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[bookmark: BackToTop]A.  Microscopy: Does your protocol involve video microscopy, such as filming a complex dissection or microinjection technique? (Y/N) No, but a microscope is used (Olympus BX51) to search for flakes or nanotubes when checking the fabricated devices. 
Can you record movies/images using your own microscope camera? (Y/N) Yes, through PC software (10 second maximum for movie recording).
B.  Software: Does your protocol include detailed, step-by-step instructions involving computer-controlled instrumentation or other software? (Y/N) Yes
We use special software for the E-beam control and AutoCAD for designing the pattern of electrodes.
[bookmark: BackToQues]C.  Procedure Highlights: Of the steps to be filmed, which will viewers benefit most from seeing? Please list 4-6 steps from this script by their step numbers (e.g. 2.1).
Steps 2.1, 2.4, 3.1, 3.4, 6.3
D.  Critical Steps: What is the single most difficult aspect of this procedure? Please list 1-2 steps from this script and briefly describe how you ensure success.
Step 6.3: We should be careful so that the electrolyte is not touched to the gold pads other than samples and gate electrode and its amount is as small as possible.
[bookmark: Introduction]E.  Filming: Will filming need to take place in multiple locations? (Y/N) No
We have several rooms for the experiments (including clean rooms) but basically all the rooms are in one building.

1. Introduction (Experimental Goal and Author Interviews)

A. Experimental Goal (Spoken by voice talent at JoVE.)

The overall goal of this procedure is to use electrolyte gating to control the carrier number and achieve electric field-induced quantum phase transitions in WS2 (tungsten disulfide (tung-sten dye-sul-fide /ˈtʌŋ stən daɪˈsʌl faɪd/)) transistors. (Intro)

