SCIENTIFIC REPLIRTS

A fully roll-to-roll gravure-printed
carbon nanotube-based active
matrix for multi-touch sensors

Accepted: 04 November 2015 Wookyu Lee!*, Hyunmo Koo?*, Junfeng Sun?, Jinsoo Noh?, Kye-Si Kwon3, Chiseon Yeom?,

Published: 04 December 2015 Younchang Choi?, Kevin Chen*, Ali Javey* & Gyoujin Cho'?

. Roll-to-roll (R2R) printing has been pursued as a commercially viable high-throughput technology

. to manufacture flexible, disposable, and inexpensive printed electronic devices. However, in recent

. years, pessimism has prevailed because of the barriers faced when attempting to fabricate and
integrate thin film transistors (TFTs) using an R2R printing method. In this paper, we report 20 x 20
active matrices (AMs) based on single-walled carbon nanotubes (SWCNTs) with a resolution of
9.3 points per inch (ppi) resolution, obtained using a fully R2R gravure printing process. By using
SWCNTs as the semiconducting layer and poly(ethylene terephthalate) (PET) as the substrate, we

* have obtained a device yield above 98%, and extracted the key scalability factors required for a

. feasible R2R gravure manufacturing process. Multi-touch sensor arrays were achieved by laminating

. a pressure sensitive rubber onto the SWCNT-TFT AM. This R2R gravure printing system overcomes

. the barriers associated with the registration accuracy of printing each layer and the variation of the

. threshold voltage (V,,). By overcoming these barriers, the R2R gravure printing method can be viable

: as an advanced manufacturing technology, thus enabling the high-throughput production of flexible,
disposable, and human-interactive cutting-edge electronic devices based on SWCNT-TFT AMs.

© Since its first appearance in 1906, roll-to-roll (R2R) gravure has evolved and is currently the highest
: throughput printing technique with the highest resolution for printing magazines and packaging® R2R
gravure printing is now further considered to be the core of an innovative technology for building flexible,
disposable, and human-interactive electronic devices. Because of the robustness of the gravure cylinder?
and advances in fine engraving technology that enable fine patterns?, this technology has been further
developed as an advanced manufacturing method to build various devices, including radio frequency
. identification (RFID) tags’, smart packaging®, roll-able signage’, and roll-able displays®. However, the
© practical realization of R2R gravure printing for those electronic devices faces many challenges related to
. the overlay printing registration accuracy (OPRA)’, the R2R web handling', and the curing conditions
for the electronic inks (<5s at 150°C)'". These issues must be overcome to achieve continuous printing
of thin film transistor (TFT)-based electronic devices with a practical printing speed (>5m/min) and
© a practical device yield'>!*. Currently, the OPRA of our R2R gravure, which represents an output value
. that includes the results of R2R web handling, can reach up to 20 um at a poly(ethylene terephthalate)
. (PET) web transfer speed of 8m/min. To satisfy this R2R gravure printing speed, the three different
© types of inks used to print the interconnects and source/drain electrodes, dielectric layers, and active
. layers should show the required printability on an inexpensive substrate, such as PET or paper, while
maintaining the minimum electrical properties to operate the R2R-printed TFT-based electronic devices
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under 20 V DC with a practical device yield (>90%). To achieve the R2R-printed TFT-based electronic
devices, the following issues should be first addressed:

First, all inks must dry within 5s at 150°C.

Second, the resistance of the printed electrodes and interconnects should be lower than 4 m{2/sq/mil.
Third, the gate capacitance of the printed dielectric layers should exceed 7 nF/cm? without any pinhole.
Finally, a charge carrier mobility of the printed semiconducting layer should exceed 0.01 cm?/V-s to
obtain a reasonable operation current and frequency.

