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Supplementary Material
Experimental Section
1. Preparation of the substrate

A particle-free ST-cut quartz wafer (cutting angle: 42° 45´, Hoffman Materials, USA) was cut into a 12 mm x 15 mm sized piece in the clean room. Photoresist (AZ5214, MicroChem, 4000 rpm for 30 s) was spun-cast onto the annealed substrate and then line-patterned with different channel lengths ranging from 500 nm to 48 μm using e-beam lithography (JSM 6510 equipped with the Nanometer Pattern Generation System (NPGS)) and photolithography. On the patterned substrate, a film of Fe catalysts with a thickness less than 5 Å was deposited by e-beam evaporation.

2. Growth of the SWNTs 

SWNTs were grown on the prepared substrate by CVD. The patterned substrate was annealed in a quartz tube at 800 °C for 30 min under ambient conditions. The annealed substrate was slowly cooled (~2 °C/s) to room temperature and then flushed with Ar (99.9999%) gas for 20 min at room temperature. The patterned quartz substrate was reheated to 925 °C (25 °C/min) under 200 sccm of H2 gas flow. Thereafter, a mixed gas of CH4 (99.99%, 150 sccm), Ar (15 sccm) and H2 (60 sccm) was injected into the quartz tube for 20 min. The system was cooled rapidly to room temperature under Ar flow (1000 sccm). 

3. CNT isolation and transfer to the target substrate

To pattern the as-grown SWNTs into individual TFT devices, the substrate was spin-coated by photoresist (AZ5214) and then photo-patterned. O2 plasma etching (300 W, 180 s, 40 mTorr O2) was carried out several times. The isolated SWNTs were spin-coated by PMMA and annealed at 180 °C for 1 h. The PMMA with embedded SWNTs was peeled off from the quartz substrate in a 1M NaOH solution at 80 °C. They were then transferred to Si/SiO2 or PET substrates using a dry transfer method. Each substrate was cleaned with acetone for 5 min to remove the PMMA and annealed at 300 °C under an Ar atmosphere.

4. Characterization of the all SWNT transistor

The patterned all-SWNT TFTs were observed by a field emission scanning electron microscope (FESEM, Hitachi S4800). All electrical properties were measured by a probe station (Agilent Technologies, E5263A). The optical transmittance was performed using a UV/Vis spectrophotometer (UV-3101PC, Shimadzu) from 300 nm to 800 nm.

Electrical breakdown procedures
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Figure S1. Current-voltage response of a device during electrical breakdown process.

To see how the metallic SWCNTs become electrically disconnected during the electrical breakdown process, I-V curves were observed according to the number of trials. To prevent oxidation and electrical burning of network type SWCNTs, Au was deposited on network type SWCNT electrodes. After electrically removing metallic SWCNTs in the channel, the Au was dissolved away by etchant. Id measured during the breakdown process shows a terraced drop when Vd exceeds 12 V, suggesting that the metallic SWCNTs become disconnected. Similar drops in current can be observed until the 6th trial of electrical breakdown. The current no longer shows the stair-like drop, but shows a general decrease for additional trials (7-9th). This implies that the semiconducting SWCNTs are subsequently affected through the breakdown process.

I-V characteristics of the all-SWNT TFT 
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Figure S2. I-V characteristics of all-SWNT TFT after electrical breakdown at channel length and width of 16 μm and 100 μm, respectively.


In the experiments, we measured the source-drain current (Id) at the bias (Vd) between 0 V and 15 V for the different gate biases (Vg) and observed the saturation behaviors of Id. Fig. S2 shows I/V curves between 0 V and 15 V of bias to show the saturation curves of Id.
Mobility calculation

The width of the device is the length of electrodes perpendicular to the direction of aligned tube arrays. Base on the reference[1,2], we calculated the field effective mobility of thin film transistor device with the formula;
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 (2).


Where Vd is the source-drain voltage (-0.5 V), L is the channel length (32 μm), W is channel width (100 μm), Cw is capacitance per unit area, t is the thickness of the gate dielectric material (100 nm), εr is the dielectric constant of SiO2 (3.9). According to the equations, mobility in this device is about 161 cm2/Vs. 


The effective channel width: 

2.5 tubes/ μm * 100 μm (channel width) * 1.2 nm (tube diameter) = 300 nm

Effective density of SWNTs


An Effective density of SWNTs in channel area requires assumption of the current density of a single SWNT in the channel and the average SWNT resistance: R=V/I. Fig. 3(c) shows the resistance-channel length plot for different density of SWNTs in channel area. The resistance in the black line of Fig. 3(c) associated the 2.5 SWNTs/μm density in channel region before electrical breakdown process. This plot allows that the average current in a single SWNT can be calculated by total current and density of SWNTs in 32 μm channel length and 100 μm channel width. From the scaling plot, the resistance is 119.8 kΩ in 32 μm channel length. According to Ohm’s raw, total current in 2.5 SWNTs/μm density SWNT transistors can be estimated as 

Itotal = 1V / 191.1 kΩ = 5.233 x 10-6 A.


Each of the transistors has roughly 250 SWNTs and the current per SWNT is estimated as

ISWNT = 5.233 x 10-6 A / (2.5 SWNTs/μm x 100 μm) = 2.093 x 10-8 A/SWNT.


After electrical breakdown process as mentioned in Fig. 3(a), the total current which have a non-gate bias effect is measured as 3.1315 x 10-7 A. Metallic SWNTs in channel assumes that all of the metallic SWNTs are broken due to the electrical disconnecting process and 1/3 of them for metallic SWNTs. From this value and ISWNT, an effective density of SWNTs can be estimated as 

Deff = 3.896 x 10-7 A / [(2.093 x 10-8 A/SWNT) / 100 μm] x (3/2) = 0.28 SWNT/μm.
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