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 17 

The theoretically limitless-length of a thin-film transistor (TFT) active matrix 18 

implies that virtually any surface can be rendered an interactive medium when 19 

laminated with electrophoretic or organic light-emitting diode sheets. However, 20 

performance, cost and size limitations of current fabrication technology and 21 

semiconducting materials typically utilized in TFT active matrices (TFT-AMs) 22 

have hindered progress, thus preventing the realization of a limitless-length TFT-23 

AM. Herein, a high-purity semiconducting single-walled carbon nanotube (s-24 

SWCNT) ink was formulated and employed in a fully additive manufacturing 25 
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process, in which roll-to-roll (R2R) gravure printing was used to fabricate a 26 

flexible TFT-AM to overcome the performance, cost and size limitations in 27 

fabricating a limitless-length TFT-AM with 10 to 40 PPI resolution (average 28 

mobility of 0.23±0.12 cm2/Vs, average on-off ratio of 104.1 and threshold voltage 29 

variation of ±13%). As a proof of concept, an inexpensive and flexible e-paper 30 

display was demonstrated by simply laminating an electrophoretic sheet onto 31 

the R2R gravure-printed, s-SWCNT-based TFT-AM. 32 

As the dawn of the ubiquitous computing draws near, the world is becoming more 33 

connected and integrated via the internet1. This change has given the field of displays a 34 

preeminent role in communication and information exchange. As the leading mode of 35 

communication and information exchange, displays are becoming integrated into every 36 

part of daily life. This immersion of displays can be realized by manufacturing limitless-37 

length flexible thin-film transistor active matrices (TFT-AMs) so that newspapers, 38 

signage, flyers, packages, apparel, wallpaper, etc. can be replaced by flexible displays, 39 

called the Display of Things (DoT). To fully realize the limitless-length of flexible 40 

display, however, flexible TFT-AMs should first be manufactured using a high-41 

throughput and low-cost method, regardless of size, to drive down the price and allow 42 

market accessibility2. Simply, the DoT indicates that all surfaces can become flexible 43 

displays that can be rolled and bent. In such case, the limitless-length of flexible display 44 

would revolutionize our surroundings by driving the development of a novel industries, 45 

through which myriads of new jobs would be created, akin to the Industrial Revolution. 46 

To achieve this practically, TFT-AMs, a core technology for displays, should be 47 

manufactured without cost and size limitations2-4. The solution can be found in roll-to-48 

roll (R2R) additive manufacturing, such as R2R gravure printing, which has been used 49 

as a low-cost and limitless-length manufacturing technology for newspapers, 50 

magazines, packaging and wallpaper over the past 100 years5. If this technology can be 51 

adopted to manufacture TFT-AMs for displays, the limitless-length of flexible display 52 
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can be achieved by freely cut R2R laminated electrophoretic or organic light-emitting 53 

diode (OLED) sheets on R2R printed TFT-AMs (Fig. 1a). 54 

   However, none of the previously reported TFT-AMs fully printed6,7 or partially 55 

printed8,9 with semiconducting inks can be directly employed in display or signage 56 

because of the long curing times required for the inks10,11, the prerequisite requirement 57 

of self-assembled monolayers12, or the indispensable use of noble metals for 58 

drain/source electrodes to meet work function requirements13. Therefore, to attain a 59 

R2R-printed TFT-AMs with a comparable device yield and electrical performance to 60 

amorphous Si-based TFT-AMs, a rapidly curable (< 5 sec) semiconducting ink that 61 

yields a semiconducting thin film with an appropriate Fermi level to meet the work 62 

function of printed silver drain/source electrodes is required14. An adequate mobility 63 

and high on-off current ratio should be attained, where the printing speed is maintained 64 

above 6 m/min for all layers, including commercially available silver nanoparticle-65 

based conducting ink and BaTiO3 nanoparticle-based dielectric ink. Furthermore, a 66 

servo-mechanism with a high level of precision in the R2R printing system is required 67 

to simultaneously control overlay printing registration, web handling and ink transfer15. 68 

Unlike the R2R printing of media, the acceptable range for overlay printing registration 69 

accuracy (OPRA) during web transfer should be in the range of ±20 μm16 to print TFT-70 

