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Abstract
A universal roll-to-roll (R2R) printing approach was developed to construct large 

area (8 cm × 14 cm) semiconducting single-walled carbon nanotubes (sc-SWCNT) 

thin films on flexible substrates ( such as polyethylene terephthalate (PET), paper, and 

Al foils) with a printing speed of 8 m min-1 using highly concentrated sc-SWCNT 

inks and crosslinked poly-4-vinylphenol (c-PVP) as the adhesion layer. Bottom-gated 

and top-gated flexible printed p-type TFTs based on R2R printed sc-SWCNT thin 

films exhibited good electrical properties with carrier mobility of ∼11.9 cm2 V-1 s-1, 

Ion/Ioff ratios of ~106, small hysteresis, and subthreshold swing (SS) of 70-80 mV dec-1 

at low gate operating voltages (±1 V), and excellent mechanical flexibility. 

Furthermore, the flexible printed complementary metal oxide semiconductor (CMOS) 
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inverters demonstrated rail-to-rail voltage output characteristics under the operating 

voltage down to VDD = -0.2 V, voltage gain of 10.8 at VDD = -0.8 V, and power 

consumption down to 0.056 nW at VDD = -0.2 V. To the best of our knowledge, the 

electrical properties of printed SWCNT TFTs (such as Ion/Ioff ratio, mobility, 

operating voltage, and mechanical flexibility) and printed CMOS inverters based on 

R2R printed sc-SWCNTactive layer in this work are more excellent compared to R2R 

printed SWCNT TFTs reported in the literature. Consequently, the universal R2R 

printing method reported in this work could promote the development of fully printed 

low-cost, large-area, high-output, and flexible carbon-based electronics.

Keywords: Roll-to-roll (R2R) gravure printing, Single-walled carbon nanotubes, 

Thin film transistors, Flexible CMOS inverter

1. Introduction
In recent years, printed electronics1-3 and their applications have been intensively 

studied and achieved tremendous development,1, 4 owing to new materials and the 

improvement of printing technology.5-8 The potential of this additive manufacturing 

technique for low-cost mass production, rapid prototyping of small series, and low-

temperature fabrication on flexible substrates9, 10 renders it an attractive alternative to 

conventional fabrication methods for electronics.11 It is known that the properties of 

channel materials determine the electrical properties of printed thin film transistors 

(TFTs).12 Solution-processable semiconductor materials in the forms of organic 

compounds,3, 13-16 graphene,17-22 carbon nanotubes, and oxides23, 24 have been 

developed to be compatible with current printing techniques.25-31 Among them, 

semiconducting single-walled carbon nanotube (sc-SWCNT) is a promising candidate 

for high-performance flexible printed electronics due to its high carrier mobility, 

excellent chemical stability, mechanical stability, and compatibility with solution-

based printing processes. Printed TFTs based on sc-SWCNT have attracted much 

attention in the past decades and have proven to be fundamental components of 32-34 

logic circuits, sensors,29, 35-38 and displays39-41. Various printing methods such as 

screen printing, inkjet printing, and transfer printing processes have been used to 

fabricate SWCNT-TFTs on flexible or rigid substrates, but there still needs a 

breakthrough to achieve industrial production.42 An important reason is the size and 

cost limitation of the current mainstream printing process. 



3

Roll-to-roll (R2R) printing technology is promising due to its high-output, large-

area, and low-cost advantages. 28, 43, 44  Furthermore, the final packaging of the R2R-

printed electronics into product devices is simple and convenient since only cutting 

and pasting processes are required.45-48 Although R2R printing has been used to 

construct SWCNT TFTs on polyethylene terephthalate (PET) rolls for different 

sensors,49-52 display active matrices, logic gates and circuits, etc.,44, 53-55 the reported 