Fully R2R-printed TFT-based functional electronic devices have not been reported previously in the
literature. Only R2R gravure-printed rectennas'? and wireless RF-sensor labels'® have been reported by
our group using R2R gravure-printed diodes, capacitors, antennas and electrochromic signages. The
major reason for the lack of results related to R2R-printed TFT-based electronic devices results from the
difficulties in achieving a high device yield (>90%) and in controlling the threshold voltage (V) varia-
tion in R2R-printed TFTs. The proper operation of the electronic devices is directly related to the number
of integrated working TFTs and the range of the Vy, variation (AVy(t) ~ eN(t)/C,, where t is time, C,
is the capacitance and Ny, is the trapped charge density)!*-'¢. Our group recently reported critical factors
of the Vy, variation in R2R gravure-printed TFTs, with five different channel lengths (CLs, i.e., 30, 80,
130, 180, and 230pm) using a single-walled carbon nanotube (SWCNT)-based ink as an active ink and
the range of the Vy, variation with the CL of 130 p.m was shown to be 34% with a 100% device yield"”
on a 150m PET roll. Integrating any practical logic circuit using R2R gravure remains difficult because
of the large Vy;, variation (4 0.62V). However, R2R gravure can be utilized to print SWCNT based TFT
(SWCNT-TFT) active matrices (AMs) that can be applied as the backplane for controlling sensor arrays
and displays, which do not require such a narrow range in the V, variation. The SWCNT-TFT-based
AMs can be properly operated with up to 100% Vy, variation!®!®, and favor the R2R gravure manufac-
turing process to build flexible, inexpensive, and arbitrarily large-area AMs (>1 x 10m?).

In this paper, as a tactical strategy for demonstrating the first step in how to reach fully R2R
gravure-printed SWCNT-TFT based AMs for signage (<40% of Vy, variation) and displays (<10%
of Vy, variation), 20x 20 SWCNT-TFT based AMs with a 9.3 ppi resolution are investigated
(Fig. 1). The PET roll, silver-nanoparticle-based conducting ink, SWCNT-based semiconducting ink,
and BaTiO;-nanoparticle-based dielectric ink are employed in this work. The resultant fully R2R
gravure-printed AM is then demonstrated as a pressure sensor matrix for potential applications in
multi-touch sensor arrays by laminating a pressure-sensitive rubber sheet.

Results

Throughout this study, the effects of the OPRA of the R2R gravure machine and the CL of the SWCNT-TFTs
on the device yield and Vy, variation of the SWCNT-TFTs are explored. The R2R gravure printing setup
is as follows: a 15 x 0.25m? PET roll with a thickness of 100 pum as the web, a printing speed of 8 m/min,
an impression roller pressure of 6kg; a web tension of 5kg;, a 40° contact angle between the blade and
gravure cylinder, and pyramidal engraved cell structures on the gravure cylinder (10-35um in depth and
55-130pm in width as illustrated in Supplementary Fig. S1). The engraved cell structures are selected
based on our previous results from R2R gravure-printed SWCNT-TFTs on a 150m PET roll””. Further
details of the R2R gravure printing condition are summarized in Supplementary Table SI.