B.  Required Interview Statements (Said by you on camera. Don’t forget to smile!)  
1.1. Toshiya Ideue: This technique provides a powerful strategy for achieving quantum phase transitions, including electric field-induced superconductivity.
1.2. Feng Qin: The main advantage of this technique is that strong electric fields can be generated even under low bias voltages, inducing large carrier densities by electrostatic or electrochemical doping.
[bookmark: _GoBack]
[bookmark: Protocol]Protocol (Spoken by voice talent at JoVE.)
2. Dispersion of WS2 Nanotubes (NTs) on a Si/SiO2 Substrate
2.1. To begin preparing the nanotube dispersion, combine about 0.8 mg of WS2 nanotubes [1-MED] with 8 mL of isopropyl alcohol. [2-CU]
2.1.1. Talent adds 0.8 mg WS2 NT powder to a vial.
2.1.2. Talent pours 8 mL of IPA into the vial (already containing the NT powder). Video editor: 2.1.1 and 2.1.2 were combined. 
Note: 2.1.1 and 2.1.2 are combined.
2.2. [bookmark: _Hlk490839222][bookmark: _Hlk490839186]Sonicate (sahn-ih-kate /ˈsɒn ɪ keɪt/) the mixture for 20 minutes to disperse the nanotube powder in the isopropyl alcohol. [1-MED] To avoid heating the suspension, rest it for 1 minute after every 5 minutes of sonication (sahn-ih-kay-shun /ˌsɒn ɪˈkeɪ ʃən/). [2-MED]
2.2.1. Talent places the closed vial in an ultrasonic bath and starts sonication.
2.2.2. Talent stops the sonication and checks on the vial. (If the sonication automatically stops, talent instead checks on the vial when sonication stops)
2.3. Next, turn on a spin-coater and its attached vacuum pump. [1-MED-Over shoulder] Place a clean Si/SiO2 (silicon—silicon-dioxide) substrate (sub-straight /ˈsʌb streɪt/) at the center of the vacuum chuck, [2-CU-TXT] and fix it in place. [3-CU]
2.3.1. Talent turns on the spin-coater.
2.3.2. Talent places the substrate in the center of the vacuum chuck. (TEXT: Si/SiO2 substrate, 1 cm x 1 cm, SiO2 layer: 3,000 Å, Si layer: 0.5 mm)
2.3.3. Talent starts the vacuum pump from the spin-coater console. Video editor 2.3.2 and 2.3.3 were combined. 
2.4. Apply the 0.1 mg/mL WS2 nanotube suspension to the substrate in drops until the substrate surface is completely covered. [1-CU] Spin-coat the substrate at 4,000 rpm (R-P-M) for 50 seconds. [2-MED-Over shoulder]
2.4.1. Talent applies drops of the NT suspension to the substrate until the surface is covered in the suspension.
2.4.2. With the spin-coater cover now closed, talent starts the spin-coating sequence. 
3. Application of WS2 Flakes to a Si/SiO2 Substrate with the Tape Method
3.1. To begin preparing the WS2 flakes, place a small bulk sample of WS2 on the adhesive side of silicone-free adhesive tape. [1-MED] Carefully fold and unfold the tape to mechanically exfoliate a thin layer of WS2 from the bulk. [2-CU]
3.1.1. Talent transfers WS2 to the adhesive tape.
3.1.2. Talent folds and unfolds the tape to begin exfoliating the sample from the bulk.
3.2. Continue folding and unfolding the tape until the exfoliated sample covers the tape as a thin layer. [1-CU]
3.2.1. With the exfoliated sample covering the tape, talent folds and unfolds the tape once and then leaves the tape unfolded to show the final tape.
3.3. Then, gently apply the tape to the SiO2 face of a clean Si/SiO2 substrate. Apply light pressure to the tape to transfer the WS2 flakes to the substrate. [1-MED]
3.3.1. Talent gently applies the tape to the substrate and gently presses down on the tape.
3.4. Carefully separate the tape from the substrate, leaving the substrate surface coated with thin WS2 flakes. [1-CU]
3.4.1. Talent carefully lifts the tape from the substrate, leaving flakes on the substrate.
4. Device Fabrication by Electron Beam Lithography
4.1. To begin device fabrication, place a Si/SiO2 substrate coated with WS2 nanotubes or thin flakes on the center of a spin-coater vacuum chuck. [1-MED] Apply drops of PMMA (P-M-M-A) to the substrate until its surface is covered. [2-CU-TXT]
4.1.1. Talent places a WS2 NT-coated substrate on the vacuum chuck and starts the vacuum pump.
4.1.2. Talent places drops of PMMA on the substrate surface until the surface is covered. (TEXT: PMMA: Poly(methyl methacrylate))
4.2. Spin-coat the substrate at 4,000 rpm for 50 seconds to uniformly coat the substrate with PMMA, thereby protecting the WS2 nanotubes or flakes from exposure to air. [1-MED-Over shoulder] Heat the PMMA-coated substrate at 180 °C for 1 minute. [2-MED]
4.2.1. Talent closes the spin-coater cover, starts the spin-coating sequence, and monitors the spin-coater as the substrate starts spinning.
4.2.2. Talent places the PMMA-coated substrate on a hot plate.
4.3. Next, place the substrate on the stage of an optical microscope equipped with a camera. [1-MED] Inspect the substrate at 20X (twenty-X) magnification and identify six to ten isolated WS2 samples of suitable sizes. [2-MED-Over shoulder-TXT]