AMs with a maximum resolution of 40 PPI (pixel per inch). In addition, ink transfer 71 

from the printing roll to the mobile web should be well controlled, as the slightest 72 

variation in the amount of transferred ink usually causes a large variation in the 73 

threshold voltage (Vth) of the TFT-AM17. Therefore, to print TFT-AMs via the R2R 74 

method, ink transfer must be constant to avoid fluctuations in the turn-on voltage (Vth) 75 

and off current17. To remedy this problem, a R2R gravure system was developed to print 76 

TFT-AMs using a silver nanoparticle-based conducting ink and a BaTiO3 nanoparticle-77 

based dielectric ink with single-walled carbon nanotube (unsorted SWCNT containing 78 

30% of metallic SWCNT)-based or poly[2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-79 
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b]thiophene] (PBTTT)-based semiconducting inks18,19. This R2R gravure system was 80 

optimized with the aforementioned electronic inks to control the OPRA with an 81 

accuracy of ±20 to 25 μm at a printing speed of 6 to 12 m/min, resulting in a device 82 

yield of 95% or higher18,19. However, despite these promising results, the 83 

aforementioned R2R gravure system cannot print TFT-AMs to operate displays due to 84 

the wide variation in Vth and low on-off current ratio (high off current) of TFT pixels in 85 

the printed TFT-AM. Both the Vth variation and low on-off current ratio preclude the 86 

selection of the desired TFT pixels, creating cross-talk between the pixels in the 87 

display20. Therefore, for the R2R gravure-printed TFT-AM to properly operate an 88 

electrophoretic display, it needs to meet the minimum electrical characteristics required 89 

for the task21: 0.01 cm2/Vs mobility, ±30% variation in the Vth and 104 on-off current 90 

ratio. Presently, no reports have described an all R2R-printed TFT-AM that meets these 91 

minimum requirements for mobility, on-off current ratio and Vth variation while also 92 

overcoming both manufacturing cost and size limitations, because thus far no 93 

semiconductor ink has been reliable and robust enough to be employed in a R2R 94 

gravure printing system19. In this work, high-purity semiconducting SWCNTs (s-95 

SWCNTs) were formulated as a gravure ink to meet these requirements and provide a 96 

drop-in solution utilizing our previously reported R2R gravure system18,19. Other key 97 

specifications of the semiconducting ink include fast curing time (<5 sec), low curing 98 

temperature (< 150 °C), ambient stability, consistent ink transfer from the engraved cell 99 

and wetting to the previously printed layer17,22. By employing the high-purity s-100 

SWCNT-based ink, the R2R gravure-printed s-SWCNT-based TFT-AM demonstrated 101 

promise for realizing the limitless-length of flexible display by printing both a low-102 

resolution (10 PPI) and high-resolution (40 PPI) TFT-AMs with limitless length. 103 

Furthermore, the limitless-length of flexible display concept was demonstrated by 104 

utilizing a 20 × 20 s-SWCNT-based TFT-AM with 10 PPI resolution cut out from the 105 

printed roll and simply laminated with an electrophoretic sheet to create a flexible 106 
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electrophoretic display prototype that could easily be scaled for large-area signage (Fig. 107 

1a).  108 

Pure s-SWCNT-based ink formulation 109 

To obtain the desired high-purity s-SWCNTs, a ligand exchange route was taken, in 110 

which we first remove metallic SWCNTs using our previously reported extraction 111 

process with poly(9,9-didodecylfluorene) (PFDD) to obtain a semiconducting purity of 112 

99.9%, followed by ligand exchange with a polythiophene derivative (P3ME4MT)23,24. 113 

This approach enables us to dial-in the desired s-SWCNT chirality distribution and high 114 

semiconductor purity, as confirmed by absorption and Raman spectroscopy25-27. 115 

Photoluminescence excitation (PLE) mapping confirms that the sorted s-SWCNTs 116 

mainly comprise 9 chiralities, whereby the (10,9) chirality is predominant, with a 117 

diameter of 1.30 nm (Supplementary Fig. S1a). The stronger interaction between the 118 

nanotubes and polythiophenes compared to that with polyfluorenes facilitates the 119 

exchange, which can be tracked during the process by spectral changes (Supplementary 120 

Fig. S1b). The surface properties of the s-SWCNTs were tailored by wrapping s-121 