The R2R gravure with two printing units, manufactured by i-Pen Korea, was used with a custom
servomechanism system (see Supplementary Fig. S2 for details) in a class 10,000 clean room with the
humidity and temperature controlled to 40 £ 2% and 23+ 1°C, respectively. Because four printing units
are required to complete the TFT-based active matrix, we first start printing the first metal layer con-
sisting of the gate electrodes (widths of 255 and 365pm), the bus lines (widths of 255 and 365pum),
and the contact electrodes (860 x 760um?) at a printing speed of 8 m/min with the R2R gravure. Then,
we continue to print the dielectric layer (widths of 720 and 875um) on the second printing unit with
the same printing speed. The roll is rewound after the completion of the dielectric layers. Then, the
active SWCNT layer is printed on the second printing unit. Finally, the roll is rewound again and the
source-drain electrodes are printed with CLs of 80 and 130pm and a width of 1420 pum. All electronic
inks (silver-nanoparticle-based ink, BaTiO;-nanoparticle-based ink, and SWCNT-based ink) were pur-
chased from PARU Co. Korea, and their rheological characteristics were fine-tuned to satisfy the printing
conditions (Supplementary Table S2). The gate electrode widths (GWs) are designed to be larger than
the CLs to allow alignment tolerances resulting from the limit of the OPRA and to yield lower typical
resistance (2.5m¢2/sq/mil). An optical image of the R2R gravure and the printed SWCNT-TFT AM
on a PET roll is shown in Fig. 1b. In total, 220 AMs are printed on each 15m roll of PET. Six 20 x 20
SWCNT-TFT AM can be printed by a single rotation of the gravure cylinder with two different GWs
(255 and 365um) and two different CLs (80 and 130pm) (see the inset image of Fig. 1b). The stepwise
illustrations for printing the gate electrode, dielectric layer, active (SWCNT) layer, and drain-source
electrodes with real printed images are shown in Fig. 1c. Although the real physical dimensions of the
printed gate electrodes (255 and 367 pm), dielectric layers (720 and 873 um) and drain-source electrodes
(CLs of 78 and 129 pm) are slightly different from the designed dimensions (Fig. 1c), all vary by less than

SCIENTIFIC REPORTS | 5:17707 | DOI: 10.1038/srep17707 2



www.nature.com/scientificreports/

(b)

(a) |

-

Word line

() iy i)

() (i) (i) (v) (v) (v) ‘ (iv) ) )
Gate eletrode width (um) 255 255 255 365 365 365 -
Channel length (um) 80 130 130 80 130 130 aS‘,hg‘emtat‘On/

Drain
#_78 im
* Source ' ¢

Drain )
i }
- 129 um

Source

 Bascunofaove matix|
Gate/contact Dielectric layer Active layer D-S electrodes
electrodes and bit line

Figure 1. R2R gravure to fully print 20 X 20 TFT AMs on a PET roll. (a) Circuit layout of the 20 x 20
TFT AMs and (b) optical image of the R2R gravure with an inset image of the fully R2R gravure printed
20 x 20 TFT AMs on a PET roll showing six AMs with different CLs and GWs (i-vi), printed via a single
rotation of the gravure cylinder. (c) Optical images with descriptive schematic drawings of the printed gate
electrode, dielectric layer, active layer (SEM image of the SWCNT layer) and source/drain electrodes with a
bit line which display a basic unit of TFT-active matrix.

3%. For the convenience of extracting the scalability factors, we characterised 9 TFTs per AM (consisting
of 400 TFTs each) along the 15m of the PET roll (Fig. 2a).

The transfer characteristics and device yield of gravure-printed 20 x 20 SWCNT-TFT AMs are shown
in Fig. 2b-e respectively for CLs of 80 pm and 130 pm, GWs of 255pum and 365pm, and a channel width
of 1420pm. For the AMs with a CL of 80pm and a GW of 365pum, the device yield is approximately
97.8% with a Vy, variation of 9.18+1.74 V. The device yield was calculated without any short or open
SWCNT-TFTs. All failures originated from the short SWCNT-TFTs. The AMs with a CL of 80 pum and a
GW of 255pm display a low device yield (17.8%) with a Vy;, of 8.8841.22V. The transfer characteristics
of the selected SWCNT-TFTs in each printed 20 x 20 SWCNT-TFT AM at every 1m along the 15m
PET roll are presented in Supplementary Figs S3 and S4. For every rotation of the gravure cylinder, six
of the 20 x 20 SWCNT-TFT-based AMs are printed (Fig. 1b). Among the six AMs printed per rotation,
the device yields and Vy, variation are largely constant. Lower device yields are observed for narrow gate
electrodes (a width of 255pm) because of the misalignment of the source-drain electrodes to the gate
electrodes resulting from the limits of OPRA (Fig. 2d,e). Aside from the OPRA, the lower device yield
for the samples with a CL of 80pum and a GW of 255pm can also originate from periodic irregularities
in the circumference of the gravure cylinder roll and the deformation of the PET film. The extracted
average charge carrier mobility, on-off current ratio, Vy, and transconductance for 9 random TFTs at
each 1m along a 15m PET roll are measured and presented in Fig. 3. Only a small fluctuation of the
extracted parameters occurs for the devices with a GW of 365um because the CLs and GWs are well
matched to compensate the limits of the OPRA. While the PET passes through four heating chambers at
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Figure 2. The statistical transfer characteristics of SWCNT-TFTs on the 15m PET web. (a) Schematic of
a 20 x 20 TFT AM array indicating the selected TFTs measured at each 1m along the 15m PET web. The
combined output transfer characteristics of the selected TFTs for AMs with CLs of (b) 130pum and (c) 80pm
and GWs of 365pm as well as TFTs with channel lengths of (d) 130pum and (e) 80 pm with 255um gate
electrode widths of 255um. The typical output characteristic of printed TFT was shown in the inset of each
graph for the transfer characteristics.