4.3.1. Talent places the substrate on the optical microscope stage.
4.3.2. Talent looks at a 20X image of the sample in the microscope software. (TEXT: WS2 NT: 10 µm, WS2 flake: 10 µm x 5 µm) Video editor: 4.3.1 and 4.3.2 were combined. 
4.4. Take pictures of each isolated sample at 5X, 20X, and 100X magnification. [1-SCREEN] Then, open CAD (cad /kæd/) software and load the substrate lattice format. Import the pictures of the samples and determine the size and location of each picture from the marks on the substrate. [2-SCREEN]
4.4.1. *To be provided by authors: Screen capture footage of taking a picture of an isolated sample in the optical microscope software.
4.4.2. *To be provided by authors: Screen capture footage of loading the substrate lattice format and inserting a picture of the substrate into the lattice. Author note: 4.4.2 is separated into the first group of pictures and the final screen that all the pictures are inserted. 
4.5. Draw a 1,200-µm square and a 300-µm square around each sample. [1-SCREEN] Design large-scale patterns including gate, source, drain, and other pads in each large square, excluding fine structures near the samples. [2-SCREEN]
4.5.1. *To be provided by authors: With all pictures inserted into the lattice, screen capture footage of drawing a large square and a small square around a sample.
4.5.2. *To be provided by authors: With all squares drawn around the samples, screen capture footage of drawing/applying a large-scale pattern to one isolated sample.
Author Note: 4.5.1 and 4.5.2 and 4.6.1 are combined. Because we have many different prepared patterns, in the screen shoot, we just copy and paste them.
4.6. Add marks in each small square for precise identification of the sample locations. [1-SCREEN] When patterns have been designed for all samples, delete all but the patterns and marks. Export the patterns and marks as .dxf (D-X-F) files. [2-SCREEN]
4.6.1. *To be provided by authors: With the large-scale pattern completely designed around the isolated sample, screen capture footage of adding small marks in the small square around the sample.
Author Note: This is combined with 4.5.1 and 4.5.2. The final screen that all pattern haven been designed for all samples is provided.
4.6.2. *To be provided by authors: With patterns and marks drawn around all isolated samples, screen capture footage of deleting the pictures, squares, and lattice format.
4.7. Next, place the substrate on the sample stage of an electron beam lithography (lih-thaw-gruh-fee /lɪˈθɒg rə fi:/) instrument. [1-MED] Insert the sample stage into the main chamber and begin evacuating the chamber. [2-MED]
4.7.1. Talent opens the chamber and fixes the substrate on the EBL sample stage.
4.7.2. Talent inserts the sample stage into the EBL main chamber and closes the chamber.
4.8. Convert the .dxf file of small marks to a .cell (‘cell’) file, mark the file for electron beam lithography, and save the file in the .con (‘con’) format for the electron beam lithography instrument. [1-MED-Over shoulder]
4.8.1. Talent loads the cell file of small marks into the ECA program and enters the file name, origin, and coordinates of the squares and marks.
Author Note: because entering all names and coordinates of pieces is time consuming, we just shoot for entering name and coordinate for the first piece, and then take additional shoot of final screen that all names and coordinates are inputted.
4.9. [bookmark: _Hlk496627446]Once the main chamber pressure is below 5 x 10-5 Pa (pascals (pah-skalls /pɑˈskɑls/)), open the instrument software and turn on the electron gun. [1-MED] Pattern the substrate with the small marks. Then, pattern the substrate with the larger designs using the same process. [2-MED-Over shoulder-TXT]
4.9.1. Talent checks the main chamber pressure readout (showing a pressure below 5 x 10-5 Pa).
4.9.2. Talent starts the lithography sequence to pattern the substrate with small marks. (TEXT: See text for electron beam lithography parameters and procedures.)
4.10. When the lithography is complete, turn off the electron beam and quit the software. [1-MED-Over shoulder] Vent the main chamber and remove the patterned substrate. [2-MED]
4.10.1. Talent shuts off the electron beam.
4.10.2. Talent removes a patterned substrate from the vented main chamber.
4.11. Develop the substrate by immersion in a 1:3 mixture of methyl isobutyl ketone (meth-ll ai-suh-byoot-ll kee-tone /ˈmɛθ l ˌaɪ səˈbju:t l ˈki: toʊn/) and isopropyl alcohol for 30 seconds. [1-CU-TXT] Wash the substrate with isopropyl alcohol, [2-MED] and dry the developed substrate with a nitrogen gun. [3-CU]
