utilizing a ligand-exchange
method to formulate a novel hydrophilic gravure-compatible semiconducting
ink. Based on the s-SWCNT ink, a fully additive manufacturing process using
roll-to-roll (R2R) gravure printing enables the fabrication of a flexible TFT-AM,
overcoming performance, cost, and size limitations. TFT-AMs with 10 to 40
PPI resolution where average mobility of 0.23 + 0.12 cm? V' s, average
on—off ratio of 10*1, and threshold voltage variation of £13% are attained.

As a proof of concept, an inexpensive and flexible electrophoretic display is
demonstrated by simply laminating an electrophoretic sheet onto the R2R

gravure-printed s-SWCNT-based TFT-AM.

1. Introduction

To fully realize “limitless-length” flexible displays, a flexible thin
film transistor active matrix (TFT-AM) should first be manu-
factured using a high-throughput and low-cost method to drive

down the price and allow market acces-
sibility.l!. Conceptually, large area flexible
displays would transform any surface into
an interactive medium that could conform
to any underlying substrate. In such case,
the flexible display would revolutionize
our surroundings by driving the develop-
ment of novel display form factors, through
which leading to a human—machine inter-
face revolution. To achieve this practically,
TFT-AMs, a core technology for displays,
should be manufactured without cost and
size limitations.'3] The solution can be
found in roll-to-roll (R2R) additive manu-
facturing, such as R2R gravure printing,
which has been used as a low-cost manu-
facturing technology for newspapers,
magazines, packaging, and wallpaper for
over 100 years.! If this technology can
be adopted to manufacture TFT-AMs for
displays, a variety of flexible displays can
be realized by simply laminating electro-
phoretic or organic light-emitting diode
(OLED) sheets on R2R printed TFT-AMs
(Figure 1a). To attain R2R-printed TFT-AMs with a comparable
device yield and electrical performance to amorphous Si-based
TFT-AMs, a rapidly curable (<5 s) semiconducting ink that yields
a semiconducting thin film with an appropriate Fermi level to
meet the work function of printed silver drain/source electrodes
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Figure 1. a) Concept image of fabricating digital signage by simply laminating OLED or electrophoretic sheets on R2R gravure printed TFT-active matrix
based on pure s-SWCNT ink prepared via a new ligand (P3ME,MT) exchange method (highlighted by a green box). b) UV-NIR absorption spectrum of
sorted s-SWCNT sample (PFDD/CNT) at PFDD/CNT weight ratio of 1.25/1.00, and its mixture solution with equal amount of PAME4MT (Mixed), and
the re-dispersed solutions after the first and second polymer exchange (first Exc, and second Exc). c) The variation of the UV spectrum of the mixed
solution during the polymer exchange process, where the original solution (PFDD) was prepared by dissolving 1.0 mg of PFDD/CNT composite with a
PFDD/CNT weight ratio of 1.3/1 in 7 mL of toluene and bath sonicating for 30 min. d) PLE mapping image of s-SWCNT to show major (10, 9) chirality.
e) UV-NIR absorption spectrum of formulated s-SWCNT ink to test the stability for 3 days (inset shows the formulated s-SWCNT ink).

and a minimum carrier mobility (>0.01 cm? V' s7) is required.P!
Furthermore, low variation of threshold voltage (V) and high
on—off current ratio of the printed TFT-AM are required to prop-
erly select the desired TFT pixels and avoid cross-talk between
the pixels in the display.®! Therefore, to properly operate a two-
color electrophoretic display, the TFT-AM needs 0.01 cm? V157!
mobility, £30% variation in the Vy,, and 10* on—off current ratio
while at least five times higher specifications may be needed to
operate a full color display because of 5-bit addressing at each
pixel required.”®! Although there are a few reports regarding

