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1. Carbon Nanotube Field-Effect Transistors Fabrication 

The fabrication route of the single-walled carbon nanotube (SWCNT) FETs, based on aerosol-

synthesized SWCNT deposition and CMOS compatible photolithography process, is shown in 

Figure S1. The samples used in this work contain only one individual nanotube between source 

and drain electrodes. 

 

Figure S1. Fabrication route of an individual SWCNT FETs. (a) Schematic of the fabrication 

process of SWСNT-FETs on a 4-inch silicon wafer. (b) SEM image of a chip containing one 

individual SWСNT in the channel. 

 

2. The Photooxidation of SWCNT via Femtosecond Laser Irradiation 

The scheme of the experimental setup of femtosecond laser processing is shown in Figure S2. 

Fifteen different quasimetallic (qm) and semiconducting (sc) SWCNT FETs were chosen for 

processing via 515 nm femtosecond (fs) laser irradiation (Table S1). In addition, two non-

processed FETs were selected as a comparison to processed nanotubes. Twelve FETs have a 

distance between electrodes of 1.5 µm (CNT1-CNT12), and three have 12 µm (CNT13-CNT15). 

The typical irreversible resistivity change during the fs-laser patterning is demonstrated in Figure 

S3a. As a comparison, in Figure 3b we illustrate only the photogating effect during the irradiation 

at a lower intensity where the resistivity of the nanotube returns to the initial value in ~25 seconds. 



 

Figure S2. The scheme of the experimental setup for SWCNT two-photon local oxidation. The 

laser beam crosses the SWCNT channel with controlled scanning speed and pulse energy. 

Table S1. The parameters of photooxidation and electrical properties of the devices. 

№ Chip Laser parameters 
R before, 

Ohm 

R after, 

Ohm 

ION/IOFF 

before/after 

Rectification ratio 

(VDS = ±2V) 

before/after 

1 CNT0 (sc) not processed 600k 600k 3×103/3×103 1.5/1.5 

2 CNT1 (qm) 2 nJ, 200 µm/s 100k 3.5M 1.1/2×103 1.25/103 

3 CNT2 (qm) 2 nJ, 100 µm/s 105k 1M 1.9/103 1.1/35 

4 CNT3 (qm) 2 nJ, 20 µm/s 700k 1.7M 2/9×102 1.4/102 

5 CNT4 (qm) 2 nJ, 200 µm/s 80k 2.7M 1.1/102 1.2/7 

6 CNT5 (qm) 2 nJ, 100 µm/s 300k 3.2M 1.85/6×102 1.6/25 

7 CNT6 (qm) 2 nJ, 20 µm/s 320k 3M 1.3/103 1.1/40 

8 CNT7 (sc) 2 nJ, 10 µm/s 180k 4.6M 50/5×102 1.7/34 

9 CNT8 (qm) 2 nJ, 20 µm/s 270k 17M 1.2/30 2.1/12 

10 CNT9 (qm) 2 nJ, 10 µm/s 90k 8.9M 1.3/4×102 1.4/80 

11 CNT10 (qm) 4 nJ, 1 mm/s 280k 13.6M 1.8/4×103 1.2/25 

12 CNT11 (sc) 4 nJ, 500 µm/s 220k 42M 102/5×102 1.05/16 

13 CNT12 (sc) 4 nJ, 100 µm/s 140k 71M 8×102/85 1.5/7 

14 CNT13 (qm) 2 nJ, 100 µm/s 340k 900k 1.2/103 1.15/20 

15 CNT14 (qm) 2 nJ, 50 µm/s 400k 1.6M 1.3/7×102 1.9/40 

16 CNT15 (sc) 2 nJ, 20 µm/s 1.9M 100M 6×102/2×103 1.1/37 

17 CNT16 (qm) not processed 900k 900k 1.2/1.2 1.05/1.05 



 

Figure S3. (a) Resistance change for CNT5 during the photooxidation at 2 nJ pulse energy. (b) 

Photogating effect in already processed CNT 7 at 1 nJ pulse energy. The dashed line illustrates 

the position of a laser beam center over the individual SCWNT during the processing. 

 

3. AFM Measurements of SWCNT FETs 

1.5 µm channel FETs: we oxidized single SWCNT between Au/Ti electrodes via fs-laser 

irradiation and compared the results with the pristine part of the same nanotube CNT1 between 

another two electrodes via AFM (Figure S4). 

15 µm channel FETs: to show the local phase shift change (change of inelastic properties in the 

oxidized part of a nanotube), we developed another SWCNT based FETs and demonstrate that the 

oxidation process for SWCNT CNT15 goes a little further than the laser beamline (Figure S5). We 

associate this process with the thermal transfer in the SWCNT channel upon irradiation. 

 

Figure S4. AFM image (a) and corresponding phase shift (b) for CNT1. 



 

Figure S5. AFM height (a,c,e,g) and phase shift (b,d,f,h) images for CNT15. (a,b) Before fs-laser 

irradiation. The black solid lines in (a) illustrate the laser beam paths, the energy and the 

scanning speed were 2 nJ and 20 µm/s, respectively. (c-h) After fs-laser processing. The 

magnified images of red (e, f) and white (g, h) square areas shown in (c,d). The laser beam path 

during TPO is highlighted by green areas in (e,g). The polarization of the laser was set as parallel 

to the SWCNT channel. 