a temperature of 150°C for 7.5s, the PET film dominantly expands along the machine direction under
the web tension of 5kg;. Therefore, using the given R2R gravure system, an OPRA with a well-matched
GW and CL will allow for the manufacturing of the SWCNT-TFT AM with a resolution of 9.3 ppi. The
key scalability factor to develop a high device yield (>95%) in this R2R gravure system is used to select
the most appropriate CL and GW in conjunction with the OPRA. This selection represents the “design
rules” for our R2R gravure technology.

To display the reproducibility of this R2R gravure system, SWCNT-TFT AMs were printed on a
second 15m PET roll again using freshly formulated inks to adjust the wetting and viscosity. Out of
the AMs printed along the 15m PET roll, we randomly selected two AMs with CLs of 80 and 130pm
(with a GW of 365pm) and fully characterized them. Their extracted electrical parameters are shown in
Figs 4 and 5, respectively. The device yields are 97.5% and 98.7% (Figs 4a and 5a), which are highly
similar to the samples in Fig. 3, whereas the average V,; variation are 5.12+2.27 V and 0.39£1.13 V,
respectively (Figs 4b and 5b) for CLs of 80 and 130pm respectively. The average mobility values are
0.015+0.010 and 0.027 £ 0.011 cm?/Vs, respectively (Figs 4c and 5c¢), and the average on-off current

SCIENTIFIC REPORTS | 5:17707 | DOI: 10.1038/srep17707 4



www.nature.com/scientificreports/

(a)

Il Design 1: Gate 255 um Channel length 130 pm [l Design 2: Gate 255 um Channel length 80 pm
I Design 3: Gate 365 um Channel length 130 um [ Design 4: Gate 365 um Channel length 80 uym

Figure 3. Bar graphs showing the average extracted electrical parameters of SWCNT-TFTs with different
CLs and GWs along each 1 m of a 15m PET roll. (a) Transconductance, (b) threshold voltage, (c) mobility
and (d) on-off current ratio.

ratios are 847 & 672 and 498 + 399, respectively (Figs 4d and 5d). The mobility was determined using the
following equation: figeyice = (L/VpCo W)(dly/dV,) = (L/VpC,)(g,/ W), where C,, is the gate oxide capaci-
tance (7.2+ 0.3 nF/cm? on average for 130pm CL and 11.4 =+ 0.8 nF/cm? on average for 80 pm CL). The
attained average transconductance values are 35.8 £ 9.5 and 29.8 £ 6.6 1S, respectively (Figs 4e and 5e),
which are lower than the average values in Fig. 3. The major reason for these results is caused by an
inconsistent ink transfer of the low viscous SWCNT ink (>20 cP). From these results, the percentage
variation of each electrical parameter is different from the previously reported printed AMs using a
roll-to-plate gravure!®!® because of the different SWCNT and printing mechanisms.