Adv. Electron. Mater. 2020, 6, 1901431 1901431

flexible TFT-AM-based electrophoretic displays utilizing a hybrid
fabrication method (printing, vacuum deposition, and photoli-
thography),°! no reports describe an all R2R-printed TFT-AM
that meets the minimum requirements for mobility, on—oft cur-
rent ratio, and Vy, variation, while also practically overcoming
both manufacturing cost and size limitations. The reason being
is that so far no semiconductor ink has been reliable and robust
enough to be employed in a R2R gravure printing system.['2l
Herein, high-purity semiconducting single-walled carbon nano-
tubes (s-SWCNTE) obtained via conjugated polymer extraction
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were formulated into an ink via a ligand exchange method to
meet critical requirements such as fast curing time (<5 sec),!213!
low curing temperature (<150 °C), ambient stability, consistent
ink transfer from the engraved cell, and proper wetting of the
previously printed layer.'*S] By employing the high-purity
s-SWCNT-based ink, the R2R gravure-printed TFT-AM enabled
both low-resolution (10 pixels per inch (PPI)) and high-resolution
(40 PPI) TFT-AMs. Furthermore, a flexible digital display was
demonstrated by utilizing a 20 x 20 TFT-AM with 10 PPI reso-
lution cut out from the printed roll and simply laminated with
an electrophoretic sheet to create a flexible electrophoretic dis-
play prototype that could easily be scaled for large-area signage
(Figure 1a).

2. Results and Discussion

To obtain the desired high-purity s-SWCNTs in a compatible
solvent for gravure printing, we first remove metallic SWCNTs
using our previously reported extraction process with poly(9,9-
didodecylfluorene) (PFDD) to obtain a semiconducting purity
of 99.9%, followed by ligand exchange with a polythiophene
derivative (P3ME,MT) (highlighted in Figure 1a).l'®!7] Excess
P3ME,MT was mixed into the PEDD wrapped SWCNT5 solution
in toluene. The ligand exchange was assisted by bath sonication.
During the ligand exchange process, we can confirm the packing
of P3ME,MT onto the nanotube surface as its absorption peak
at 464 nm shifts to longer wavelength at around 608 to form a
shoulder in the ultraviolet (UV) spectrum (see Figure 1b).'8 This
characteristic enables the estimation of the fraction of polymer
on the nanotube surface as well as the free-polymer concentra-
tion in the solution. The S11 and S22 absorption peaks of the
SWCNTs are also red-shifted significantly upon PFDD being
replaced by P3MEMT due to a more pronounced charge
transfer interaction between the nanotubes and P3ME,MT.[""]
The stronger interaction between the nanotubes and poly-
thiophenes compared to that with polyfluorenes facilitates the
exchange, which can be tracked during the process by spectral
changes. Therefore, to monitor this ligand exchange process, the
solution was mixed with 5 mg of PAME4MT in 1 mL of toluene.
Its UV spectrum was recorded as 0 min, then the solution was
bath sonicated at =40 °C for 5, 10, 20, 40, 80, and 120 min with
UV spectra collected. Finally, the solution was filtered through
a 0.2 um filter to collect the nanotubes as the filtered sample,
which was then re-dispersed in 8 mL of toluene to collect UV
spectrum. The resulting UV-vis peak shifts as a function of time
as shown in Figure 1c, which shows that the exchange takes =2 h
to complete under bath sonication.

After filtration, a PFDD free sample is obtained with the
PFDD peak completely removed from the UV spectrum of the
re-dispersed solution. However, for the optimized SWCNT ink
formulation, a fraction of PFDD (=15% of the whole polymer
weight) in the polymer/SWCNT composite was used. This
was achieved by two ligand exchange cycles while the sonica-
tion time was limited to 30 min. This approach enables us to
dial-in the desired s-SWCNT's dispersibility in polar solvents.
In addition, the enrichment using PFDD ensured a high semi-
conductor purity, as confirmed by absorption and Raman spec-
troscopy.?%22l Photoluminescence excitation (PLE) mapping
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confirms that the sorted s-SWCNTs mainly comprise nine
chiralities, whereby a maximum of eight or nine chiralities
appear to dominate the spectrum with the (10, 9) species being
most abundant,?) with a diameter of 1.30 nm (Figure 1d).
P3ME,MT possesses hydrophilic a-methoxy tetraethoxy methyl
side chains, thus providing s-SWCNTs with good dispersibility
in high-viscosity polar solvents with a good stability, suitable
for gravure printing, such as butyl carbitol and 1-octanol with
which the polythiophene derivative (P3ME,MT) can interact,
highlighted in Figure 1a. Optimized ink formulation (Section
4) provides adequate rheology for gravure printing and wet-
ting onto printed dielectric layers to enable TFT device fabrica-
tion with suitable tube transfer without the need to rinse away
P3ME,MT. To the best of our knowledge, this approach has
never been exploited to formulate a functional s-SWCNT ink
for printing. The amphiphilic polymer design (P3ME,MT) ena-
bles ink formulation directly into 1-octanol, while minimizing
excipient use compared to aqueous dispersions, and without
using any other surfactant or binder to optimize ink transfer
(at a web transfer speed of 6 m min™?). The ink, with a surface
tension of 30 mN m™ and a viscosity of 35 Cp, provided a good
dispersion of s-SWCNTs (Figure 1le), which is critical since
bundling of SWCNTs would have adverse effects on device per-
formance. As formulated, this ink could be successfully trans-
ferred onto the printed dielectric layer at the aforementioned
processing speed when the following conditions were met: 10°
contact angle to the engraved gravure cell with 30 um depth
and 150 pm opening of the pyramidal structure for 10 PPI
while 10 um depth and 35 um opening of the pyramidal struc-
ture for 40 PPI (Figure S1, Supporting Information). However,
due to the different ink-transfer mechanism in printing high-
resolution TFT-AMs with 40 PPI, the surface tension of the
s-SWCNT ink was slightly altered by adding small amounts of
toluene to the formulated s-SWCNT ink.