SWCNT TFTs exhibited poor electrical characteristics (such as low Ion/Ioff ratios, high 

operation voltage and low mobility) and unstable yield values owing to lack of high-

quality sc-SWCNT inks and thin films, and unsuitable printable dielectric materials, 

which hinders the industrial production of R2R printing.48, 50, 51, 56, 57 

In this work, we firstly reported an R2R ultra-fast (8 m min-1) printing of large-

area (8 cm × 14 cm, theoretically infinite in length, which is limited by the R2R 

printing machine), high-quality sc-SWCNT thin films on different substrates (PET, Al, 

and paper) with a fast cure time (<5 s), low cure temperature (<150°C) and without 

any solvent rinsing after optimizing the sorted sc-SWCNT ink concentrations and 

printing times. As-prepared sc-SWCNT thin films can be directly used to fabricate 

top-gated and bottom-gated flexible TFTs and complementary metal oxide 

semiconductor (CMOS) inverters without any other post-treatment. The fabricated p-

type TFT devices showed high carrier mobility (∼11.9 cm2 V-1 s-1), high Ion/Ioff ratios 

(105-106), small hysteresis (40 mV), and small subthreshold swing (SS) (70-80 mV 

dec-1) with gate voltage varied from -1 V to 1 V. Furthermore, the constructed flexible 

CMOS inverters exhibited good properties with rail-to-rail voltage output 

characteristics (even the operating voltage down to VDD = -0.2 V), voltage gain of 11 

at VDD = -0.8 V, and power consumption down to 0.056 nW at VDD = -0.2 V. 

Compared with other reports about R2R printing SWCNT electronics, our TFT 

devices and CMOS inverters exhibited more excellent properties. The work 

demonstrates the potential of R2R printing technology for high-output, large-area, and 

high-performance carbon-based flexible electronics and circuits.

2. Experimental section
2.1 Materials and Instruments

The carbon nanotubes (P2) were obtained from Carbon Solutions (USA). PCz 
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polymer (9-(1-octylonoyl)-9H-carbazole-2,7-diyl) was synthesized by ourselves. 

Silver nanoparticle ink was obtained from Advanced Nano Products Co, DGP 45HTG. 

The epoxy amine ink used for n-doping and encapsulation was purchased from 

Xuzhou (China) Zhongyan Technology. The ink contains two compounds: the epoxy 

resin (128) and the polyamide cross-linking agent (3680). 1-Ethyl-3-

methylimidazoliumbis (trifluoro-methylsulfonyl) imide (EMIM-TFSI), poly(4-

vinylphenol) (PVP, Sigma Aldrich Inc. Mw = 25 kg mol-1) and poly (melamine-co-

formaldehyde) methylated solution (PMF, Sigma Aldrich Inc.Mn = 432 g mol-1, 84 wt% 

in 1-butanol) were obtained from Sigma-Aldrich. Different types of sc-SWCNT thin 

films were printed on polyethylene terephthalate (PET), paper and Aluminum 

substrates using a D&R Lab Gravure Printer G-1100S (Suzhou D&R Instrum Co., Ltd, 

Suzhou, China). UV-vis-NIR adsorption spectra of sc-SWCNT inks were measured 

using a LAMBDA 750 UV-vis-NIR spectrometer (Perkin Elmer, Waltham, 

Massachusetts, USA). The scanning electron microscope (SEM) images of SWCNT 

films on flexible substrates were obtained using a Hitachi S-4800 instrument (Hitachi 

Co. Japan). All electrical measurements of SWCNT TFTs and CMOS inverters were 

carried out using Keithley 2636B or Keithley 4200 analyzer in the air at a VDS of -

0.25 V (or 0.25 V) with a sweeping step of -0.01 V (or 0.01 V).

2.2 Preparation of R2R printable inks
To obtain printable sc-SWCNT inks, 6 mg of arc-discharged SWCNT (Carbon 

Solutions, USA) and 6 mg of PCz polymer (9-(1-octanoyl)-9H-carbazole-2,7-diyl, 

synthesized in our laboratory) were placed in 10 mL of toluene and then treated at 