 

4. Raman Measurements and estimation of defect density of Two-Photon Oxidized SWCNT 

Raman map for functionalized CNT15 of the same area, as in Figure S5c, is shown in Figure S6. 



 

Figure S6. (a) The G band intensity Raman map and (b) the D band intensity Raman map for the 

CNT15 FET. White dash borders illustrate the estimated position of SWCNT in the channel. 

According to the Tuinstra-Koenig relation, we can estimate the mean distance between two defects 

Ld in the low-defect-density regime directly from I(D)/I(G) ratio [S1, S2]: Ld= C(λ)/(I(D)/I(G)), 

where the C(λ) ≈ 102 nm for λ = 514 nm. Assuming comparable C(λ) for our slightly different 

value of λ (532 nm), we estimate the distance between two defects less than 10 nm. The main 

defects in CNTs after the oxidation process are sp3 defects formed by grafting of oxygen species 

preliminary without breaking the C-C bonds. The estimated distance between defects is the lower 

limit due to the size of the processed area (beam spot of the fs-laser is ~0.6 µm) is less than the 

beam spot of the laser probe from the Raman system (~1.2 µm). To estimate the defect density for 

the modified region of carbon nanotubes, we apply the relation 𝐿𝑑 =
1

√𝑛𝑑
 . The lower limit of 

calculated defect density was found as ~1012 cm-2 in the central area of oxidation. 

We estimate the bandgap of the TPO SWCNT as ~110 meV using the relation 𝐸𝑔~𝜋ℏ𝑣𝐹/𝐿𝑑. 

Nevertheless, the defects are located mostly non-periodically, and these estimations of Eg give 

approximate values. 

 

5. Electrical Characterization of Pristine and Fs-Laser Processed SWCNT FETs 

The decrease of the hysteresis of a transfer curve after placing CNT1 in the vacuum is shown in 

Figure S7. CVCs and photoresponse for pristine and TPO processed SWCNT-FETs are shown in 

Figure S8 and Figure S9, respectively. The diode-like characteristics with different levels of 

rectification ratios (see Table S1) and alteration in the ON/OFF ratio for FETs are observed for 

most of the processed devices. 



 

Figure S7. Transfer I-V curves of CNT1 in air and after placing in a vacuum. 

 

Figure S8. (a) Output and (b) transfer characteristics of individual pristine semiconducting 

SWCNT CNT0 in the dark and upon 470 nm LED irradiation. (c) The photocurrent for pristine 

SWCNT calculated from (a). 



 

Figure S9. Output at VGS = 0 V (for CNT4 VGS is varied) and transfer characteristics before and 

after fs-laser processing for five SWCNT FETs. 



6. External Quantum Efficiency Measurements of Individual SWCNT FETs 

Incident Photon-to-Current Efficiency (IPCE) — also known as External Quantum Efficiency 

(EQE) – is a measure of a photon to electron conversion efficiency at a single wavelength. 

Responsivity, R, of an SWCNT FET is defined as the ratio of the current, I, generated for a given 

incident power of monochromatic light, P, falling onto the active area, which we estimate as the 

distance between the source and drain electrodes multiplied by half of the incident wavelength. 

Using the Plank-Einstein relationship, the energy of the incident monochromatic light, Eλ(λ), can 

be calculated as follows: 𝐸𝜆(𝜆) =
ℎ𝑐

𝜆
, where h is Plank’s constant and c is the speed of light. The 

number of photons per second, nphoton, falling onto the device area can then be calculated by 

dividing the power of incident monochromatic light by its energy: 𝑛𝑝ℎ𝑜𝑡𝑜𝑛(𝜆) =
𝑃(𝜆)

𝐸(𝜆)
. The current 

generated in the device at certain applied voltage, I, was measured via a semiconductor analyzer. 

The number of electrons per second, ne-, is calculated by dividing through by the charge on the 

electron, q: 𝑛𝑒−(𝜆) =
𝐼(𝜆)

𝑞
. Finally, the external quantum efficiency, ηEQE, can be calculated by 

dividing the number of electrons generated per second by the number of photons incident per 

second: 𝜂𝐸𝑄𝐸(𝜆) =
𝑛𝑒−(𝜆)

𝑛𝑝ℎ𝑜𝑡𝑜𝑛(𝜆)
× 100%. We measured EQE for CNT0 and CNT3 FETs in a 

voltage-biased regime at VDS = 1 V in the range from 360 to 1000 nm at 50 µW/cm2 incident 

power. The results are shown in Figure S10. 

 

Figure S10. EQE of pristine CNT0 and processed CNT3 FETs. 



7. Electrical Characterization of Transistors upon LED Illumination 

 

Figure S11. Output and transfer characteristics of fs-laser processed FETs in the dark and upon 

470, 590 and 630 nm LED irradiation with different intensity. The photoresponse is observed in 

all processed devices. 



8. The Responsivity of Pristine and Processed SWCNT FETs upon LED Illumination 

 

Figure S12. Responsivities at three different wavelengths for seven SWCNT FETs at VDS = -0.5 

V. 

 

Figure S13. The photoresponse of the SWCNT junction. (a) The responsivity of four SWCNT 

FETs upon 470 nm LED. (b) Responsivity versus light intensity at 300, 150, and 80 K for CNT1. 
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