R2R gravure printing was performed following our pre-
viously reported method to fabricate a 20 x 20 TFT-AM with
10 PPI resolution (Figure 2a).'31 As shown in Figure 2b-d, the
R2R gravure-printed TFT-AMs physically consists of TFTs with
a gate electrode (width of 330 um and thickness of 410 nm),
pixel electrode (1320 pm x 1580 pm x 410 nm), a dielectric
layer (width of 860 um and thickness of 2.6 um), a s-SWCNT
layer (=35 nanotubes per um?) and drain/source electrodes
(width of 1320 pm and thickness of 420 nm) with a channel
length of 80 um. Remarkably, the physical dimensions are
highly consistent along the whole length of the printed web
(>10 m). Due to the consistency of the physical structures
in the TFT-AMs, the device yield was approximately 98.5%
when characterized by selecting 13 TFT pixels per TFT-AM
every 2 m along the 10 m web (Figure 2e). The roll of printed
devices was stored in the ambient and characterized under
ambient conditions based on previously reported methods in
which the effect of the quantum capacitance of the printed
s-SWCNT network was negligible.l'213] The Vj, variation along
10 m of web was +6% (Figure 2f), with an average mobility of
0.03 £ 0.004 cm? V! 57! (Figure 2g) and average on-off cur-
rent ratio of 10*3* %1 (Figure 2h). Furthermore, an acceptable
range of hysteresis (0.5-3.5 V) along the 10 m length on the
printed web was observed (Figure 2i). Furthermore, the elec-
trical parameters (such as the mobility, on—off ratio, and V)
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Figure 2. a) Roll of R2R gravure printed TFT-active matrix with 10 PPI resolutions and b) one selected TFT-active matrix. c) Optical images of nine pixels
and d) a cross-sectional FIB-SEM image with the inset of printed s-SWCNTs on printed dielectric layer. e) Transfer characteristics of TFTs attained from
selected 13 TFT pixels per TFT-AM every 2 m along the 10 m web. f) The statistical data of extracted threshold voltage (Vi;,), g) mobility, and h) on—off
current ratio. i) Typical transfer characteristics of TFTs with the smallest and largest hysteresis and statistical study of the hysteresis for 13 TFTs without

passivation per every 2 m along 10 m length of the web.

of 20 x 20 TFT-active matrix were characterized under bending
state with a diameter of 20 mm (Figure S2a, Supporting Infor-
mation). The attained electrical parameters were all showed
negligible variations comparing with those values to the resting
state (Figure S2b, Supporting Information). Based on the elec-
trical characteristics of the TFT-AM collected every 2 m along 10
m of web, the high-purity s-SWCNT-based ink can be printed
homogeneously without any coffee ring effect (Figure S3,
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Supporting Information) and provides a reliable and practical
solution to manufacture a limitless-length of TFT-AMs. To fur-
ther prove the scalability of the R2R gravure system in terms of
both size and resolution, a TFT-AM measuring 2.4 X 3.15 in.2
with 40 PPI resolution was printed under the same R2R condi-
tions. However, no electrical characteristics were observed due
to insufficient transfer of s-SWCNT ink, even with well-printed
layers for gate electrodes, dielectric layers, and drain/source