Finally, as a proof of concept for the sensor integration and control, a pressure-sensitive rubber (PSR)
sheet (CS57-7RSC, PCR Japan) was laminated on a selected 20 x 20 SWCNT-TFT-based AM with a
CL of 130pum and a GW of 365pum (Fig. 6a). The circuit layout for the pressure sensor application is
shown in Fig. 6b. In this pressure sensor array, the source electrodes are in contact with the pressure
sensitive rubber, which is connected to a universal ground via a conducting copper sheet. The working
concept is to monitor the variations of the source-drain currents caused by the change in the resistance
of the laminated rubber, which acts as a pressure-sensitive variable resistor depending on the size of the
loading weight when a -20V gate voltage is applied. To avoid cross-talking in each TFT, we configure
the voltage switching module to apply a positive gate voltage (4 10V) to the pixels that are not being
accessed when the TFT array is being mapped. Based on our setup module (Supplementary Fig. S5), we
can simultaneously sense multi-touch points with pressures of more than 17.8kPa at a speed of 1 Hz. For
the actual measurement of each pixel, the current variations of the laminated active matrix are monitored
by varying the weights of loads from 4.5 to 31.2kPa (Fig. 6¢,d). Because of the pressure sensitivity of the
laminated rubber sheet (CS57-7RSC, PCR Japan), the current in the pixel with a resolution of 9.3 ppi
jumps abruptly at a load of 17.8kPa (Fig. 6d). The same observation is noted when the load is applied to
a PSR laminated SWCNT-TFT AM with a CL of 80pum (Supplementary Fig. S6). Figures 6e-g (see the
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Figure 4. Electrical characteristics of a randomly selected 20 X 20 SWCNT-TFT AM with a CL of 80 um
and a GW of 365 pum to fully analyse the electrical characteristics. (a) Transfer characteristics of 400 TFTs
and a typical output characteristic in the inset, (b) threshold voltage distribution, (c) mobility distribution,
(d) log on-off current ratio distribution and (e) transconductance distribution.

Supplementary video for a demonstration of the touch sensors) present the results of applying loading
weights or finger tactile pressures, on the laminated pressure-sensitive rubber sheet.

Discussion

Although our group previously reported about printed TFT active matrix using a roll-to-plate gra-
vure'®!®, an R2R gravure is first demonstrated as an advanced manufacturing method to fully print
20 x 20 SWCNT-TFT-based AMs with a 9.3 ppi resolution along a 15m PET roll by utilizing four rapid
and low temperature (7.5s at 150°C) curable electronic inks (two silver-nanoparticle-based conducting
inks, a BaTiO;-nanoparticle-based dielectric ink and a SWCNT-based semiconducting ink). Under this
R2R gravure system, we extracted two key scalability factors: the GW and CL. Under the given OPRA
of our R2R gravure, adjusting these two factors enables a device yield above 98% while maintaining a
constant printing speed, web tension, impression roller pressure, and blading angle. Based on this R2R

SCIENTIFIC REPORTS | 5:17707 | DOI: 10.1038/srep17707 6



www.nature.com/scientificreports/

() .
10 Vps=-20V
Vgg=-20-10V
Yield: 98.7% (395/400)
107
<
_Aa
1073
: is 4
0™ : . - T .
-20 -10 0 10
Vs (V)
(b) Average: 0.39£1.13V  (C) Average: 0.027 £ 0.011 cm2Vs
300 300
1 268 1
» 2507 & 250 239
8 g
= 200 S 200
(0]
- = 150
4= 150 s
o | 124 'E
3 1004 21004
g | =
= 3
Z 50 Z 504
] 1 2 | 2
0 T 1 L 0
96303609 0 004 008
Threshold Voltage (V) Mobility (cm?2/Vs)
(d) Average: 2.55 + 0.41 (e) Average: 29.8 + 6.6 uS
400 400
344
& 318 5
¥ 3004 3 300
> >
[ )]
] a
%5 200 %5 200~
| . | .
] [}
E £
2 100 2 100+
1 33 27 Bl 24
o 0-
012 3 45 6 20 0 20 40 60 80
Logio(lon'lorr) Transconductance (uUS)

