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A.  Microscopy: Does your protocol involve video microscopy, such as filming a complex dissection or microinjection technique? N
B.   Software Usage: Does your protocol include detailed, step-by-step, descriptions of software usage? N
C.  Which steps of your protocol will viewers benefit most from having filmed?  2.3, 2.4, 2.5, 2.9 
D.  What is the single most difficult aspect of this procedure and what do you do to ensure success?   2.3.3 
E.  Will the filming need to take place in multiple locations? Y  The two locations are the clean room and the chemistry laboratory room. These two locations are just two floors apart.
1. Introduction (Experimental Goal and Author Interviews) – As the beginning of your video, the introduction should clearly present the goal of your method to the viewer and its significance.  Other information can be provided according to the various statements below, but the total introduction should not exceed 150 words. 
A. Experimental Goal: (read by voice talent at JoVE)
The overall goal of this procedure is to reliably fabricate 2D nanomaterial devices, such as 2D back-gated transistors, using standard fabrication processes. (Intro)
B. Required Interview Statements: (Said by you on camera. Don’t forget to smile!)  
1.1. Yann-Wen Lan: This method can help answer key questions in the field of 2D material device fabrication related to techniques to precisely locate 2D material samples in preparation for later fabrication steps.
1.2. Yann-Wen Lan: The main advantage of this technique is that it is tailored to the development of small-scale devices, for which finding the location of material is more challenging.
C. Optional Interview Statements: N/A 
D. Introduction of Demonstrator: (Said by you on camera. Don’t forget to smile!)
1.3. Yann-Wen Lan: Demonstrating the procedure will be Po-Chun Chen, Kristan Simbulan, and Bo Wei Liang, research assistant and graduate students from my laboratory.
1.3.1. Interview style: Author saying the above 
1.3.2. The named people, standing left to right in the order named, acknowledging  the camera.
E. Ethics title card: N/A
Protocol: (read by voice talent at JoVE)    
2. Fabrication of 2D Back-gated Transistors
2.1. The fabrication process requires two prepared substrates. [1-WIDE] The first is back-gated silicon dioxide on silicon with titanium and gold metal pad arrays. [2-CU-TXT] The second substrate is sapphire with a deposited layer of molybdenum disulfide. [3-CU-TXT] 
2.1.1. Talent at a bench, inspecting the two substrates
2.1.2. Detail of the back-gated silicon/silicon dioxide substrate. Should be consistent with 2.1.1  [TEXT: See text protocol for details]
2.1.3. Detail of the sapphire substrate. Should be consistent with 2.1.1 [TEXT: See text protocol for details]
2.2. Take the sapphire substrate with the molybdenum disulfide to a spin coater. [1-WIDE] Spin coat PMMA to cover the top of the molybdenum disulfide at 3500 rpm for 30 seconds. [2-MED-TXT] Then, move the sample to a hot plate and bake it at 120 ºC for 3 minutes to strengthen the PMMA coating.  [4-MED-TXT] 
2.2.1. Talent arriving with substrate at a spin-coater
2.2.2. Talent using spin coater [TEXT: PMMA–Polymethyl Methacrylate; 3500 rpm, 30 s]
2.2.3. Talent moving sample from spin coater to the hotplate  [TEXT: 120 ºC for 3 min]
2.3. Next, prepare 50 milliliters of ammonia solution. [1-WIDE-TXT] Immerse the sample to separate the molybdenum disulfide from the substrate. [2-MED] Once the film has separated, remove it from the ammonia solution. [3-CU] 
2.3.1. Talent at bench, preparing for the next steps [TEXT: 14.5% ammonia solution]
2.3.2. Talent placing sample in to ammonia solution 
2.3.2.1. [Added Shot]: Talent placing the ammonia solution, with the sample immersed in it, on to the hot plate (Editor: These isn’t VO mentioning the shift to the hot plate, so I would omit this shot for the time being. This happens again in 2.4.3.1 – if having the sample on a hot plate is important to the procedure, the authors will have to provide VO for it.)