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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electrodes (Figure S4, Supporting Information). In fact, the
transfer of lower viscosity ink is more sensitive to variations in
the cell structure than that of higher viscosity inks for printing
gate, dielectric, and drain-source electrodes. Based on a simu-
lation of s-SWCNT ink transfer, the transfer of s-SWCNT-
based ink was not as effective as observed in printing 10 PPI
TFT-AM (Figure S5a, Supporting Information) due to the high
surface tension of the ink in combination with the shrunken
gravure cell used to print the 40 PPI TFT-AM (Figure S5b, Sup-
porting Information). Adding small amounts of toluene to the
s-SWCNT ink reduced the surface tension, allowing effective
transfer from the gravure cell (Figure S5¢, Supporting Informa-
tion). Modifying the surface tension gave the s-SWCNT-based
ink a similar viscosity to 1-octanol-based ink, 34 Cp, but with
a lower surface tension of 28 mN m™ (Figure S6, Supporting
Information). Using this ink, a 76 x 109 TFT-AM with 40 PPI
was successfully R2R gravure printed, with a device yield of
95%. The yield was determined by measuring 80 randomly
selected TFT pixels per TFT-AM every 2 m along the 10 m web
(Figure S7, Supporting Information). The average mobility
was 0.41  0.12 cm? V7L, with an average + 29% variation in
Vi and average on—off current of 10*2. All device characteris-
tics were similar to those of the 10 PPI TFI-AMs, except for
the one-order-higher mobility. The higher mobility results from
the increased ink-transfer rate using the shrunken gravure cell

(a)

80.5 inch

3

2
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and shorter channel length.?Yl Based on the 10 PPI and 40 PPI
TFT-AMs results, a 40 PPI TFT-AM with a size of 2.75 x lim-
itless in.? could be designed by simply connecting the begin-
ning and end electrodes of the row-lines in the TFT-AM on the
gravure cylinder (Figure S8, Supporting Information). With
one rotation of this gravure cylinder, a 16.1 inch-long TFT-AM
with 40 PPI (Figure 3a) was fabricated with 92% device yield
(Figure 3b). When rotated 100 times, a 1610 inch-long TFT-AM
with 40 PPI can be printed. As such, a R2R-printed, 40 PPI
TFT-AM produced from five rotations of the gravure cylinder,
giving a size of 2.4 x 80.3 in.2, was selected for characteriza-
tion, and the measured average electrical characteristics, that is,
the mobility (0.23 £ 0.12 cm? V™! s71), average on—off current
ratio (10*!), and average Vj, variation (+ 13%) (Figure 3c-e)
were comparable to those of the 76 x 109 TFT-AM with 40 PPI.
From these results, we conclude that the high-purity s-SWCNT-
based R2R gravure system is indeed scalable for the fabrication
of large area flexible TFT-AMs with low cost and consistent
electrical properties. Specifically, a 60 m long, wall-sized dis-
play with a resolution of 40 PPI could be manufactured within
15 min via R2R lamination of an electrophoretic sheets onto a
R2R-printed TFT-AM.

To demonstrate R2R gravure-printed TFT-AM-based signage,
we selected a 20 x 20 TFT-AM with 10 PPI resolution due to
the ease of construction of the driving IC. Before lamination
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Figure 3. a) Optical image of R2R gravure printed limitless-length 40 PPI TFT-active matrix. b) Attained transfer characteristics by randomly measured
80 TFTs from randomly selected 16.1 inch length web. c) Statistical data of extracted threshold voltage (Vi;,), d) mobility, and e) on—off current ratio
attained from randomly measured 80 TFTs.
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of the electrophoretic sheet onto the 10 PPI TFT-AM, 400 TFT
pixels were characterized to understand the behavior of each
TFT pixel in the TFT-AM. The results for 400 TFTs randomly
selected among different TFT-AMs were almost statistically
identical along 10 m of web length (Figure S9, Supporting
Information). However, during characterization of all 400
TFTs in a TFT-AM under ambient condition, a large variation
in Vy, was observed (Figure S9a, Supporting Information) due
to exposure to ambient conditions. The attained variation in
Vi from 400 TFTs was +24% (Figure S9b, Supporting Infor-
mation), with an average mobility of 0.03 + 0.007 cm? V~!s7!
(Figure S9c, Supporting Information) and average on-off
current ratio of 1037 * 4 (Figure S9d, Supporting Informa-
tion). Because a narrow variation in Vj, is necessary to prop-
erly operate the electrophoretic display, the large variation in
Vi due to humidity must be mitigated through passivation.
However, because the Vy, of s-SWCNT-TFT is very sensitive
to material contact, the shift in Vy; must be minimized upon
passivation. Among previously reported materials used to pas-
sivate  SWCNT-based TFTs, epoxy,® poly(methylmethacry
late),1%l Cytop, and poly(vinylphenol) were explored,?”28 and
spin-coated Cytop showed the best passivation effect (Figure
S10, Supporting Information). Based on our experience in pas-
sivating SWCNT-based TFTs, hydrophobic polymers without
any electron donating groups such as hydroxyl, amine, and car-
bonyl groups work well because s-SWCNTs are very vulnerable
to moisture and molecules with polar groups.

