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A.  Will you require JoVE to record video microscopy, such as filming a complex dissection or microinjection technique? (Y/N)____N_____  (If you can record images/videos using your own camera/software, then mark No)   If yes, please list make and model of your microscope: _____________________________________________
B.   Does your protocol include detailed, step-by-step, descriptions of 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.
C.  Which steps of your protocol will viewers benefit most from having filmed? Please list 4-6 steps using the step numbers listed in this document. _____2.7, 3.2, 3.3, 4, 5.4________________________
D.  What is the single most difficult aspect of this procedure and what do you do to ensure success?  Please list the steps using the step numbers listed in this document. Subjectively speaking, the optimization of CVD parameters for growing monolayer graphene and PMMA thin film transfer parameters for obtaining clean and continuous graphene is the most difficult aspect of gate-tunable graphene device fabrication. While CVD is straightforward in terms of experimental execution, PMMA transfer (step 3) requires finesse. We transfer multiple samples simultaneously to maximize the chance of success and practice sufficiently ahead of time. 
E.  Will the filming need to take place in multiple locations? (Y/N) ____Y___ If yes, how far apart are the locations? _____________Within the same building___ 

1. Introduction (Schematic Overview and Interview)

A. Schematic Overview (read by voice talent at JoVE): 

Procedural Narrative:
The overall goal of this procedure is to fabricate a back-gated graphene field effect transistor decorated with Coulomb impurities for scanning tunneling microscopy and spectroscopy studies. (Intro)

This is accomplished by first growing monolayer graphene on an electrochemically polished copper foil and transferring it onto a hexagonal boron nitride - silicon dioxide substrate. (P1: Start showing the copper sheet from P1 and label it “Polished Copper” and then adding the grid of grapheme onto it (or fading into the 2nd image) with the word “growing”. Add an arrow pointing to the graphene and label it “Graphene”.  Then with the word “transferring”, add a purple layer over the copper and then dissolve away the copper, leaving only the purple layer.  Flip over the purple layer and it will look like the right image in P1.)

The second step is to clean the graphene- hexagonal boron nitride - silicon dioxide heterostructure in an argon-hydrogen environment and evaporate a gold-titanium contact pad onto graphene. (P2:Starting with the far right image from P1, add “Ar/H2” briefly above the image with the words “argon-hydrogen environment” and then add the gold pad with the words “gold-titanium”.)

Next, the heterostructure is assembled into a gate-tunable device by wire-bonding it onto appropriate terminals on a scanning tunneling microscope sample holder. (P3: Start just showing the purple chip with the colored regions and the graphene coating.  Then, with the words assembled, add the greay “metallic clamp.  Add the black “wires” with the words “Wire bonding” The image is flattened, so it won’t be super easy, but should be possible. )

The final step is to calibrate the scanning tunneling microscope tip on a gold one-one-one surface and to evaporate Coulomb impurities onto graphene in an ultra-high-vacuum environment (P4: Display the grey cone and label it as “STM Tip” and have the tip be over a gold surface like shown.  Label the surface as Au(111). Then, with the words “to evaporate” remove the gold surface and show the purple chip and have what looks like little dust particles float down onto the surface.)

Ultimately, scanning tunneling microscopy is used to image the Coulomb impurities on the gate-tunable graphene device and to investigate the spatially dependent electronic structure of graphene in the presence of charged impurities. (P5: Move the chip to the left half of the screen, then add the grey tip over the chip and then grow out Figure 5b from the tip of the cone and place it on the right half of the screen.) 


Paste a copy of your graphic overview here.  The original file should be Adobe Illustrator (preferred) or Powerpoint (see instructions) and should be uploaded through your online submission on the JoVE website. Please keep all layers in the file (i.e., do not flatten the file).   