0°C for 30 min, by probe sonication (Sonics & Materials Inc., Model: VCX 130, 

80W). Then the dispersed sc-SWCNT solutions were centrifuged at 40000 g for 2 h to 

remove metallic carbon nanotubes and insoluble material. To obtain highly 

concentrated and printable sc-SWCNT inks for R2R gravure printing, the above 

solutions were enriched by filtration through polytetrafluoroethylene (PTFE) filter 

membranes and washed by toluene for 3 times to remove residual PCz polymers in 

SWCNT thin films. As-obtained sc-SWCNTs were redispersed in an appropriate 

amount of toluene with the aid of sonication in the water bath with a power of 2000 

W for 30 min at 0°C. The obtained supernatant can be directly used for R2R gravure 
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printing without any solvent cleaning.

R2R printed crosslinked poly (4-vinyl phenol) (c-PVP) on flexible substrates 

acted as the adhesion layer for immobilizing sc-SWCNTs to obtain the proper 

wettability, which is benefit for consistently transferring sc-SWCNT inks. To obtain 

the c-PVP solution, 0.223 g PVP was added to 2 mL propylene glycol monomethyl 

ether (PGMEA) and stirred at 1300 rpm and 90°C for 15 min. After the solution was 

cooled to room temperature, 70 mg of poly(melamine-co-formaldehyde) (PMF) was 

added, and the solution was stirred at room temperature (1000 rpm) until the solution 

was clear and transparent. A cross-linked ionic liquid (IL, [EMIM] [TFSI]) c-PVP 

(IL-c-PVP) ink consisting of c-PVP and ILs acts as the dielectric inks. The ILs were 

added into the c-PVP solution and stirred at 1000 rpm for 10 min to obtain the IL-c-

PVP inks. PVP, PGMEA, PMF, and [EMIM][TFSI] were purchased from Sigma. The 

IL-c-PVP inks can be directly used to R2R print the dielectric layers without further 

purification.

Epoxy amine ink was formulated by mixing the epoxy resin (128) and cross-

linking agent polyamide at a mass ratio of 1:1.5 at room temperature and stirring for 

30 min. Afterward, the prepared epoxy amine inks were printed into the channels of 

TFTs for encapsulation and electron doping without further purification.

2.3 Deposition of sc-SWCNT thin films using R2R gravure 

printing
First, a flatten layer of c-PVP was printed by R2R gravure printing at a speed of 

13 m min-1 with 75% pressure, then cured at 150°C for 30 min. Then the sc-SWCNT 

solution was R2R gravure printed at 8 m min-1 with 72 % pressure and cured at 90°C 

for 10 min to evaporate the residual solvent. Conjugated polymer (PCz) sorted sc-

SWCNTs can be immobilized on c-PVP-modified flexible substrates effectively due 

to the hydrophilicity of the c-PVP. The number of R2R gravure printing sc-SWCNT 

inks was varied to control sc-SWCNT density on flexible substrates (including PET, 

Al, and paper) by simple rewinding of gravure printing reels. 8 cm × 14 cm thin films 

(which is limited by our machine) were obtained by R2R gravure printing, and 

morphologies and electrical properties of R2R printed sc-SWCNT thin films were 

characterized by SEM and Keithley 2636B or Keithley 4200 analyzer.
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2.4 Fabrication and characterization of fully printed 

SWCNT TFTs and inverters
The fabrication process of fully printed top-gated SWCNT TFTs on PET and 

paper substrates is illustrated in Scheme 1. Prior to the deposition of sc-SWCNT inks, 

the surface of c-PVP was cleaned by UV-zone for 100 s to enhance the surface 

adhesion. Then the sc-SWCNT solutions were deposited on the substrate by R2R 

gravure printing at a speed of 8 m min-1 and annealed at 90°C for 3 min (one cycle) 

without toluene cleaning. The above process was repeated for 5, 10, 12, and 15 times. 