2.3.3. If possible, the separated film in the substrate. Then, after a pause, it being lifted out. At least get the separated film as it is removed from the ammonia solution
2.4. Transfer the molybdenum disulfide film to the silicon dioxide on the silicon substrate. [1-CU] To enhance adhesion, bake the sample at 120 ºC for at least 30 minutes. [2-MED-TXT] Recover the sample, and place it in 30 milliliters of acetone. [3-MED] After about 30 minutes, the PMMA will be removed, as indicated by a change in color. [4-CU][5-CU] Before proceeding, rinse the sample in isopropyl alcohol and use nitrogen to blow it dry. [6-MED]
2.4.1. The silicon substrate as the film is transferred to it
2.4.2. Talent moving the sample to an oven [TEXT: 120 ºC for 30–60 min]
2.4.3. Talent placing the sample in acetone
2.4.3.1. [Added Shot]: Talent placing the acetone, with the sample immersed in it, on to the hot plate (Editor: These isn’t VO mentioning the shift to the hot plate, so I would omit this shot for the time being)
2.4.4. The sample in a container of acetone, soon after it has been placed there (Video editor: Please show this shot and the next side-by-side. Put this image on the left with the label “Before” and the next image on the right the label “After”)
2.4.5. The sample in a container of acetone, when it is ready to be removed
2.4.6. Talent retrieving, rinsing, and drying the sample
2.5. Now, prepare to perform electron beam lithography. [1-WIDE] Use an optical microscope to measure the displacement between the target locations and the alignment marks on the sample. [2-LM] Based on these measurements, design the metal electrode pattern layout using software. [3-LM]
2.5.1. Talent placing sample on optical microscope, then using the microscope
2.5.2. LAB MEDIA: “57885_after locating 2.tif”
2.5.3. LAB MEDIA: “57885_ EBL_pattern.tiff”
2.6. Spin-coat photoresist on top of the sample and ensure it covers the entire sample. [1-WIDE-TXT] Move on to soft bake the sample at 100 ºC for 90 seconds to enhance the adhesion. [2-MED] At the electron beam lithography machine, upload the design and position the sample. [3-WIDE] 
2.6.1. Talent operating spin-coater [TEXT: 2000 rpm, 60 s]
2.6.2. Talent starting soft-bake of the sample  [TEXT: 100 ºC for 90 seconds]
2.6.3. Talent working to set up the electron lithography machine
2.7. The alignment marks in the silicon/silicon dioxide substrate should match the corresponding marks in the design. [1-LM] Expose the sample to the electron beam. [2-MED] When done, take the sample to a hotplate. [3-WIDE] Heat the sample to 120 ºC for 90 seconds in a post exposure bake. [4-CU-TXT] 
2.7.1. LAB MEDIA: “57885_ actual_alignment_marks.tiff”
2.7.2. (This might be a WIDE) Talent operating the electron lithography setup
2.7.3. Talent arriving at hotplate with the sample 
2.7.4. Hotplate as sample is placed onto it and allowed to bake [TEXT:  120 ºC for 90 seconds]
2.8. Next, have a container of TMAH ready as a developer and immerse the sample for 80 seconds. [1-MED-TXT] Then, wash the sample in 200 milliliters of deionized water for 10 seconds. [2-MED] Examine the sample with an optical microscope to determine if the pattern is well developed. [3-LM] If it is well developed, hard bake the sample at 110 ºC for 90 seconds. [4-MED]
2.8.1. Talent taking sample from hotplate and moving it to developer [TEXT: Solution 2.38% TAMH (Tetramethylammonium hydroxide)] 
2.8.2. Talent washing the sample
2.8.3. LAB MEDIA: “57885_after development.tif”  
2.8.4. Talent moving sample to hotplate  [TEXT: 110 ºC for 90 s]
2.9. The next step is to use an electron gun evaporator to deposit 100 nanometers of gold on the sample. [1-WIDE-TXT] After deposition, work to remove the photoresist. [2-WIDE] To dissolve the photoresist, prepare 100 milliliters of acetone. [3-MED] Immerse the sample in the acetone to perform lift-off.  [4-CU] Monitor the process with an optical microscope and stop when only metal lines and pads remain.[5-MED] 
2.9.1. Talent working with electron gun evaporator [TEXT: Deposit 100 nm Au]
2.9.2. Talent arriving with sample at bench
2.9.3. Talent preparing container of acetone
2.9.4. Container of acetone as sample is immersed in it
2.9.5. LAB MEDIA: “57885_after liftoff.tif” 
3. Results: Characterization of the MoS2 Monolayer Device
3.1. During characterization, choose a source and a drain electrode from those in the device. [1-LM] Then use an atomic force microscope to apply a load to the sample. Here, Xs indicate where loads have been applied. [2-LM] The atomic force microscope loads result in a compressive strain on the device. 