After Cytop passivation (Figure 4a), the R2R gravure-printed
TFT-AM (400 TFTs) was characterized again (Figure 4b—e). The
Vi, was stable with a variation of +5.6% (Figure 4c) and main-
tained a similar mobility (0.02 £ 0.005 cm? V! s7!) (Figure 4d)
and on-off ratio (10> * %) (Figure 4e) to the non-passivated
devices (Figure S9c¢,d, Supporting Information). The variation
in Vy, garnered from the 400 TFTs is the best result among
currently reported fully printed TFTs and can operate electro-
phoretic display pixels.'*?] Furthermore, the average on—off
current ratio generated from the TFTs was enough to switch
each pixel. A single transistor can switch a pixel with dimen-
sions of 1320 x 1580 um? because each transistor provides at
least 600 nA of “on” current when the gate voltage is =20 V
and the source voltage is =5 V. In addition, to avoid cross-talk
with neighboring pixels, a single TFT in a series of pixels of the
TFT-AM should not generate more than =10 nA of “off” cur-
rent when the TFTs are set to the “off” status at a gate voltage
of +20 V (Figure S11, Supporting Information). Based on the
individual TFT characteristics, applying a voltage to a row (gate)
(=20 V) and a column (source) (-5 V) of electrodes while main-
taining a steady voltage as a common voltage (—15 V) turns on
the pixel and provides a black color. To turn off the pixel (white
color), the column was kept at =20 V and the row at =20 V
while maintaining a steady voltage of —15 V. Depending on the
applied potential difference on the electrophoretic sheet, the
Dbest contrast of black color was observed when the potential dif-
ference was —10 V (Table S1, Supporting Information). To fully
control 20 x 20 pixels, we employed a driving IC (Figure S12,
Supporting Information) to operate the electrophoretic display,
with a switching speed of 0.3 Hz to ensure each pixel operated
(see Video S1, Supporting Information). It should be noted
that the functional switching speed can be increased to 10 Hz
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with this driving integrated circuit (IC) system; the switching
speed is limited by the electrophoretic sheet. By changing the
electrophoretic sheet to one manufactured by e-ink, the on—off
switching speed can reach more than 10 Hz (Video S1, Sup-
porting Information). Based on these operating conditions,
a R2R gravure printed TFT-AM was utilized for the first time
to demonstrate the proper operation of an 0.4 mm thick elec-
trophoretic display showing the words “P,” “E,” and “RIC”
(Figure 4f and Video S2, Supporting Information). However,
even with a TFT-AM device yield higher than 95% before the
lamination of electrophoretic sheet, dead-pixels were observed
in the laminated display (Figure 4f). To elucidate the root cause
of the dead pixels generated during the lamination process, we
selected the printed TFT-active matrix with a device yield of
99% in which only 3 TFTs were short and one TFT was open,
and the letter “R” with 44 pixels was displayed after extracting
all 400 TFTs transfer characteristics and leakage currents as
shown in Extra Analysis and Figure S13, Supporting Informa-
tion. Through retrieving and analyzing both for the leakage
currents and off current for the 44 controllable “live-pixels”
and 16 uncontrollable “dead-pixels” (Figures S14 and S15, Sup-
porting Information), these 16 pixels showed high leakage at
the junction of each pixel as shown in Figure S16, Supporting
Information. The leakage levels at those pixels were a lot higher
than the controllable pixels. This is understandable since the
junction areas, having three printed layers, will have relatively
higher height and narrow area than any other area in the
TFT-AM resulting in a thinner insulating layer. We observed
that the controllable live-pixels in the sample had leakage cur-
rent less than about 30 nA, whereas the uncontrollable dead-
pixels had leakage current levels greater than 30 nA at the
junction of the electrodes. Hence, the higher leakage current
levels at the crossing junction is the root cause for most of the
dead-pixels despite the TFT fabrication yield being over 95%. To
overcome the types of dead pixels generated during the lamina-
tion process, we simply anticipate needing to increase the junc-
tion area or reduce the thickness of the bottom electrodes. As
we explore different applications, optimizations will be made
to the TFT-AM to accommodate downstream processes such as
the lamination of active display layers.