Figure 5. Electrical characteristics of a randomly selected 20 X 20 SWCNT-TFT AM with a CL of

130 pm and a GW of 365 pm to fully analyse the electrical characteristics. (a) Transfer characteristics
of 400 TFTs and a typical output characteristic in the inset, (b) threshold voltage distribution, (c) mobility
distribution, (d) log on-off current ratio distribution and (e) transconductance distribution.

gravure system, we fabricate AMs with a resolution of 9.3 ppi at a printing speed of 8 m/min. After
laminating a PSR sheet on the printed AM, the printed AM can be used as a multi-touch sensing sheet.
This design can also be utilized as a surveillance system by monitoring the movement and weight applied
across it simultaneously. In the near future, this information can be further modulated to transmit wire-
lessly to smartphones to maintain long-distance movement surveillance. Furthermore, based on these
results, fully R2R gravure-printed signage and displays can be developed by narrowing the range of the
Vy, variation and increasing the resolution through improving the OPRA.

Methodology. Electronic inks. In this study, the silver-nanoparticle-based ink (PG-007, Paru Co.,
Korea), BaTiO;-nanoparticle-based ink (PD-100, Paru Co., Korea), and SWCNT-based ink (PR-040,
Paru Co., Korea) were purchased from Paru Co. Korea. Their viscosity and surface tension were adjusted
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Figure 6. Application of 20 X 20 SWCNT-TFT AM as a tactile sensor. (a) Optical image of the PSR
laminated on a 20 x 20 TFT AM array with a CL of 130pm and a GW of 365pum. (b) Equivalent circuit
schematic of the pressure sensor array. (¢) Transfer characteristics of a single pixel under varying pressure
loads. (d) Measured output current ratio vs. applied pressure with respect to zero applied pressure.

(e,f) Captured images from video files during the operation of pressure sensor arrays by loading with an
“L’-shaped load and (g) multi-finger touch (refer a video file for the demonstartion).

with additives. The details of the resultant viscosity and surface tension characteristics are summarized
in Supplementary Table S2.

R2R gravure printing. In total, 220 20 x 20 SWCNT-TFT-based AMs were R2R gravure printed on a
15m PET web with a width of 250 mm and thickness of 100pm (AH71D, SKC, Korea), using a CCD
camera-based registration controller (Supplementary Fig. S7) attached to two printing units (iPen Co.
Korea; see Supplementary Fig. S2 for an image of the gravure machine). Six 20 x 20 AMs, with two
different GWs (255 and 365pm), and two different CLs (80 and 130pm) can be printed on the PET web
by a single rotation of the gravure cylinder with a diameter of 130 mm. To print the four layers of the
TFTs completely on the AM using only two printing units, gate lines and dielectric layers are first printed
with a printing speed of 8 m/min. Then, the PET films are slowly rewound. During the rewinding pro-
cess, the printed gate lines and dielectric layers are cured for 1 min by passing through a 150°C heating
chamber. The rewound PET web is printed for a second time. During this phase, the active layers of
SWCNTs with an overlay printing registration accuracy of £20um are printed at the same printing
speed of 8 m/min. The SWCNT-printed PET web is rewound, and the source/drain electrodes with an
overlay printing registration accuracy of £20m are then printed. Although we stopped the R2R gravure
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printing process twice to rewind the PET web, the entire printing process could be performed without
interruption using four printing units. The details of the printing conditions are summarized in
Supplementary Table S1.

Lamination of the PSR sheet. In total, 400 holes with a rectangular shape (1.1 x 1.6 mm?) are produced
on a PET film with a thickness of 300 um, by matching the source electrodes of the 20 x 20 active matrix
backplanes (AMBs), and then, 400 pieces of rectangular (1.2 x 1.7 mm?) PSR (CS57-7RSC, PCR Japan)
are packed into the holes of the PET film. The PSR-embedded PET film is laminated on the 20 x 20
AMBs. During the lamination, the alignment accuracy of the 400 embedded PSR pieces on the source
electrodes was verified using an optical microscope. A copper foil sheet was then attached to the PSR as
a universal ground plane for measurements.

