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Author Questionnaire: 

1. Microscopy: Does your protocol involve video microscopy, such as filming a complex dissection or microinjection technique? (Y/N) Yes we film the entire transfer procedure.
Can you record movies/images using your own microscope camera? (Y/N) Yes we have a camera attached to the microscope which connects to the computer. 

2. Does your protocol include software usage? (Y/N) Y
If yes, we will need you to record using screen recording software to capture the steps. If you use a Mac, QuickTime X also has the ability to record the steps. OBS is installed on the microscope computer which can record the monitor during the transfer and save the files as multiple formats (flv, mp4, mov, mkv, ts, m3u8).

3. Which steps from the protocol section below are the most important for viewers to see? Please list 4-6 individual steps using the step numbers listed in this document. This information is important to prepare your Videographer for your shoot.  
2.2, 3.3, 4.2, 5.4, 6.2, 6.3

4. What is the single most difficult aspect of this procedure and what do you do to ensure success? Please list 1-2 individual steps using the step numbers listed in this document.  
The alignment of the two crystals is the most difficult and crucial aspect of this procedure. To ensure success, we follow steps 5.4 and 6.2 with care.
5. Will the filming need to take place in multiple locations? (Y/N) 
If yes, how far apart are the locations? Yes. We will need to film in the microscope lab as well as the clean room. The microscope lab is on the first floor of the building whereas the clean room is on the third floor of that same building.


Section - Introduction
Videographer: Interviewee Headshots are required. Take a headshot for each interviewee.

1. REQUIRED Interview Statements: 

Why is your protocol significant? OR What key questions can this method help answer? 

1.1. Justin Boddison-Chouinard: This protocol allows for the creation of materials previously non-existent in nature which can be created with the goal of either uncovering formerly inaccessible physical phenomena or developing superior devices for technological applications.

What is the main advantage of this technique?

1.2. Adina Luican-Mayer: The main advantage of this technique is that the equipment may be operated remotely in a clean environment which can reduce the risk of manual error. Furthermore, the system is equipped with a rotational stage which allows the user to reach sub-degree angular alignment between two flakes.

OPTIONAL Interview Statements:  

Do you have any advice to offer to somebody who is trying this technique for the first time?

1.3. Justin Boddison-Chouinard: As we are working with thin crystals and small surface areas, identification of an appropriate sized flake can be challenging to the untrained eye. Additionally, the crystal’s small size can easily lead to misalignment during the transfer procedure.


Why is visual demonstration of this method critical?

1.4. Adina Luican-Mayer: Many steps in the protocol have particular details that can be ambiguous in their interpretation but are much simpler to follow when presented visually. 

Introduction of Demonstrator: 

1.5. Adina Luican-Mayer: Demonstrating the procedure will be Justin Boddison-Chouinard and Ryan Plumadore, graduate students in my lab.
1.5.1. Interview style: Author saying the above 
1.5.2. The named technician, post doc, student looks up from workbench or desk or microscope and acknowledges the camera.