[image: ]
Schematic Overview Graphic. Crommie Group.pptx

B.  Interview: (Said by you on camera. Don’t forget to smile!)   
1.1. Chad Germany: The main advantage of scanning tunneling microscopy & spectroscopy over existing methods, like angle resolved photoemission spectroscopy, is that it performs not only at a high energy resolution, but also at a high spatial resolution. 
1.2. Han Sae Jung: This method can test some fundamental predictions regarding the behavior of relativistic charge carriers in response to a range of perturbations, such as the formation of atomic collapse resonances when effective nuclear charge of a charged impurity exceeds a certain threshold.   
1.3. Andrew S. Aikawa: Generally, individuals new to this method will struggle because there are a number of seemingly trivial yet important details that are missing from the relevant literature. Furthermore, interpretation of some of the necessary characterizations can become convoluted. For instance, interpretation of Raman spectroscopy can be complicated by the presence of defects or impurity dopants on graphene.  


Protocol (read by voice talent at JoVE): 
 
2. Chemical Vapor Deposition of Graphene on a Cu Foil 
2.1. To begin, electrochemically polish a sheet of copper foil in order to expose the bare copper surface for graphene growth as described in the accompanying text protocol. [2.1.1 - CU] This will remove the protective surface coating and control the growth seed density. [2.1.2 - CU]
2.1.1.  Show copper foil connected and in solution undergoing polishing.  Please note that during the text manuscript revision process, I made it very clear on which processes will be filmed. It is not feasible for us to even fake these actions for a one-day filming. Yet, I like the fact that these transition sentences connect the sections that are filmed into a coherent story. Is it okay to keep these sentences in the video simply as voice-overs? If not, what do you suggest?
2.1.2. Talent holding a polished sheet of copper foil
2.2. Place the quartz boat with electropolished copper foil inside the quartz tube. [2.2.1 - CU]. Using a long rod, push the boat into the center of the furnace. [2.2.2 - MED, 2.2.3 - CU]. Enclose the system with KF fittings [2.2.4 - CU/MED]. 
2.2.1. *Film as written
2.2.2. *Film as written [MED]
2.2.3. Boat being pushed into the center of the furnace [CU]
2.2.4. *Film as written [CU/MED]
2.3. [combined in 2.2] Place the electrochemically polished copper foil on top of a quartz boat. Using a long rod, push the quartz boat into the quartz tube until the foil is placed at the center of the furnace. [2.3.1 - CU] Then, enclose the system with KF fittings. [2.3.2 - MED/CU]
2.3.1. *Film as written
2.3.2. *Film as written
2.4. Pump down the system with a roughing pump [2.4.1 - MED] and then purge the system with hydrogen gas. [2.4.2 - MED]
2.4.1. Talent starts the vacuum pump.
2.4.2. Talent opens/starts flow of hydrogen.
2.5. Close the furnace hood [2.5.1 – MED]. Ramp up the temperature to 1050 °C with 200 sccm (pronounced: standard cubic centimeter per minute) of hydrogen [2.5.2 - MED] and then hold the temperature there to anneal the sample under the same gas flow for 2 hours. [2.5.2 - CU] [2.5.2 & 2.5.3 - CU]
2.5.1. *Film as written (talent closing the furnace hood [MED])
2.5.2. Closeup of sample in oven or view of setup Talent ramping furnace temperature upto 1050 C [CU]
2.5.3. Talent flowing hydrogen gas at 200 sccm [CU]
2.6. Cool down to 1030 °C with the same gas flow.  [2.6.1 - CU] Then, grow graphene for 10 minutes with 40 sccm of methane and 10 sccm of hydrogen.  [2.6.2 - Med Over the Shoulder].	
2.6.1.  Talent changes temp to 1030 C
2.6.2. Talent changes gas composition/flow.
2.7. As soon as the growth is over, open up the furnace hood to rapidly cool the sample down to room temperature while keeping the same gas flow. [2.7.1 - MED]