Subsequently, the sc-SWCNT thin films were patterned by photolithography and 

oxygen plasma etching to form the desired array of channels. Printed source/drain 

electrodes were deposited on top of patterned sc-SWCNT thin films by Dimatix 

Printer (DMP-2831) and annealed in air at 150°C for 30 min. IL-c-PVP inks were 

R2R gravure printed at the speed of 11 m min-1, followed by pre-annealing at 105°C 

for 10 min and annealing at 150°C for 90 min to achieve the gate dielectric layer. 

Finally, the silver gate electrodes were prepared using the same fabrication method of 

printed source/drain electrodes. Furthermore, the bottom-gated SWCNT TFTs are 

also constructed using the same process technique with thermal evaporated Al gate 

electrodes (thickness of 200 nm, to achieve enhancement-mode TFTs) and printed 

silver gate electrodes. The channel length (L) and width (W) were 110 and 900 μm, 

respectively. To achieve n-type printed SWCNT TFT devices, epoxy amine inks were 

selectively printed onto the p-type SWCNT-TFT device channels using a dispenser 

printing system, and then the samples were baked at 90°C for 5 min. Finally, CMOS 

inverters were connected by silver conductive lines printed by an inkjet printer. All 

fabrication process steps were performed under ambient conditions. Electrical 

characteristics of all TFT devices and CMOS inverters were recorded using Keithley 

2636B or Keithley 4200 semiconductor parameter analyzer in a dark environment at 

room temperature. The field effect mobilities were calculated through the equation 

.
𝜇=

𝑑𝐼𝑑𝑠
𝑑𝑉𝑔𝑠

×
𝐿
𝑊
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1
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Scheme 1: Schematic diagrams of the fabrication process of R2R gravure printed a) 

top-gated and b) bottom-gated SWCNT TFTs and CMOS inverters on flexible 

substrates including PET, Al, and paper.

3. Results and discussion
Generally, as-prepared polymer-sorted sc-SWCNT inks are unsuitable for R2R 

gravure printing due to low-concentration sc-SWCNTs and high-concentration 

polymer in inks. To meet the requirements of R2R gravure printing, PCz-sorted sc-

SWCNT inks (the sc-SWCNT absorbance peak height of ~0.3) were filtered by a 0.2 

µm filter, and the filtered sc-SWCNT thin films were cleaned by toluene, and then 

redispersed in toluene to obtain the highly concentrated sc-SWCNT inks (the sc-

SWCNT absorbance peak height of 1.8 and 4.5 for ink 2 and 3 as shown in Figure 1). 

It can be seen from Figure 1b that the S22 peaks (1000-1200 nm) of the sc-SWCNTs 

have a sharp peak, and no metal peaks (600-800 nm) are observed. Notably, the peak 

heights of PCz polymers in sc-SWCNT ink 2 with an sc-SWCNT absorbance peak 

height of 1.8 is lower than that in as-sorted sc-SWCNTs with an sc-SWCNT 

absorbance peak height of 0.3 after filtering, indicating that filtering could effectively 
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remove free PCz polymers in sc-SWCNT inks. The excess polymers in TFT channels 

could severely hinder the carrier transport in the sc-SWCNT network and reduce the 

Ion/Ioff ratios of SWCNT TFTs. Later experiments show that the sc-SWCNT inks 

prepared by this method greatly simplify the fabrication process of TFTs, and 

excellent electrical properties are obtained without solvent cleaning.

Figure 1: a) Optical images of sorted and concentrated sc-SWCNT inks, and sc-

SWCNT thin film on PTFE substrate, b) UV-Vis-NIR adsorption spectra of sorted 

and concentrated sc-SWCNT inks, c) UV-Vis-NIR adsorption spectra of ink 2 with 

the adsorption peak height of 1.8 after storage for 100 days. SEM images of R2R 

gravure printed SWCNT thin films on PVP-modified PET substrated (the printing 

speed of 8 m min-1, the printing pressure of 73%, and printing 10 times) using sc-

SWCNT inks with the adsorption peak heights of d) 0.3, e) 1.8, f) 3.8, and g) 1.8 after 

storage for 30 days.