SWCNTs with P3ME4MT (Supplementary Fig. S1c) for their dispersion in polar, 122 

nontoxic solvent. P3ME4MT possesses hydrophilic ω-methoxy tetraethoxy methyl side 123 

chains, thus providing s-SWCNTs with good dispersibility in high-viscosity polar 124 

solvents suitable for gravure printing, such as butyl carbitol and 1-octanol (Fig. 1a). 125 

Optimized ink formulation (vide infra) provides adequate rheology for gravure printing 126 

and wetting onto printed dielectric layers to enable TFT device fabrication with suitable 127 

tube transfer without the need for rinsing. The sorted s-SWCNTs wrapped with 128 

PME4MT are obtained after two exchange cycles, after which most of the PFDD is 129 

replaced, providing a composite that further enables fine tuning of the dispersibility of 130 

the s-SWCNT material for ink formulation. The final product contains small amounts of 131 

PFDD, with a PFDD/P3ME4MT/CNT weight ratio of 0.4/2.0/1.0. As such, it can form 132 

stable dispersions in 1-octanol. To the best of our knowledge, this approach has never 133 
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been exploited to formulate a functional s-SWCNT ink for printing. The amphiphilic 134 

polymer design (P3ME4MT) enables ink formulation directly into 1-octanol, while 135 

minimizing excipient use compared to aqueous dispersions, and without using any other 136 

surfactant or binder to optimize ink transfer from the engraved cells on the gravure 137 

cylinder (for printing 20 × 20 TFT-AMs) to a poly(ethylene terephthalate) (PET) web at 138 

a web transfer speed of 6 m/min. The ink, with a surface tension of 30 mN/m and a 139 

viscosity of 11.7 cP, provided a good dispersion of s-SWCNTs (Supplementary Fig. S2). 140 

As formulated, this ink could be successfully transferred onto the printed dielectric layer 141 

at the aforementioned processing speed when the following conditions were met: 10° 142 

contact angle to the engraved gravure cell with 10 μm depth and 150 μm opening of the 143 

pyramidal structure (Supplementary Fig. S3). However, due to the different ink-transfer 144 

mechanism in printing high-resolution TFT-AMs with 40 PPI, the surface tension of the 145 

s-SWCNT ink was slightly altered by adding small amounts of toluene to the 146 

formulated s-SWCNT ink, which will be discussed in a later section of this paper.  147 

 148 

R2R gravure-printed TFT-AM with limitless length 149 

R2R gravure printing was performed following our previously reported method to 150 

fabricate a 20 × 20 TFT-AM with 10 PPI resolution (Fig. 1b). As shown in Fig. 1b to e, 151 

the R2R gravure-printed TFT-AM physically consists of gate electrodes (width of 330 152 

μm and thickness of 410 nm), pixel electrodes (1320 μm × 1580 μm × 410 nm), 153 

dielectric layers (width of 860 μm and thickness of 2.5 μm), SWCNT layers (35 154 

nanotubes/μm2) and drain/source electrodes (width of 1320 μm and thickness of 420 155 

nm) with a channel length of 60 μm. The physical dimensions are highly consistent 156 

along the whole length of the printed web (> 10 m). Due to the consistency of the 157 

physical structures in the R2R gravure-printed TFT-AM, the device yield was 158 

approximately 95% when characterized by selecting 13 TFT pixels per TFT-AM every 159 

2 m along the 10 m web (Fig. 2a and b). The device was characterized under ambient 160 
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conditions based on previously reported methods in which the effect of the quantum 161 

capacitance of the printed SWCNT network was negligible18,19. The threshold voltage 162 

variation along 10 m of web was ±6% (Fig. 2c), with an average mobility of 0.03±0.004 163 

cm2/Vs (Fig. 2d) and average on-off current ratio of 104.3±0.1 (Fig. 2e). Based on the 164 

electrical characteristics of the TFT-AM collected every 2 m along 10 m of web, the 165 

high-purity s-SWCNT-based ink provides a reliable and practical solution to 166 

manufacture a limitless length of TFT-AM. In addition, to prove the scalability of the 167 

R2R gravure system in terms of both size and resolution, a TFT-AM measuring 2.75 × 5 168 

in2 with 40 PPI resolution was R2R printed under the same printing conditions. 169 