Measurements. 'The surface tension and viscosity of inks were measured using a DCAT21 surface ten-
sion meter (Dataphysics Co., Germany) and a SV-10 Vibro viscometer (AND Co., Japan) at a constant
temperature of 20°C. Under ambient conditions, thin film transistors (TFTs) on the AMBs are charac-
terized using a semiconductor parameter analyzer (KEITHLEY 4200, USA). The surface morphology of
the printed layers was studied using a surface profiler (NV-220, Nanosystem, Korea) and a microscope
(MM6C-DC310-2, Olympus Co. Japan).

R2R gravure-printed TFT active matrix-based touch-sensor setup. A custom-made system with a lap-
top computer (Supplementary Fig. S5) was connected to the gate electrodes and data bus lines (drain
electrodes) of the PSR-laminated AM using 20 pins for each connection. Then, DC voltages of -20 and
10V were periodically applied to each gate electrode, one-by-one, with a periodic rate of 50 ms while
a DC of -20V was applied to the source electrodes. The source/drain currents (Ipg) of each of the 400
(20 x 20) pixels were measured and converted into digital signals indicating “pressed-on: higher than 2V
(>17.8kPa)” and “not pressed: lower than 2V (<17.8kPa)”. The pixels that output high current levels,
indicating applied pressure, were displayed as blue pixels on the laptop screen. The operation of the sys-
tem was verified by using both an “L’-shaped block and pressures applied via finger pressure.

References
1. Lilien, O. M. History of Industrial Gravure Printing up to 1920, 45-54 (Lund Humpbhries Publishers Ltd, 1972).
2. Kim, C. H,, Jo, J. & Lee, S.-H. Design of roll-to-roll printing equipment with multiple printing methods for multi-layer printing.
Rev. Sci. Instrum. 83, 065001 (2012).
3. Voigt, M. M. et al. Polymer field-effect transistors fabricated by the sequential gravure printing of polythiophene, two insulator
layers, and a metal ink gate. Adv. Funct. Mater. 20, 239-246 (2010).
4. Khan, B. E. Patterning processes for flexible electronics. Proc. IEEE. 103, 497-517 (2015).
5. Jung, M. et al. All-printed and roll-to-roll-printable 13.56-MHz-operated 1-bit RF tag on plastic foils. IEEE Trans. Electron
Devices 57, 571-579 (2010).
6. Jung, M. et al. Roll-to-roll gravure with nanomaterials for printing smart packaging. J. Nanosci. Nanotechnol. 14, 1303-1317
(2014).
7. Mach, P, Rodriguez, S. J., Nortrup, R., Wiltzius, P. & Rogers, J. A. Monolithically integrated, flexible display of polymer-dispersed
liquid crystal driven by rubber-stamped organic thin-film transistors. Appl. Phys. Lett. 78, 3592-3594 (2001).
8. Huitema, H. E. A. et al. Active-matrix displays driven by solution processed polymeric transistors. Adv. Mater. 14, 1201-1204
(2002).
9. Noh, J. et al. Scalability of roll-to-roll gravure-printed electrodes on plastic foils. IEEE Trans. Elect. Packag. Manuf. 33, 275-283
(2010).
10. Raul, P. R, Manyam, S. G., Pagilla, P. R. & Darbha, S. Output regulation of nonlinear systems with application to roll-to-roll
manufacturing systems. IEEE-ASME Trans. Mechatron. PP, 1-10 (2014).
11. Noh, J. et al. Integrable single walled carbon nanotube (SWNT) network based thin film transistors using roll-to-roll gravure
and inkjet. Org. Electron. 12, 2185-2191 (2011).
12. Park, H. et al. Fully roll-to-roll gravure printed rectenna on plastic foils for wireless power transmission at 13.56 MHz.
Nanotechnology 23, 344006 (2012).
13. Kang, H. et al. Fully roll-to-roll gravure printable wireless (13.56 MHz) sensor-signage tags for smart packaging. Sci. Rep. 4, 5387,
doi: 10.1038/srep05837 (2014).
14. Lee, W,, Choi, H., Kim, D. & Cho, K. Microstructure dependent bias stability of organic transistors. Adv. Mater. 26, 1660-1680
(2014).
15. Noh, J. et al. Key issues with printed flexible thin film transistors and their application in disposable RF sensors. Proc. IEEE. 103,
554-566 (2015).
16. Noh, J. et al. Fully gravure-printed flexible full adder using SWNT-based TFTs. IEEE Electron Device Lett. 33, 1574-1576 (2012).
17. Koo, H. et al. Scalability of carbon-nanotube-based thin film transistors for flexible electronic devices manufactured using an
roll-to-roll gravure printing system. Sci. Rep. 5, 14459, doi: 10.1038/srep 14459 (2015).
18. Lau, P. H. et al. Fully printed, high performance carbon nanotube thin-film transistors on flexible substrates. Nano Lett. 13,
3864-3869 (2013).
19. Yeom, C. et al. Large-area compliant tactile sensors using printed carbon nanotube active-matrix backplanes. Adv. Mater. doi:
10.1002/adma.201404850 (2015).