3. Conclusion

In summary, a high-purity semiconducting SWCNT ink was
obtained by carefully tailoring the surface properties of the
nanotubes by replacing the wrapping polymer (PFDD) with
an amphiphilic polythiophene derivative (P3ME,MT), which
enabled the formulation of a gravure ink in 1l-octanol, a
benign solvent, that meets the rheological properties required
for the R2R gravure system. Based on this novel ink, TFT-
AMs from low resolution (10 PPI) to high resolution (40 PPI)
can be fully R2R printed at a printing speed of 6 m min™,
overcoming performance, cost, and size limitations plaguing
conventional materials and approaches. The fully R2R
printed TFT-AMs with 10 PPI resolution showed a 96.5%
device yield, an average mobility of 0.02 £ 0.005 cm? V™' 57!,
average on—off current ratio of 10*> * %6, with a Vy, variation
of £5.6% after Cytop passivation. A TFT-AM with 40 PPI

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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retic signage fabrication process: the selected TFT-active matrix was spun

coated with Cytop after masking pixel electrodes by vacuum grease and then, washed off the vacuum grease to reveal the electrodes again to contact the
bottom electrodes of the electrophoretic sheet by laminating the sheet. b) Characteristics of TFTs attained from 400 TFTs in a 20 x 20 printed TFT-AM
after passivation with Cytop. c) The statistical data of extracted threshold voltage (Vy,), d) mobility, ) on—off current ratio. f) The resulting e-paper was

operated by a custom made driving IC system to show words such as “P,” “

resolution yielded a 2.75 x 80.3 in.2 TFT array along 10 m of
web, with a consistent device yield (92%), an average mobility
of 0.23 £ 0.12 cm? V! 57!, average on-off current ratio of
10*1, and a Vj, variation of £13%. Because this R2R gravure
system demonstrated practical device yield (>92%) with con-
sistent electrical properties along the entire length of the 10 m
PET web with no limitation in the resolution up to 40 PPI,
the flexible and roll-able TFT-AM could be easily scaled with
low cost. Furthermore, the insights obtained herein suggest
that the R2R gravure-printed TFT-AM can be extended to
operate OLED displays by improving the mobility of TFTs
up to 5 cm? V157!, while keeping the presently attained Vy,

Adv. Electron. Mater. 2020, 6, 1901431 1901431

E,” and “RIC.”

variation (+5%).1283% With regards to improving the yield of
the process to 100%, the PET substrate should not be con-
taminated by oils or plasticizer and be free from all precipi-
tated or adsorbed nano-particles or other contaminants. To
achieve this, a clean room with a higher class (<1000) and par-
ticle-free PET roll should be employed to avoid open-circuit
device failures in the R2R printed TFT-AM due to insufficient
SWCNT-ink transfer (active layer). By utilizing a clean room
with a higher class, the reported R2R gravure system can be
utilized to print a TFT active matrix with maximum 150 PPI
resolution (Figure S17, Supporting Information). The results
reported above are the first steps in realizing a printed display

(7 of 9) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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based on limitless-web length that can be directly utilized in
current packaging and large-area flexible signage technology.