However, no working devices were observed, even with well-printed layers for gate 170 

electrodes, dielectric layers and drain/source electrodes (Supplementary Fig. S4), 171 

because the s-SWCNT ink was not properly transferred from the engraved gravure cell 172 

to the printed dielectric layer. In fact, the transfer of lower viscosity ink is more 173 

sensitive to variations in the cell structure than that of higher viscosity ink. The transfer 174 

of s-SWCNT-based ink was very poor due to the high surface tension of the ink on the 175 

shrunken gravure cell used to print the 40 PPI TFT-AM. Adding small amounts of 176 

toluene to the s-SWCNT ink reduced the surface tension, allowing good transfer from 177 

the gravure cell (Supplementary Fig. S5). Modifying the surface tension gave the s-178 

SWCNT-based ink a similar viscosity to octanol-based ink, 11 cP, but with a lower 179 

surface tension of 28 mN/m (Supplementary Fig. S6). By employing the same R2R 180 

gravure system and the s-SWCNT ink with a slightly modified surface tension, a 76 × 181 

109 TFT-AM with 40 PPI was successfully R2R gravure printed, with a device yield of 182 

95%. The yield was determined by measuring 80 randomly selected TFT pixels per 183 

TFT-AM every 2 m along the 10 m PET web (Supplementary Fig. S7). The average 184 

mobility was 0.41±0.12 cm2/V, with an average 20% variation in Vth and average on-off 185 

current of 104.1. All device characteristics were similar to those of the 10 PPI TFT-AM, 186 

except for the one-order-higher mobility. The higher mobility results from the increased 187 
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ink-transfer rate using the shrunken gravure cell and shorter channel length28. Based on 188 

the 10 PPI and 40 PPI TFT-AM results, a 40 PPI TFT-AM with a size of 2.75 × 189 

limitless in2 could be designed by simply connecting the beginning and end electrodes 190 

of the row lines in the TFT-AM on the gravure cylinder (Supplementary Fig. S8). With 191 

one rotation of this R2R gravure cylinder, a 15.7 in-long TFT-AM with 40 PPI was 192 

fabricated with a 95% device yield. When rotated 100 times, a 1,570 in-long TFT-AM 193 

with 40 PPI can be printed. An R2R-printed, 40 PPI TFT-AM produced from 5 194 

rotations of the gravure cylinder, giving a size of 2.75 × 78 in2, was selected for 195 

characterization, and the measured average electrical characteristics, i.e., the mobility 196 

(0.23±0.12 cm2/Vs), average on-off current ratio (104.1) and average Vth variation (13%) 197 

(Fig. 2f), were comparable to those of the 76 × 109 TFT-AM with 40 PPI. From these 198 

results, we can directly speculate that the high-purity s-SWCNT-based R2R gravure 199 

system is indeed scalable for the fabrication of a limitless length of TFT-AM with low 200 

cost and consistent electrical properties. In other words, a 60 m-long, wall-sized display 201 

with a resolution of 40 PPI can be manufactured within 10 min via the R2R lamination 202 

of electrophoretic or OLED sheets on a R2R-printed TFT-AM.  203 

 204 

R2R gravure-printed TFT-AM-based flexible electrophoretic display 205 

 To realize a R2R gravure-printed TFT-AM-based display, we selected a 20 × 20 TFT-206 

AM with 10 PPI resolution due to the ease of construction of its driving IC. Before 207 

lamination of the electrophoretic sheet onto the 10 PPI TFT-AM, 400 TFT pixels should 208 

be characterized to understand the behavior of each TFT pixel in the TFT-AM. The 209 

results of the characterization of 400 TFTs among the randomly selected TFT-AM were 210 

almost identical to those obtained statistically along 10 m (Supplementary Fig. S9). 211 

However, during the characterization of all 400 TFTs in the TFT-AM under ambient 212 

conditions, a large variation in Vth was observed (Supplementary Fig. S9a) due to the 213 

long exposure to ambient conditions. The attained variation in Vth from 400 TFTs was 214 
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±24% (Supplementary Fig. S9b), with an average mobility of 0.03±0.007 cm2/Vs 215 

(Supplementary Fig. S9c) and average on-off current ratio of 103.7±0.4 (Supplementary 216 