Acknowledgements

The authors would like to thank the Ministry of Education in Korea for its financial support through
the Basic Science Research Program in Sunchon National University (NRF-2014R1A6A1030419) and
the Global Leading Technology Program of the Office of Strategic R&D Planning (OSP), funded by the
Ministry of Commerce, Industry and Energy, Republic of Korea (10042537, Printed Electronics Total

SCIENTIFIC REPORTS | 5:17707 | DOI: 10.1038/srep17707 9



www.nature.com/scientificreports/

Solution Development). G. C would like also to thank RIC for their support with the instruments for ink
formulation, printing, and the characterization of printed TFTs. A. ] would like to thank NSF NASCENT.

Author Contributions

AlJ. and G.C. designed the experiments. W.L., HK,, ].S., C.Y. and Y.C., conducted the experiments. J.N.
and K.K. designed and prepared sensor module. W.L., HK,, J.S., C.Y. and K.C. extracted the electrical
parameters. W.L., HK., K.C,, A.J. and G.C. contributed to analyzing the data. H.K., A.J. and G.C. wrote
the paper, and all authors provided feedback.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Lee, W. et al. A fully roll-to-roll gravure-printed carbon nanotube-based
active matrix for multi-touch sensors. Sci. Rep. 5, 17707; doi: 10.1038/srep17707 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

Tam images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:17707 | DOI: 10.1038/srep17707 10


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	A fully roll-to-roll gravure-printed carbon nanotube-based active matrix for multi-touch sensors
	Introduction
	Results
	Discussion
	Methodology
	Electronic inks
	R2R gravure printing
	Lamination of the PSR sheet
	Measurements
	R2R gravure-printed TFT active matrix-based touch-sensor setup


	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                A fully roll-to-roll gravure-printed carbon nanotube-based active matrix for multi-touch sensors
            
         
          
             
                srep ,  (2015). doi:10.1038/srep17707
            
         
          
             
                Wookyu Lee
                Hyunmo Koo
                Junfeng Sun
                Jinsoo Noh
                Kye-Si Kwon
                Chiseon Yeom
                Younchang Choi
                Kevin Chen
                Ali Javey
                Gyoujin Cho
            
         
          doi:10.1038/srep17707
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep17707
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep17707
            
         
      
       
          
          
          
             
                doi:10.1038/srep17707
            
         
          
             
                srep ,  (2015). doi:10.1038/srep17707
            
         
          
          
      
       
       
          True
      
   