Section - Protocol
2. Instrumentation for the Transfer Procedure
2.1. In order to visualize the transfer process, utilize an optical microscope that can operate under bright-field illumination. [1] Equip the microscope with a 5x, a 50x, and a 100x long working distance objectives. [2] The microscope must also be equipped with a camera that connects to a computer. [3]  
2.1.1. MED: Talent stands at microscope and turns on the light
2.1.2. CU: Talent rotates through the objectives in the order listed
2.1.3. CU: Talent turns on the equipped camera
2.2. Equip two separate manipulators, shown here, to individually control the position of the crystals. [1] Fabricate custom sample holders that can support a glass slide.  This sample holder will be used to position the top crystal. [2]
2.2.1. CU: Talent adjusts the manipulators
2.2.2. CU: Talent holds up custom sample holder and inserts a slide
2.3. For the bottom manipulators, place a flat heating element in a machined glass-ceramic holder and affix it to the rotating stage. [1] Then, connect the heating element to a power supply and a temperature controller. [2]
2.3.1. MED: Talent connects the holder to the stage
2.3.2. CU: Talent plugs in the heating element / thermocouples
3. Mechanical Exfoliation of a 2D Crystal
3.1. Submerge a 1 centimeter by 1 centimeter square from a silicon/silicon oxide wafer in a beaker filled with acetone [1] and then place the beaker into an ultrasonic cleaner. [2] 
3.1.1. CU: Talent dips wafer in acetone
3.1.2. MED: Talent places beaker in the ultrasonic cleaner
3.2. After 10 minutes, use a pair of tweezers to remove the wafer from the beaker and rinse it with isopropanol. [1] Then, dry the wafer using a nitrogen gun. [2]
3.2.1. CU: Talent rinses the wafer with IPA
3.2.2. CU: Talent dries the wafer
3.3. Next, carefully remove a portion of the crystal and place it on a piece of semiconductor-grade adhesive tape. [1] Take a second piece of adhesive tape and firmly press it against the initial tape holding the crystal.  Peel away the two pieces of tape, repeating several times, to produce many thin pieces of crystal. [2]
3.3.1. CU: Talent places the crystal on a piece of tape
3.3.2. CU: Talent adheres and peels away thin pieces of crystal
3.4. Press the adhesive tape with the thin 2D crystals onto a freshly cleaned substrate such that the crystal is in direct contact with the substrate and peel away the tape to leave exfoliated flakes on the substrate. [1]
3.4.1. CU: Talent performs the above steps in the order listed
3.5. To remove any residual adhesive, place the resulting sample into a beaker filled with acetone.  [1] After 10 minutes, remove the sample, rinse them with isopropanol, and dry them with a nitrogen gun. [2]
3.5.1. CU: Talent sets the sample into the acetone
3.5.2. CU: Talent rinses and dries the sample
3.6. Examine the exfoliated flakes using an optical microscope to estimate their thickness by assessing the flake’s optical contrast with the substrate. [1]  Then, use AFM in tapping mode to better quantify the surface morphology and to measure the flake thickness. [2]
3.6.1. CU: Talent looks at sample under microscope
3.6.2. LABMEDIA: ___________ (Authors: Please submit a AFM image with a depth profile gauge showing thickness).  List the file name here and upload the image to your project page. *Note: JUSTIN do you have AFM of the TaS2 flake with the steps? Else we can pick something with many layers that we have optical images of
4. Fabricating Van der Waals Heterostructures for the Top Substrate - PMMA-PVA Method 
4.1. Prepare the top substrate for the transfer procedure by exfoliating the crystal on a glass slide with an attached poly(methyl methacrylate) film. [1]
4.1.1. CU: Talent prepares the top substrate as described
4.2. After obtaining a clean substrate as previously shown, place the substrate on a spin coater and cover it with polyvinyl alcohol.  [1] Spin the substrate at 3000 rpm for 1 minute to produce a layer approximately 450 nanometers thick. [2]
4.2.1. CU: Talent adds PVA to substrate while on the spincoater
4.2.2. CU: Sample is spun at 3000 rpm
4.3. Then, place the substrate directly onto a hot plate and bake it uncovered at 75 degrees Celsius for 5 minutes. [1] 
4.3.1. MED: Talent places substrate on pre-heated hot plate
4.4. Once cool, place the substrate back onto the spin coater and cover it with poly(methyl methacrylate). [1] Spin coat an 820 nanometer thick layer of PMMA onto the substrate at 1500 rpm for 1 minute. [2]
4.4.1. CU: Talent adds PMMA to substrate on the spin coater (Videographer Comment: 4.4.1 and 4.4.2 were misslated as 4.3.1 and 4.3.2; they were shot right after 4.3.1, chronologically)
4.4.2. CU: Sample is spun at 1500 rpms
4.5. After spin-coating, place the substrate back onto the hot plate and bake it uncovered at 75 degrees Celsius. [1]
4.5.1. MED: Talent places substrate on hot plate
4.6. After 5 minutes, remove the substrate from the hot plate and place pieces of adhesive tape along its edges to create a tape frame. [1] Then, mechanically exfoliate a 2D crystal onto the PMMA surface as shown in the previous section. [2]
4.6.1. CU: Talent places adhesive tape along the substrate’s edge.
4.6.2. CU: Talent exfoliates the sample as described
4.7. Use a sharp pair of tweezers to separate the PMMA from the PVA, slowly peeling back the tape frame. The PMMA layer and exfoliated crystal along with the tape frame will detach from the PVA and the silicon/silicon oxide wafer substrate. [1]
4.7.1. ECU: talent separates the layers (Videographer Comment: take 1 is no good. Later takes were better)
4.8. Next, invert the tape frame and place it on a machined support so that the crystal is facing downwards. [1]
4.8.1. CU: talent places the frame on the support as described
4.9. Place the sample under an optical microscope and use a pair of sharp tweezers to place a small washer precisely on the PMMA film so that it surrounds the desired flake. [1-TXT] Then, lower a glass slide and adhere it to the polymer by pressing it against the exposed tape. [2] 
4.9.1. SCREEN: To be provided by the authors – Screen capture video as talent lowers the washer into place.  Authors, please upload this screen capture to your project page. TEXT: Washer: 1 mm ID  
4.9.2. CU: Talent lowers the glass slide and presses it against the tape
5. Transferring Flakes to the Bottom Substrate - PMMA-PVA Method
5.1. Place a prepared substrate on the bottom stage of the transfer setup. [1] On this substrate, identify the position of the desired flake. This flake will become the “bottom” crystal. [2] 
5.1.1. CU: Talent places prepared substrate onto the bottom stage of the setup
5.1.2. SCREEN: To be provided by the authors – Screen capture video as talent brings desired flake into the center of the frame in focus. Authors, please upload this screen capture to your project page. 
5.2. Then, place the top substrate into the top substrate holder of the transfer setup. [1]
5.2.1. CU: Talent places the top substrate in position
5.3. Using a low-magnification objective, bring the bottom substrate into focus and center the desired flake. Slowly lower the top substrate until it can be seen by the objective. Then, adjust its lateral position and the rotational alignment of the two flakes. [1]
5.3.1. SCREEN: To be provided by the authors – Screen capture video as talent performs the above steps in the order listed Authors, please upload this screen capture to your project page. 
5.4. When the flakes are close to being aligned as desired, switch to a 50x objective and continue to lower the top substrate while adjusting the flake alignment… Then, once aligned, lower the top substrate until the top flake entirely contacts the bottom flake. The contact is noticeable due to a sudden change of color. [1]
5.4.1. SCREEN: To be provided by the authors – Screen capture video as talent performs the above steps in the order listed. Authors, please upload this screen capture to your project page. 
5.5. When contact is made, heat the bottom substrate to 75 degrees Celsius for better adhesion of the PMMA to the bottom substrate.[1] The PMMA will detach from the glass slide. [2]
5.5.1. CU: Talent turns on the heater
5.5.2. CU: PMMA detaches (Videographer Comment: take 4 is best, take 3 is okay)
5.6. Then, clean the bottom substrate to remove the PMMA film. [1]
5.6.1. MED: Talent cleans the substrate Use 3.1.2/3.2.2 (Videographer Comment: use 3.1.2 and 3.2.2 for this step, this step is the same as the previous washes) (Editor: Use whichever part of these steps looks best to you, so long as it shows a wash is taking place)
6. Transferring Flakes to the Bottom Substrate - Stamping Method 
6.1. To use the stamping method of flake transfer, first place a substrate on the bottom stage of the transfer setup. [1] On this substrate, identify the position of the desired flake which will be the “bottom” crystal. [2]
6.1.1. CU: Talent places the substrate on the bottom stage
6.1.2. SCREEN: To be provided by the authors – Screen capture video as talent identifies the bottom crystal. Authors, please upload this screen capture to your project page. 
6.2. Next, place the top substrate into the holder of the transfer setup and heat the bottom substrate to 100 degrees Celsius. [1] Then, align and bring the top crystal into contact with the bottom flake. [2]
6.2.1. CU: Talent places the top substrate into the holder and turns on the heat to the bottom substrate (set at 100).
6.2.2. SCREEN: To be provided by the authors – Screen capture video as talent aligns the crystals and brings it into contact. Authors, please upload this screen capture to your project page. 
6.3. Once complete contact is made between the two flakes, slowly raise the top substrate. This results in the drop-off of the top flake from the stamp to the bottom substrate. [1]
6.3.1. SCREEN: To be provided by the authors – Screen capture video as talent performs the above steps in the order listed. Authors, please upload this screen capture to your project page. 