3.1.1. LAB MEDIA: position_applied_force.tif (Video editor: Please call attention to the bright, large structures that extend to the borders of the image.)
3.1.2. LAB MEDIA: position_applied_force.tif 
3.1.3. LAB MEDIA: position_applied_force.tif, 57885_Figure3c_inset2_revised.tif (Video editor: Please associate the new image with the original. It represents a side view.)
3.2. Here are the current-voltage characteristics of the molybdenum disulfide device at different applied forces producing compressive strain. [1-LM] At a given voltage, the device’s current decreases with an increase in applied force and vice versa, indicating a change in resistance of the device – a behavior that is expected for a piezo sensor. [2-LM]
3.2.1. LAB MEDIA: “57885_ Figure3c.tiff”
3.2.2. LAB MEDIA: “57885_ Figure3c.tiff” (Video editor: Please call attention to the black arrow at the top right of the image) 
3.3. These data are for the current response of the molybdenum disulfide device for repeated compressive strains at a fixed bias voltage of 1 volt. The output current barely changes with the repeated application of 10 nano Newtons of applied force, suggesting that the sensor is stable.
3.3.1. LAB MEDIA: “57885_ Figure3d.tiff”
4. Conclusion: (said by authors on camera)
4.1. Yann-Wen Lan: Once mastered and performed properly, this technique can be done in 20 straight hours, including the fabrication of all transistors.
4.2. Yann-Wen Lan: After its development, this technique can serve as a platform for future nanodevice developments as it paves the way towards the production of future advanced nano-scale devices.
4.3. Yann-Wen Lan: After watching this video, you should have a good understanding of how to reliably fabricate 2D back-gated transistors using standard fabrication processes, including electron beam lithography and metal electrode deposition.
4.4. Yann-Wen Lan: Though this method caters to the development of 2D nanomaterial devices, it can also be applied to 1D materials.
4.5. Yann-Wen Lan: Don't forget that working with TMAH, ammonia solution, PMMA, and other photoresists can be extremely dangerous and Personal Protection Equipment should always be worn while performing this procedure.
5. Acknowledgements:

The author would like to acknowledge that this work was supported by the Ministry of Science and Technology of Taiwan and also in part supported by the National Nano Device Laboratories and e-beam laboratory in electrical engineering of National Taiwan University. 
Provided Media
Authors, Please list all images, movie files, or 3-D rendered animations that can be included in the video per editor’s request.  The step in the script/video where these images will be inserted should be specified.   For example:
6.2 –  0123_PIname_Figure1.tif -  dual color imaging of tumor angiogenesis at 40X 
6.2 –  0123_PIname_Figure2.tif -  dual color imaging of tumor angiogenesis at 100X
Formats:  For static images we prefer .tiff, .eps, Illustrator, Powerpoint or Photoshop files at dimensions of at least 720X480 pixels and 300 dpi.  The higher resolution, the better.  Likewise any exported movie files should have at minimum these dimensions and be rendered to .mov, .mp4, or .avi files.  
Insert your media filenames here.
General Preparation
It’s critical for a smooth and organized shoot that all reagents are accounted for, in advance.   
Any overnight or long incubation steps should be recognized and specimens/samples be prepared in advance so that prior steps can be recorded and shooting can continue with pre-prepared specimens/samples.  
All tubes/flasks should be pre-labeled neatly before we arrive.  
Ex. Luciferase assay done in 96 well plates should be labeled with negative/positive control wells and experimental samples are labeled accordingly.
You will receive more detailed preparation instructions are included in the email accompanying the finalized script.
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