2.7.1. Talent opens furnace hood.
2.8. Once the temperature is below 100 °C, turn off the gas flow [2.8.1 - CU]. Close the metering valve and turn off the pump [2.8.2 - CU]. Then, vent the system with nitrogen gas by slowly opening the metering valve between the gas line and the gas cylinder. [2.8.2 - MED/CU] [2.8.3 - MED, 2.8.4 - CU]
2.8.1.  *Film as written, try to show temp gauge if possible.
2.8.2. *Film as written
2.8.3. Talent opening nitrogen gas cylinder [MED]
2.8.4. Talent slowly opening the metering valve [CU]
2.9. Take out the sample [2.9.1 - MED] and cut the copper foil into pieces with the desired dimensions. [2.9.12 - CU]
2.9.1. *Film as described
2.9.2. *Film as described
2.10. Next, perform mechanical exfoliation of hexagonal boron nitride onto a silicon dioxide chip as described in accompanying text protocol. [2.10.1 - MED/CU]
2.10.1. Talent removes tape from a chip. Please see my comment in 2.1.1
3. Poly(methyl methacrylate) Transfer of Graphene onto Hexagonal Boron Nitride / Silicon Dioxide Chip
3.1. Put one drop of PMMA onto the graphene/copper/graphene foil and spin-coat the foil at 3000 rpm for 30 seconds. [3.1.1 - CU]
3.1.1. *Film as written
3.2. Using an FeCl3 (pronounced: Iron-3-chloride) resistant spoon, float the spin-coated copper foil on a solution of FeCl3 for 1 ½ minutes and then transfer it to a bath of ultra-pure water for 5 minutes.  [3.2.1 & 3.2.2 - MED]
3.2.1. Talent places sample in iron chloride.. moves out of the scene
3.2.2. [split shot] Talent transfers the sample to ultra-pure water [MED]
3.3. Next, transfer the foil back to the aqueous FeCl3 for an additional minute and then into a fresh beaker of ultra-pure water for 5 more minutes. [3.3.1 & 3.3.2  - CU]
3.3.1. Talent places sample in iron chloride.. moves out of the scene
3.3.2. [split shot] Talent transfers the sample to ultra-pure water [CU]
3.4. After 5 minutes, transfer the foil back to the aqueous FeCl3 for 15 minutes [3.4.1 - Med Over the Shoulder] and then rinse the film in a fresh beaker of ultra-pure water twice for 5 minutes each [3.4.1 - Med Over the Shoulder] followed by a rinse for 30 minutes in fresh ultra-pure water.  [3.4.2 - CU]
3.4.1. Talent places sample in iron chloride.. moves out of the scene, then transfers it to ultrapure water.
3.4.2. *Film as written. Filmed in two different ways: Take 1 & Take 2 (shows transparent film). Please pick whichever one you find appropriate. 
3.5. Fish out the PMMA/graphene sample with a hexagonal boron nitride - silicon dioxide chip. [3.5.1 - CU] Place the chip on a hot plate at 80 ℃ for 10 minutes to remove water and then increase the temperature to 180 ℃ for 15 minutes to relax the PMMA film. [3.5.2 - MED]
3.5.1. *Film as written
3.5.2. Talent places the chip on a hot plate at 80C, leaves scene, then comes back in and changes the temperature to 180C
3.6. Next, place the chip in dichloromethane overnight to dissolve the PMMA layer. [3.6.1 - CU]
3.6.1. *Film as written
3.7. Once the PMMA is dissolved, anneal the sample in a mixture of argon and hydrogen gas. [3.7.1 - MED] Then, evaporate a gold-titanium contact pad onto the sample, and wire-bond the deposited gold-titanium electrode to ground and the Si bulk to a gate electrode on the scanning tunneling microscope’s sample holder. [3.7.2 - CU] 
3.7.1. Talent places sample in chamber and starts gas flow/heating sample. (TEXT: See accompanying text protocol for details.)  Please see my comment in 2.1.1
3.7.2. Talent wire bonding the sample. Please see my comment in 2.1.1
4. STM Tip Calibration on Au(111) Surface
4.1. Sputter the sample for 5 min with an argon ion beam accelerated to 500 V. [4.1.1 - MED]. Then, anneal a gold (111) (pronounced one-one-one) sample on the heater stage for 5 min at 375 ℃ in an ultra-high vacuum chamber to clean and flatten the gold surface. [4.1.2 - CU]  [4.1.1 - MED/CU] [4.1.2 - CU]