Section – Results
7. Results:  Precise Rotational Alignment of van der Waals Heterostructures
7.1. Crystals of rhenium disulfide are ideal for demonstrating angular alignment because it mechanically exfoliates as elongated bars with well-defined edges. [1]
7.1.1. LABMEDIA: Figure 5a-b
7.2. Here, the top flake was placed at a 75° angle to the bottom crystal using the PDMS stamping method shown in the video. [1]
7.2.1. LABMEDIA: Figure 5c
7.3. Atomic force microscopy was used to precisely measure the twist angle between the top and bottom flakes. [1]
7.3.1. LABMEDIA: Figure 5d
7.4. Using the PMMA-PVA procedure, the transfer setup was successfully used to create a structure consisting of two monolayer flakes of molybdenum disulfide. The individual monolayers are shown here exfoliated onto PMMA and silicon/silicon dioxide. [1]
7.4.1. LABMEDIA: Figure 7a-b - Video Editor: Highlight Figure 7a with the words “exfoliated onto PMMA” and 7b with the words “silicon/silicon dioxide”
7.5. The demonstrated procedure results in the structure shown here through an optical microscope.  [1] More details such as the thickness and relative position of the stacked monolayer are capable using AFM.[2]
7.5.1. LABMEDIA: Figure 7c
7.5.2. LABMEDIA: Figure 7d





[bookmark: _GoBack]Section - Conclusion
8. Conclusion Interview Statements: 

What is most important thing to remember when attempting this procedure? Please indicate the steps (e.g., 2.4., 2.5.) in the Protocol section this advice correlates to.
8.1. Adina Luican-Mayer: (Step: _5.4 and 6.2_) The most important part of this procedure is the lateral and rotational alignment of the flakes. 
Following this procedure, what other methods can be performed? What questions would these additional methods answer?
8.2. Adina Luican-Mayer: Other transfer methods exist which follow a similar protocol. Different polymers and two-dimensional crystals can be used to fabricate particular structures. Additional cleaning methods can also be utilized to create cleaner structures. 
Are any of the reagents or instruments hazardous? If so, please use this interview statement to remind viewers of what precautions they should take.
8.3. Justin Boddison-Chouinard:   When using chemicals such as PMMA, acetone, and others, be sure to wear proper personal protection equipment and to carry out the steps in a well ventilated environment like a fumehood.


 2018, Journal of Visualized Experiments	Page 9 of 9
image1.png