4.11.1. Talent immerses the substrate in a labeled container of MIBK:IPA solution. (TEXT: MIBK : IPA = 1 : 3)
4.11.2. Talent rinses the substrate with IPA.
4.11.3. Talent dries the substrate under a stream of N2 gas.
4.12. Take another set of pictures of each sample at 5X, 20X, and 100X magnification. [1-SCREEN] Import the images into CAD software, locate the images by designed small markers, then design the fine structure of the device, [2-SCREEN] Pattern the substrate with electron beam lithography, develop, and dry the substrate. [3-CU]
4.12.1. *To be provided by authors: Screen capture footage of taking a picture of the patterned substrate with the optical microscope software.
4.12.2. *To be provided by authors: Screen capture footage of designing the fine structure pattern around an isolated sample on the patterned substrate.
4.12.3. A clean, dry substrate patterned with both large and small patterns. 
Author Note: 4.12.3 is not filmed because it is exactly same as 4.11.1 to 4.11.3. Just re-using the same video is fine. 
5. Electrode Deposition
5.1. To begin the electrode deposition process, fix the patterned substrate on a vapor deposition (dep-oh-zish-un /ˌdɛp əˈzɪʃ ən/) substrate holder. [1-MED] Attach the substrate holder to a transfer rod and evacuate the chamber. Then, insert the substrate into the main chamber of the evaporator. [2-MED]
5.1.1. Talent fixes the patterned substrate on the substrate holder.
5.1.2. Talent uses the transfer rod to insert the substrate into the main chamber.
Author Note: 5.1.2 are separated because before inserting the substrate into the main chamber, we have to wait for several minutes for evacuating. It was filmed so that, first we transfer the substrate into a small chamber, then wait (not filmed), and finally  insert the substrate into main chamber.
5.2. Start rotating the substrate holder. [1-MED] Evacuate the main chamber, open the shutter, and deposit 5 nm of Cr (chromium (crow-mee-um /ˈkroʊ mi: əm/)) as the initial adhesion layer. [2-MED-Over shoulder-TXT]
5.2.1. Talent starts the substrate holder rotation.
5.2.2. Talent monitors the deposition of the first layer of Cr. First, the talent switches on high voltage power and increase current, then input relevant parameters. (TEXT: See text for deposition parameters.)
5.3. Then, ramp the current to 30 A (ampere [ˈæmpɛər]). Evaporate Au (gold) with suitable deposition rate and thickness. [1-MED-TXT]
5.3.1. Talent finishes slowly ramping the current to 30 A and starts pre-evaporating Au.
5.3.2. Talent opens the shutter and the Au deposition begins. (TEXT: WS2 NTs: 90 nm, WS2 flakes: 60 nm)
Author Note: 5.3.1 and 5.3.2 are combined. First slowly increase the current to 30 A and input relevant parameters. 
5.4. Close the shutter to end deposition. Slowly reduce the current to zero and turn off the current source. Then, stop the substrate holder rotation [1-MED-Over shoulder] Allow the substrate to rest in the chamber for 1 hour to cool to room temperature before removing it. [2-MED]
5.4.1. Talent closes the shutter and begins slowly reducing the current to zero and stops the substrate holder rotation.
5.4.2. Talent opens the chamber, and removes the cool substrate.
5.5. Next, cover the pads and gate electrodes with tape taking care to expose the fine structure of the device, [1-LM and MED] Deposit a 20-nm SiO2 layer to protect the electrodes during electrolyte gating. [2-MED]
5.5.1. With the substrate on the sample stage, talent looks through the microscope and applies tape to the pads/gate electrodes and added LM image of the set up.
5.5.2. Talent transfers the taped substrate into the chamber.
6. Device Completion and Transport Measurements
6.1. Following electrode deposition, separate the devices by dicing the substrate into small pieces. [1-MED-LM] Immerse one device in acetone for 1 hour at room temperature to remove residual PMMA and gold. [2-CU]
6.1.1. Talent dices a substrate into small pieces with the scribing machine.
Author Note: additional shoot was taken for the final state that the substrate was scribed into small pieces. The photograph should appear after video.
6.1.2. Talent places one device in a labeled container of acetone.
6.2. Then, wash the device with isopropyl alcohol and dry it with a nitrogen gun. [1-MED-LM] Fix the device on a chip-carrier with conductive silver paste. [2-CU] Wire-bond each electrode pad to an electrode on the chip-carrier with 25-µm-thick gold wires. [3-CU]
6.2.1. Talent rinses the device with IPA and try with N2 gun. Added LM shot. 
Author Note: additional photograph was taken after 6.2.1 liftoff process. The photograph should appear after video.
6.2.2. Talent places the clean, dry device on conductive silver paste already applied to a chip-carrier.