The stability of the concentrated inks is also investigated. It can be seen from 

Figure 1c that the highly concentrated sc-SWCNT ink 2 still has excellent dispersion 

after storage in the air for 180 days. The ink 1-3 with the surface tension of 30-35 mN 

m-1 and a viscosity of 27-30 Cp could provide rheology and adequate ink transferring 

at a processing speed of 8-12 m min-1 during R2R gravure printing without the 
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addition of binders or surfactants, which can adversely affect the electrical properties 

of SWCNT TFTs. To evaluate the quality of printing sc-SWCNT thin films, ink 1-3 

were R2R gravure printed on c-PVP-modified PET substrates for 10 times and 

morphologies of sc-SWCNT thin films were characterized by SEM shown in Figure 

1d-g. It was obvious that high-density sc-SWCNT thin films were observed using the 

highly concentrated sc-SWCNT ink 2 and 3 after R2R gravure printing for 10 times.  

However, inks with higher concentrations have more sc-SWCNT bundles and 

polymer residues (Figure 1b and 1f), which seriously degrade the electrical properties 

of sc-SWCNT TFTs. Figure 1f displays that R2R gravure printed sc-SWCNT thin 

films are still dense and homogeneous when using ink 2 stored in air for 30 days, 

demonstrating good long-term stability of the enriched sc-SWCNT ink 2.

To investigate the generalizability of R2R printing of large-area sc-SWCNT thin 

films on different substrates, we also chose paper substrates and Al foils. It is noted 

that we attempted to deposit sc-SWCNTs on commercial Al foil (Fabricated by R2R 

techniques) with the aim of simplifying the fabrication process by using the Al foil 

directly as the low work function gate electrodes for the fabrication of enhancement-

mode P-type SWCNT TFTs. Figure 2 demonstrates the typical SEM images of sc-

SWCNT networks on PET, paper, and Al substrates before and after modification of 

the c-PVP adhesion layer. It can be seen that few sc-SWCNTs could be observed on 

substrates without the c-PVP adhesion layer, due to the weak bonding force between 

sc-SWCNTs and substrates (Figure 2a-c). On the other hand, high-density and 

uniform sc-SWCNT thin films were achieved on c-PVP-modified substrates (Figure 

2d-f). The density of sc-SWCNTs could reach ~60 tubes μm-1 on the c-PVP-modified 

Al and PET substrates, while the density reduced to ~30 tubes μm-1 on the c-PVP-

modified paper substrates due to the uneven and porous surface. The insets of Figure 

2 are the water contact angles on corresponding substrates. The water contact angles 

on PET, Al, and paper substrates without c-PVP adhesion layer were 64.9°, 53.5°, and 

81.4°, respectively (inset of Figure 2a-c). After being modified by c-PVP thin films, 

water contact angles on these substrates decreased to 11.6°, 6.8°, and 20.1°, 

respectively (inset of Figure 2d-f). It was attributed to hydroxyl groups on the c-PVP-

modified substrates. The SEM and water contact angle results reveal that the c-PVP 

thin films can act as the adhesion layer to immobilize sc-SWCNTs efficiently, and 

high-density sc-SWCNT networks were achieved after modification of the c-PVP 
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adhesion layer. It is noted that some functional groups such as -OH, C-O, -COO- and 

C=O would be formed on PVP substrates after treatment by oxygen plasma, which 

are helpful for immobilizing sorted sc-SWCNTs on the c-PVP surfaces of different 

substrates, probably via strong intermolecular forces (hydrogen bonding/van der 

Waals/electrostatic force). Therefore, ink 2 and c-PVP thin films are chosen as the 

R2R printing semiconducting ink and the adhesion layers to immobilize sc-SWCNTs 

in the following experiments. 

Figure 2: SEM images of sc-SWCNT films on a) Al, b) PET, and c) Paper substrates 

without c-PVP modification layer, and d) Al, e) PET and f) Paper substrates with c-

PVP modification after R2R printing 10 times. The insets are water contact angles of 

Al, PET, and paper substrates before and after modification of c-PVP thin films by 

R2R gravure printing.