Fig. S9d). Because a narrow variation in Vth is necessary to properly operate the 217 

electrophoretic display, the large variation in Vth due to humidity should be minimized 218 

through a passivation process. However, because the Vth of a s-SWCNT-TFT is very 219 

sensitive to material contact, the shift in Vth must be minimized upon passivation. 220 

Among the previously reported materials used to passivate SWCNT-based TFTs, four 221 

different polymers (epoxy29, poly(methylmethacrylate)30, Cytop31 and 222 

poly(vinylphenol)/Polymethylsilsesquioxane32) were explored, and spin-coated Cytop 223 

showed the best passivation effect on our printed s-SWCNT-based TFT (Supplementary 224 

Fig. S10). After Cytop passivation, the R2R gravure-printed TFT-AM (400 TFTs) was 225 

characterized again (Fig. 3a and b). The Vth was stable with a variation of ±5.6% (Fig. 226 

3c) and maintained a similar mobility (0.02±0.005 cm2/Vs) (Fig. 3d) and on-off ratio 227 

(103.5±0.6) (Fig. 3e) to the non-passivated devices (Supplementary Fig. S9c and d). The 228 

variation in Vth garnered from the 400 TFTs is the best result among currently reported 229 

fully printed TFTs18,33 and can operate electrophoretic display pixels. Furthermore, the 230 

average on-off current ratio generated from the TFTs was enough to switch each pixel. 231 

A single transistor can switch a pixel with dimensions of 1320 × 1580 μm2 because each 232 

transistor provides at least 600 nA of “on” current when the gate voltage is - 20 V and 233 

the source voltage is -5 V. In addition, to avoid cross-talk with neighboring pixels, a 234 

single TFT in a series of pixels of the TFT-AM should not generate more than ~10 nA 235 

of “off” current when a gate voltage of 0 V and drain/source voltage of -20 V or a gate 236 

voltage of -20 V and drain/source voltage of 0 V are applied (Supplementary Fig. S11). 237 

Based on the individual TFT characteristics, applying a voltage to a row (gate) (-20 V) 238 

and a column (source) (-5 V) of electrodes while maintaining a steady voltage (-15 V) 239 

turns on the pixel and provides a black color. To turn off the pixel (white color), the 240 

column was kept at -20 V and the row at - 20 V while maintaining a steady voltage of -241 
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15 V. To fully control 20 × 20 pixels, we employed a driving IC (Supplementary Fig. 242 

S12) to operate the electrophoretic display, with a switching speed of 0.3 Hz to ensure 243 

each pixel operated. However, the functional switching speed can be increased to 10 Hz 244 

in this driving IC system (see video file in the Supplementary Information to observe 245 

the speed of the pixel change in a row). Based on these operating conditions, the first 246 

fully R2R gravure-printed TFT-AM-based electrophoretic display was fabricated with a 247 

thickness of 0.4 mm (Fig. 4a) and operated by a custom made driving IC to display 248 

words, “RIC” and “PE” (Fig. 4b). An additional video in the Supplementary 249 

Information demonstrates the operation of the aforementioned flexible electrophoretic 250 

display based on our R2R gravure-printed TFT-AM. 251 

 252 

Conclusions 253 

Pure semiconducting SWCNTs (s-SWCNTs) with tailored surface properties using an 254 

amphiphilic polymer (P3ME4MT) enabled the formulation of a gravure ink with octanol 255 

that meets the rheological properties and the surface tension required for the R2R 256 

gravure system to function at a printing speed of 6 m/min. Based on this novel ink and 257 

commercially available silver and BaTiO3 inks, thin-film transistor active matrices 258 

(TFT-AMs) from low resolution (10 PPI) to high resolution (40 PPI) can be R2R 259 

printed, overcoming performance, cost and size limitations in fabricating TFT-AMs via 260 

a fully additive manufacturing process. As one of the preferred fully additive 261 

manufacturing processes, R2R gravure printing was used to fully print a TFT-AM with 262 

10 PPI resolution at a printing speed of 6 m/min with a 96.5% device yield, an average 263 

mobility of 0.02±0.005 cm2/Vs, average on-off current ratio of 103.5±0.6, and a threshold 264 

voltage (Vth) variation of ±5.6% after passivation using Cytop. After lowering the 265 

surface tension of the s-SWCNT ink, this R2R gravure system was scaled to print a 266 

limitless length of TFT-AM with 40 PPI resolution. By selecting and characterizing a 267 