4. Experimental Section

Materials: The silver nanoparticle-based gel-type ink used to print
gates, contact electrodes, and drain/source electrodes was purchased
from PARU (PG-007), and its viscosity was adjusted to 1000 Cp to
print the gate and contact electrodes, while a viscosity of 1200 Cp was
used to print the drain/source electrodes. BaTiO; nanoparticle-based
dielectric ink was also purchased from PARU (PD-100) and used without
any further dilution. s-SWCNTs were prepared using a reported PFDD
extraction process using plasma SWCNTs and a PFDD/CNT ratio
of 1.25/1.00. Then, 300 mg of this sample was added with 300 mg of
P3ME4MT in 1000 mL of toluene. The mixture was bath sonicated for
30 min to completely disperse the SWCNTs and form a homogeneous
solution, which was then filtered through a Teflon membrane with a pore
size of 0.2 um (Sartorius Stedim Biotech GmbH) to collect the SWCNTs.
The obtained film was soaked in toluene to remove free polymer. This
exchange step was repeated once more using 750 mg of PME,MT
to obtain the final sample, which was dried before formulation as a
semiconducting ink using 1-octanol (Junsei Chemical Co., Ltd., Japan).
The sorted SWCNTs (15 mg) were dispersed in 1-octanol (30 mL) using
probe sonication for 3 h. The resulting ink provided a stable dispersion of
s-SWCNTs, and its stability was characterized by UV-NIR spectroscopy
(JASCO V-670). Furthermore, its rheological characteristics were studied
using a HAAKE MARS modular advanced rheometer system at 25 °C.

TFT-AMs Fabrication Using R2R Gravure Printing: In general, the R2R
gravure printing method was the same as previously reported methods,
where a temperature of 25 °C and humidity of 35% were maintained in
a clean room (10000 class), and the summary of printing parameters
are shown in Table S2, Supporting Information.l'?! First, gate electrodes
and contact electrodes were printed at a speed of 6 m min™' using
silver nanoparticle-based ink. Then, the dielectric layers were printed
at the same speed using BaTiO; nanoparticle-based ink. The resulting
printed PET web was rewound to print the s-SWCNTs at the same
speed. After printing the s-SWCNTs, the web was rewound again to
print drain/source electrodes and wires at the same speed. The resulting
s-SWCNT-based TFT-AMs with resolutions of 10 PPl and 40 PPI were
characterized by selecting one TFT-AM every 2 m along 10 m of PET
web. To demonstrate the limitless length of 40 PPl TFT-AM fabrication,
80.3 inch of TFT-AM, printed by five rotations of the gravure cylinder,
was selected along the length of the 10 m web to characterize the device
yield with electrical properties.

Laminating Electrophoretic Sheet on the R2R Gravure-Printed TFT-Ams:
For the operational demonstration of e-paper using the R2R gravure-
printed TFT-AMs, the electrophoretic sheet was laminated on the
TFT-AM via exposed contact electrodes in the TFT-AM, where TFTs were
passivated by first screen printing vacuum grease only on the contact
electrodes by semi-auto screen printer (SM-S320 manufactured by
SUNMECHANIX Co., Korea). Cytop (Asahi Glass Co., Japan) was then
spin coated twice with 650 rpm for 0.5 min under ambient condition
using the commercially available Cytop solution. After spin coating,
the printed vacuum grease was washed away by hexane to selectively
expose the contact electrodes to contact the bottom electrodes of the
electrophoretic sheet (Figure 4a).

TFT Characterization: The transfer, output, and leakage characteristics
of TFTs in the active matrix were measured using a KEITHLEY 4200
Semiconductor Characterization System (USA) with an ambient probe
station (MS TECH (MST-4000A)). All attained data were analyzed using
a custom Origin script to obtain the mobility, threshold voltage, and on—
off current ratio.

Electrophoretic Display Demonstration: The e-paper demonstration
was carried out using a custom-made controller that employed the row-
to-row scanning (gate line) method. The microcontroller (ATmega2560)
used in this driving IC could only supply voltage in the range 0-5 V.

Adv. Electron. Mater. 2020, 6, 1901431
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Therefore, to drive the R2R gravure-printed TFT-AM-based e-paper, a
higher voltage (-20 to +20 V) was needed. To provide enough voltage,
a level shifter circuit was designed by using Opamp (LT1491) to convert
the low digital output voltage (0-5 V) to higher voltage (—20 to +20 V).
To show a particular image on the e-paper, the e-paper was first turned
to the white (clear) state (Veomm =+20 V; Vy =-20 V; V, = -20 V). After
Veomm Was set to —15 V, the gate lines were scanned one by one (the
voltage of the gate scan lines was —20 V, while the other scan lines had
a voltage of +20 V). The source lines were set to the desired value (ON:
V, of =5 V and OFF: V; of =20 V) to control the e-paper pixels. To control
the contrast of the e-paper, the V.omm potential was increased from —10
to —15 V as the pixels became darker due to the increase in the potential
difference between the top and bottom electrodes of the electrophoretic
sheet. The scanning rate of the gate lines also affected the contrast of
the display.

Supporting Information

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