To investigate the feasibility of R2R gravure printing in fabricating large-area 

devices, sc-SWCNT thin film deposition on an 8 cm × 14 cm PET substrate was 

explored. Firstly, the c-PVP adhesion layer was deposited on flexible substrates by 

R2R gravure printing at a speed of 11 m min-1, and then ink 2 was R2R gravure 

printed on c-PVP-modified flexible substrates for 10 times with a printing speed of 8 

m min-1. As shown in Figure 3, dense and uniform sc-SWCNT networks can be 

obtained in different areas of 8 cm × 14 cm on the PET substrate after R2R gravure 

printing sc-SWCNT inks for 10 times with a single printing time of 0.1 ms. The 

results indicated that R2R gravure printing high-purity sc-SWCNT on flexible 
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substrates is scalable and has the potential for future applications in large-area flexible 

electronic devices. 

Figure 3: SEM images of sc-SWCNT networks in different areas of 8 cm ×14 cm sc-

SWCNT thin films on a PET substrate.

To obtain high-quality R2R printing sc-SWCNT thin films for high-performance 

TFT devices, 5, 10, 12, and 15 active layers on c-PVP-modified PET substrates were 

R2R printed with ink 2, and the top-gated printed SWCNT TFTs were then 

constructed, and electrical properties were evaluated. Figure 4a-c and Figure 3 

display the sparse carbon nanotube networks for printing 5, 10, 12, and 15 times. 

Obviously, the density of sc-SWCNT thin films increases with increasing printing 

times. At the same time, more carbon nanotube bundles and polymers in sc-SWCNT 

thin films were observed shown in Figure 4b and 4c, which can block carrier 

transports in carbon nanotube networks. The corresponding electrical characteristics 

of sc-SWCNT TFTs are displayed in Figure 4d-f. It can be seen from Figure 4d that 

the on-currents of printed SWCNT TFTs increased with increasing sc-SWCNT 

printing times due to increasing sc-SWCNT density in the TFT channels, and the 

Ion/Ioff ratios, μFE, hysteresis, and SS decrease when the printing times are more than 

10 times. As shown in Figure 4d-f, the optimum Ion/Ioff ratio (106), μFE (11.9 cm2V-1s-

1), hysteresis (△VHYST ~30 mV) and SS (70 mV dec-1) of printed SWCNT TFTs were 
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obtained when R2R printing 10 times. However, Further increasing printing sc-

SWCNT ink times could decrease the electrical properties of printed SWCNT TFTs, 

which is ascribed to that the carrier transport is affected by the formation of sc-

SWCNT bundles and the increased polymers in SWCNT thin films.

Figure 4: SEM images of R2R gravure printed SWCNT thin films with different 

printing times using sc-SWCNT inks with the adsorption peak height of 1.8. a) 5 

times, b) 12 times, and c) 15 times, d) the corresponding transfer curves, e) calculated 

Ion/Ioff and µFE, and f) SS and △VHYST of fully printed SWCNT-TFTs.

Figure 5a and 5b illustrate the fully printed top-gated SWCNT TFT arrays and 

SEM images of sc-SWCNT channels on PET and paper substrates, respectively. The 

transfer characteristics of as-prepared SWCNT-TFTs on PET and paper substrates are 

illustrated in Figure 5c-h. All devices exhibited typical p-type behavior due to the 

adsorption of oxygen and moisture from the ambient environment at the channel area, 

and excellent mechanical flexibility after bending 10000 or 5000 times with a 

curvature radius of 5 mm. It is noted that printed SWCNT TFTs on PET substrates 

show more excellent electrical properties (higher Ion/Ioff ratios, mobility, and smaller 

SS) than those on paper substrates. It can be observed from the optical image in 

Figure 5b that the surface of the paper substrate is very rough and porous, resulting in 

the unclean etching during the patterning of sc-SWCNT thin films by oxygen plasma 

and higher off currents than those on other substrates. Table 1 summarizes the 

electrical parameters extracted from the transfer curves of fully printed SWCNT TFTs 

on the PET and paper substrates (12 devices), exhibiting satisfied electrical properties. 