2.75 × 78 in2 TFT-AM along 10 m of web, a consistent device yield (95%) with an 268 
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average mobility of 0.23±0.12 cm2/Vs, average on-off current ratio of 104.1, and a 269 

threshold voltage (Vth) variation of ±13% was attained. Because this R2R gravure 270 

system demonstrated 95% device yield with consistent electrical properties along the 271 

entire length of the 10 m PET web with no limitation in the resolution up to 40 PPI, the 272 

flexible and rollable TFT-AM could be easily scaled to a limitless length with low cost. 273 

This R2R gravure system utilizing high-purity s-SWCNT ink will be a core technology 274 

to make the DoT a reality. To demonstrate the validity of using R2R-printed TFT-AMs 275 

for the DoT, the concept was demonstrated by simply laminating an electrophoretic 276 

sheet on the R2R gravure-printed s-SWCNT-based TFT-AM with 10 PPI. Furthermore, 277 

the insights obtained herein suggest that the R2R gravure-printed TFT-AM can be 278 

extended to operate OLED displays by improving the mobility of TFTs up to 5 279 

cm2/Vs34 while keeping the presently attained threshold voltage variation (±5%). Thus, 280 

the results reported above are the first steps in realizing the DoT and can be directly 281 

utilized in current packaging and large-area flexible signage technology.  282 

 283 

Methods 284 

Materials. The silver nanoparticle-based ink used to print gates, contact electrodes and 285 

drain/source electrodes was purchased from PARU (PG-007), and its viscosity was 286 

adjusted to 1000 cP to print the gate and contact electrodes, while a viscosity of 1200 cP 287 

was used to print the drain/source electrodes. BaTiO3 nanoparticle-based dielectric ink 288 

was also purchased from PARU (PD-100) and used without any further dilution. s-289 

SWCNTs were prepared using a reported PFDD extraction process using plasma 290 

SWCNTs and a PFDD/CNT ratio of 1.25/1.00. Then, 300 mg of this sample was added 291 

with 300 mg of P3ME4MT in 1000 ml of toluene. The mixture was bath sonicated for 292 

30 min to completely disperse the SWCNTs and form a homogeneous solution, which 293 

was then filtered through a Teflon membrane with a pore size of 0.2 µm (Sartorius 294 

Stedim Biotech GmbH) to collect the SWCNTs. The obtained film was soaked in 295 
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toluene to remove free polymer. This exchange step was repeated once more using 750 296 

mg of PME4MT to obtain the final sample, which was dried before formulation as a 297 

semiconducting ink using 1-octanol (Junsei Chemical Co., Ltd., Japan). The sorted 298 

SWCNTs (15 mg) were dispersed in 1-octanol (30 mL) using probe sonication for 3 hrs. 299 

The resulting ink provided a stable dispersion of s-SWCNTs, and its stability was 300 

characterized by UV-NIR spectroscopy (JASCO V-670). Furthermore, its rheological 301 

characteristics were studied using a HAAKE MARS modular advanced rheometer 302 

system at 25 °C. 303 

TFT-AM fabrication using R2R gravure printing. In general, the R2R gravure 304 

printing method was the same as previously reported.17 First, gate electrodes and contact 305 

electrodes were printed at a speed of 6 m/min using silver nanoparticle-based ink. Then, 306 

the dielectric layers were printed at the same speed using BaTiO3 nanoparticle-based 307 

ink. The resulting printed PET web was rewound to print the s-SWCNTs at the same 308 

speed. After printing the s-SWCNTs, the web was rewound again to print drain/source 309 

electrodes and wires at the same speed. The resulting s-SWCNT-based TFT-AMs with 310 

resolutions of 10 PPI and 40 PPI were characterized by selecting one TFT-AM every 2 311 

m along 10 m of PET web. To demonstrate the limitless length of 40 PPI TFT-AM 312 

fabrication, 78 in of TFT-AM, printed by 5 rotations of the gravure cylinder, was 313 

selected along the length of the 10 m web to characterize the device yield with electrical 314 

properties.  315 

Laminating e-ink on the R2R gravure-printed TFT-AM. For the operational 316 

demonstration of e-paper using the R2R gravure-printed TFT-AM, the e-ink was 317 

laminated on the TFT-AM via exposed contact electrodes in the TFT-AM, where TFTs 318 

were passivated by first screen printing vacuum grease only on the contact electrodes. 319 