6.2.3. The wire-bonder bonding a wire to the device.
6.3. Next, dip a pair of tweezers in an electrolyte solution. [1-MED-TXT] Carefully apply the electrolyte to the fine structure of the device and the gate pad without covering the electrode pads. [2-LM]
6.3.1. Talent dips tweezers in the electrolyte solution. (TEXT: KClO4 in PEG (MW = 600), [K]:[O] 1:20)
6.3.2. *To be provided by authors: The view through the microscope (as recorded by the digital camera and computer software) as the electrolyte solution is applied to the device.
Authors and Videographer: If it is too difficult to record this with the digital camera, please instead film an ECU shot of the electrolyte being applied to the device on the sample stage. 
	Author Note: 6.3.2 was filmed. And additional photograph via microscope is provided. The photograph should appear after video.
6.4. Then, fix the chip-carrier on the measurement system sample holder. Use the transfer rod to insert the sample holder into the system. [1-MED] Evacuate the chamber to high-vacuum conditions. [2-MED-Over shoulder]
6.4.1. *To be provided by authors Talent inserts the chip-carrier on the sample holder into the system with the transfer rod.
6.4.2. *To be provided by authors Talent starts pumping down the chamber with high vacuum.
Author Note: 6.4.1 and 6.4.2 are not filmed. It will be provided by authors later.
6.5. Use measurement software to perform transport measurements [1-MED-Over shoulder]
6.5.1. *To be provided by authors Talent opens the measurement program and selects the measurements to be used in the sequence.
Author Note: 6.5.1 is not filmed. It will be provided by authors later.
7. Results: Transistor Operations of WS2 Nanotube and Flake Devices
7.1. Ambipolar (am-bih-poh-ler /ˌæm bɪˈpoʊ lər/) transfer curves were observed for both the WS2 nanotube and flake devices. The ambipolar behavior was reversible and repeatable, suggesting that these operations resulted from electrostatic doping.
7.1.1. Figures 3a and 3b (from JoVE_Fig3_170915.pdf): Add the caption “WS2 NT” under Figure 3a and the caption “WS2 flake” under Figure 3b.
7.1.2. Figures 3a, 3b, and 1b (from JoVE_Fig3_170915.pdf and JoVE_Fig1_170915.pdf), with captions as above.
7.2. The source-drain current of a WS2 nanotube device was examined as function of gate voltage and waiting time. The initial saturation behavior indicated electrostatic doping.
7.2.1. Figure 3c (from JoVE_Fig3_170915.pdf) without the ‘Electrochemical intercalation’ label: Add the caption “WS2 NT” under the figure.
7.2.2. Figure 3c without the ‘Electrochemical intercalation’ label and Figure 1b (from JoVE_Fig3_170915.pdf and JoVE_Fig1_170915.pdf), captioned as above: Highlight the left quarter of Figure 3c.
7.3. Electrochemical doping was observed at higher gate voltages. The dramatic increase in source-drain current when the gate voltage was held at 8 V for several minutes indicated intercalation (in-ter-kuh-lay-shun /ɪnˌtɛr kəˈleɪ ʃən/) of K+ (potassium) ions into the WS2 layers without damaging the crystal structure.
7.3.1. Figure 3c and Figure 1c (from JoVE_Fig3_170915.pdf and JoVE_Fig1_170915.pdf), with the ‘WS2 NT’ caption as above: Highlight the ‘Electrochemical intercalation’ label in Figure 3c. On “intercalation of K+”, also highlight the small blue ‘K+’ spheres in the bottom third of Figure 1c.
7.4. A similar gate response was observed for WS2 flake devices. Saturation behavior occurred as the gate voltage was increased to 6 V, but no significant change in carrier density was observed. This behavior was indicative of electrostatic doping. The source-drain current and the carrier density both increased when the gate voltage exceeded 6 V, indicating that intercalation had occurred.
7.4.1. Figure 3d (from JoVE_Fig3_170915.pdf): Add the caption “WS2 flake” under the figure. During “Saturation…to 6 V”, highlight the red solid line from 0 to 6 on the horizontal axis. During “no significant…was observed”, highlight the blue line and dots spanning 2 to 6 on the horizontal axis. (See JoVE_Fig3d 741 highlight example.png)
7.4.2. Figures 3d and Figure 1b (from JoVE_Fig3_170915.pdf and JoVE_Fig1_170915.pdf): During “This behavior...doping”, highlight ‘Electrostatic’ in Figure 3d.
7.4.3. Figures 3d and Figure 1c (from JoVE_Fig3_170915.pdf and JoVE_Fig1_170915.pdf): Highlight the solid red line and the blue line with dots in Figure 3d spanning 6 to 12 on the horizontal axis. Highlight ‘Electrochemical’ in Figure 3d. (See JoVE_Fig3d 743 highlight example.png)
7.5. After the electrochemical doping, both the WS2 nanotube and flake devices showed superconductivity at low temperatures.
7.5.1. Figures 3e and 3f (from JoVE_Fig3_170915.pdf): Add the caption “WS2 NT” under Figure 3e and the caption “WS2 flake” under Figure 3f.