Printed SWCNT TFTs on PET substrates had low threshold voltage, high Ion/Ioff ratio 
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(≥106), small SS (70-80 mV dec-1), and small hysteresis (△VHYST = 40±5 mV), as 

well as high carrier mobility (μFE = 9.79±0.5 cm2 V-1 s-1) at low gate voltages (±1 V). 

Although the rough and porous structure of paper substrates led to decreased Ion/Ioff 

ratios of TFTs, SWCNT TFTs on paper substrates still have small SS (~78 mV dec-1) 

and high μFE (~4.53 cm2 V-1 s-1). 

Figure 5: Optical images of fully printed SWCNT TFTs and SEM images of sc-

SWCNT thin films in device channels on a) PET and b) paper substrate. c) Transfer 

curves of fully printed SWCNT TFTs on PET substrate, and d) and e) mechanical 

flexibility properties after bending 10000 times with a curvature radius of 5 mm 

(VDS= -0.25 V). f) Transfer curves of fully printed SWCNT TFTs on paper substrates, 

and g) and h) mechanical flexibility properties after bending 5000 times with a 

curvature radius of 5 mm (VDS = -0.25 V). The inset in Figure 5d is the photograph of 

the flexible devices wrapped on a cylinder with a curvature radius of 5 mm.

The mechanical bending tests were performed to evaluate the mechanical 

stability of fully printed top-gated SWCNT TFTs on PET and paper substrates. 

Figure 5d shows the measured transfer curves of the fully printed SWCNT TFTs on 

PET substrate after 10000 bending cycles. No significant electrical properties (µFE 

and Ion/Ioff) degradation was observed after 10000 bending cycles. Figure 5e displays 
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the bending time as a function of extracted µFE and Ion/Ioff ratios; no significant 

electrical properties degradation was observed after 10000 bending cycles. The 

outstanding mechanical flexibility and reliability of fully printed SWCNT TFTs on 

PET substrates can be attributed to the mechanical compatibility of IL-c-PVP solid-

state electrolytes and the mechanical flexibility of sc-SWCNTs, as well as the 

excellent bending resistance of the PET substrate. Figure 5f-h demonstrate the 

measured transfer curves of the fully printed SWCNT TFTs on the paper substrate 

after 5000 bending cycles. No significant changes were observed after bending 5000 

cycles. However, the Ion decreased, and the transfer curves became unsmooth when 

further increasing the number of bending cycles. 

Table 1 The average electrical properties and standard deviations of printed SWCNT 

TFTs (12 devices) extracted from the transfer characteristics (Figure 5c and 5f) in the 

linear regions.

Substrate SS (mV dec-1) △VHYST(mV) Ion/Ioff μFE(cm2 V-1 s-1)

PET 72±5 40±5 ~106 9.79±0.5

Paper 78±6 140±10 103-104 4.53±0.8

To facilitate the development of CMOS circuits, we developed the R2R bottom-

gated SWCNT TFTs with a similar manufacturing process (Scheme 1b). It can be 

known that enhancement-mode TFTs can be obtained by reducing the work function 

of the gate electrodes.38 The enhancement-mode and depletion-mode bottom-gate/top 

contact TFTs were obtained when using the Al gate electrodes with low work 

function native aluminum oxide (As a result, the holes in the TFT channel were 

depleted, and a negative threshold voltage shift was observed.) and the silver gate 

electrodes are shown in Figure 6a-c. It can be seen from Figure 5c and Figure 6c 

that both of Ion/Ioff ratios and mobility of bottom-gated SWCNT TFTs are similar to 

those of top-gated SWCNT TFTs. N-type SWCNT TFTs were achieved by covering 

the epoxy-amine inks on the channel of p-type TFTs (Figure 6d). The prepared p-

type and n-type SWCNT TFTs exhibited almost symmetric electrical properties in the 

ambient environment (Figure 6e). It is worth noting that the Ion of the SWCNT-TFTs 

during the polarity transition remained no obvious changesunchanged. This is due to 

the solidified state of the polarization transfer solution and low air and water oxygen 
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density in the environment.