Cytop (Asahi Glass Co., Japan) was then spin coated. After spin coating, the printed 320 
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vacuum grease was washed away by hexane to selectively expose the contact electrodes 321 

to contact the bottom electrodes of the electrophoretic sheet (Fig. 4a). 322 

TFT characterization. The transfer, output and leakage characteristics of TFTs in the 323 

active matrix were measured using a KEITHLEY 4200 Semiconductor Characterization 324 

System (USA) with an ambient probe station (MS TECH(MST-4000A)). All attained 325 

data were analyzed using a custom Origin script to obtain the mobility, threshold 326 

voltage and on-off current ratio.  327 

Electrophoretic display demonstration. The e-paper demonstration was carried out 328 

using a custom-made controller that employed the row-to-row scanning (gate line) 329 

method. The microcontroller (ATmega2560) used in this driving IC could only supply 330 

voltage in the range 0-5 V. Therefore, to drive the R2R gravure-printed TFT-AM-based 331 

e-paper, a higher voltage (-20 V to +20 V) was needed. To provide enough voltage, a 332 

level shifter circuit was designed by using Opamp (LT1491) to convert the low digital 333 

output voltage (0-5 V) to higher voltage (-20 V to +20 V). To show a particular image 334 

on the e-paper, the e-paper was first turned to the white (clear) state (Vcomm=+20 V, 335 

Vg=-20 V, Vs=-20 V). After Vcomm was set to -15 V, the gate lines were scanned one by 336 

one (the voltage of the gate scan lines was -20 V, while the other scan lines had a 337 

voltage of +20 V). The source lines were set to the desired value (ON: Vs of -5 V and 338 

OFF: Vs of -20 V) to control the e-paper pixels. To control the contrast of the e-paper, 339 

the Vcomm potential was increased from -10V to -15 V as the pixels became darker due 340 

to the increase in the potential difference between the top and bottom electrodes of the 341 

e-paper. The scanning rate of the gate lines also affected the contrast of the display. At a 342 

scanning speed greater than 0.5 Hz, the pixels did not work properly, so the threshold 343 

scanning speed was set to approximately 0.3 Hz. 344 
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Figure legends 451 

Figure 1. Concept image of fabricating signage by simply laminating OLED or 452 

electrophoretic sheets on R2R gravure printed TFT-active matrix and then, cut and paste 453 

the signage on a plastic container (a). Roll of R2R gravure printed TFT-active matrix 454 

with 10 PPI resolutions (b) and one selected TFT-active matrix (c). Optical images of 455 

12 pixels (d), and a cross-sectional FIB-SEM image with the inset of printed s-456 

SWCNTs on printed dielectric layer (e).  457 

Figure 2. Optical image of R2R gravure printed 10 PPI TFT-active matrix along 10 m 458 

PET roll (a). The transfer characteristics of 50 TFTs randomly attained every 10 TFTs 459 

per 2 m along 10 m long of printed PET web (b) with statistical data of extracted 460 

threshold voltage (Vth) (c), mobility (d), and on-off current ratio (e). Optical image of 461 

R2R gravure printed 40 PPI TFT-active matrix without the length limit and the attained 462 

transfer characteristics by randomly measured 80 TFTs per randomly selected 15.7 inch 463 

length (f).  464 

Figure 3. The TFT-active matrix image (a) characteristics of TFTs attained from 400 465 

TFTs in a 20 × 20 printed TFT-AM after passivated with Cytop (b). The statistical data 466 

of extracted threshold voltage (Vth) (c), mobility (d), and on-off current ratio (e).  467 

 468 

Figure 4 The selected TFT-active matrix was passivated after masked pixel electrodes 469 

by vacuum grease (a) and then, washed off the vacuum grease to reveal the electrodes 470 

again to contact the bottom electrodes of the e-paper by laminating e-ink. The resulting 471 

e-paper was operated by custom made driving IC system to show words such as “RIC” 472 

and “PE”. 473 

 474 