8. Conclusion (Said by you on camera. Don’t forget to smile!)
8.1. Toshiya Ideue: After its development, this technique paved the way for researchers in condensed matter physics and material science to explore electronic phase transitions, including electric field-induced superconductivity, and structural phase transitions in a variety of materials.
8.2. [bookmark: _Hlk479076977]Feng Qin: After watching this video, you should have a good understanding of how to use ionic liquid gating on solids for both electrostatic and electrochemical doping.

[bookmark: ProvidedMedia]PROVIDED MEDIA
Authors: Name new or modified files with the scheme 01234_PIname_Figure1.tif, where 01234 is your JoVE video ID and PIname is the corresponding author’s surname. For example:

5.2 – 01234_PIname_Figure1.tif – dual color imaging of tumor angiogenesis at 40X
5.3 – 01234_PIname_Figure2.tif – dual color imaging of tumor angiogenesis at 100X

Minimum dimensions: 720 x 480 pixels
Minimum resolution: 300 dpi

Preferred image formats: .tiff, .png, .eps, .ai, .psd, .pdf
Preferred movie formats: .mov, .mp4, .avi

If figures or tables were created as .xlsx files, please provide those as well.

Upload each file to your project folder: https://www.jove.com/account/file-uploader?src=17342958

Please list the provided files below and specify the step or steps where the files will be used. If a file is not based on an existing figure, please provide a short description.

· [bookmark: Text13]Step number(s) – File name - Description (if new figure)


General Preparation

It is critical for a smooth and organized shoot that your samples, reagents, instruments, glassware, and software are ready to go. This ensures that filming can quickly move from step to step.

Reagents, samples, and solutions should be prepared or collected and labeled before we arrive. All tubes, flasks, and plates should be clean, dry, and neatly labeled.

If your procedure includes long incubation, reaction, heating, or calculation times, prepare the products of those steps before we arrive. Please notify your script editor if the product of a long step is too unstable to be prepared in advance.

Please contact your script editor if you have general questions about filming. For detailed preparation instructions, please see the email that accompanied this script.
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