Figure 6: a) Optical and magnified optical images of printed SWCNT TFTs, b) the 

structure of a printed bottom-gated printed SWCNT TFT, c) typical transfer 

characteristics of fully printed Ag-gate SWCNT TFTs and Al-gate SWCNT TFTs on 

PET substrates. d) The structure of a printed n-type bottom-gated printed SWCNT 

TFT, e) transfer characteristics of p-type and n-type SWCNT TFTs with VDS = -0.25 

V and 0.25 V, respectively. f) Input/Output voltage curves, g) voltage gains, h) noise 

tolerance, i) power consumption of the printed CMOS inverter with input voltages 

from -0.2 V to -1 V.

To demonstrate the potential of R2R gravure printed high-speed, large-area, low-

cost SWCNT TFTs for the realization of ultra-low voltage CMOS circuits in the fields 

of electronic skin, flexible neuromorphic devices, intelligent wearable devices and 

systems, printed SWCNT CMOS inverters were constructed by connecting two 

unipolar n-type and p-type TFTs, as shown in Figure 6e. The performance of p-type 

and n-type SWCNT TFTs used in the CMOS inverter are displayed in Scheme 1b. 

The voltage gain, power dissipation, and noise margins were extracted from the static 
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inverter characteristics to evaluate whether the printed CMOS inverters are suitable 

for integrating complicated and high-performance logic circuits with low power 

consumption. Figure 6f indicates that the printed CMOS inverters exhibited full rail-

to-rail voltage operation with VDD down to -0.2 V. As shown in Figure 6g, the 

voltage gains (dVout/dVin) of the printed CMOS inverters were 10. 8 and 12.8 at VDD 

= -0.8 V and VDD = -1 V, respectively. The noise margins of printed CMOS inverter 

with input voltages from -0.4 V to -1 V are 38%, 50%, 56%, 60% of 1/2 VDD (Figure 

6h). Another important feature of portable devices is the power dissipation (PW = IDD 

× VDD), as demonstrated in Figure 6i. The power dissipation of the printed CMOS 

inverters was 0.51 nW at VDD = -0.4 V, and the lowest power consumption 0.056 nW 

was achieved at VDD = -0.2 V. It is noted that as-prepared enhancement-mode p-type 

and n-type SWCNT TFTs exhibited almost symmetric electrical properties with low 

off-currents and low leakage currents and the printed CMOS inverters exhibited full 

rail-to-rail voltage operation. Such a low power consumption could be attributed to 

well-matched CMOS TFTs with relatively low off-currents and low leakage currents 

(~10-10 A).

4. Conclusion 
In summary, we developed a universal approach to construct large area and high-

quality sc-SWCNT thin films on flexible substrates (PET, paper, and Al substrates) by 

R2R gravure printing using highly concentrated sc-SWCNT inks and c-PVP films as 

the adhesion layer. The fully printed flexible SWCNT TFTs based on R2R gravure 

printed sc-SWCNT thin films exhibited excellent mechanical flexibility and good 

electrical properties with a high Ion/Ioff ratio (~106 ), small SS (~70 mV dec-1 ), small 

hysteresis, and high carrier mobility (~11.9 cm2 V-1 s-1 ) at gate voltage between -1 V 

and 1 V. Moreover, the fully printed inverters exhibited rail-to-rail output swings with 

voltage gain up to 12.8 at VDD = -1 V and the power consumption down to 0.056 nW 

at VDD = -0.2 V. Overall. This work overcame the performance, cost, size, and 

efficiency limitations of conventional materials and printing methods, which could 

promote the development of fully printed low-cost, large-area, high-output, and 

flexible carbon-based electronics. To meet the demands of R2R gravure printing, we 
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will focus on developing the directly patternable sc-SWCNT inks using high viscosity, 

high polar and low toxicity solvents, and optimizing the R2R gravure printing process. 
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