4.1.1.  Talent places sample in vacuum chamber, on heater stage at 375 C. Film as written. 
4.1.2. *Film as written. Talent places sample in vacuum chamber, on heater stage at 375 C. [CU] (I recommend Take 3, which shows the heater stage glowing). 
4.2. Transfer the gold (111) sample to the stage of the scanning tunneling microscope [4.2.1 - MED] and approach the surface with the microscope tip. [4.2.2 - SCREEN] Apply 10 V pulses on the STM tip until a gold (111) herringbone reconstruction is clearly visible. [4.2.3 - SCREEN]
4.2.1.  *Film as written
4.2.2. Screen capture showing approach.
4.2.3. Screen capture showing talent showing pulsing until the herringbone is visible.
4.3. Then, scan the gold (111) surface with a 40 nm by 40 nm frame to identify a clean and flat area. [4.3.1 - SCREEN] If the surface has a high density of step edges, move to a new area for scanning. [4.3.2 - SCREEN]
4.3.1. Screen capture showing what is written.
4.3.2. Screen capture or still image showing an example of a high density of step edges.
4.4. Gently crash the tip 0.4 to 1.0 nm into a clean region of the gold (111) surface. Then, turn off the feedback and click “Take Spectroscopy” button to take a differential conductance spectrum. [4.4.1 - SCREEN]
4.4.1. Screen capture of the above in the order described.
4.5. Check the obtained differential conductance curve against a standard gold (111) differential conductance spectrum.  Make sure the gold (111) surface state is present in the differential conductance curve and that the spectrum is absent of any anomalous feature. [4.5.1 - LABMEDIA]
4.5.1. Figure 4b and image of gold standard (Video Editor: Show Figure 4b on the left half of the screen and add the words “Differential Conductance Curve” above the figure.  Place the image of the gold standard __Authors: insert file name here. 52711_Crommie_Standard Au(111) STS Spectrum on Nanonis Software __ on the right half and add the words “Standard Gold Spectrum” above it.
Authors: Please submit an image of the standard to your server page and insert the file name above.
4.6. Once tip shape and differential conductance spectrum are optimized, wait 15 to 30 minutes. [4.6.1 - SCREEN] If the STM tip is unstable, the spectrum will change during this time interval. Retake the spectrum at a different location to confirm whether or not the STM tip is stable. [4.6.21 – MED SCREEN]
4.6.1.  Screen capture showing optimized conditions.
4.6.1. Move to a different location and retake the spectrum.
5. Scanning Graphene
5.1. Transfer the graphene device to the scanning stage of a scanning tunneling microscope. [5.1.1 - MED]
5.1.1. *Film as written
5.2. Use a long-distance optical microscope to see the STM tip and the graphene device. [5.2.1 - MED-Over the Shoulder] After laterally aligning the tip and the hexagonal boron nitride flake of interest, approach the sample. [5.2.2 - SCREEN]
5.2.1. Talent monitors screen while adjusting the tip.
5.2.2. Screen capture showing a correctly aligned tip and the author directing the approach.
5.3. Start scanning a 2 nm by 2 nm area. [5.3.1 - SCREEN] Slowly enlarge the scan window [5.3.1 - SCREEN] and if a large impurity is encountered, move to a different area. [5.3.2 - SCREEN]
5.3.1. Screen capture where talent enters scanning area info and begins scan.
5.3.2. Screen capture showing image with a large impurity.  Then the author moves to a new area and begins another scan.
5.4. Take a differential conductance spectrum [5.4.1 - SCREEN] and compare to the standard spectrum on a graphene/hexagonal boron nitride substrate. If the spectrum is not comparable, recalibrate the tip on a gold (111) surface. [5.4.2 - LABMEDIA]
5.4.1. Screen capture showing conductance spectrum. 
5.4.2. Video Editor: Pull the spectrum image from the screen capture in 5.4.1 and place it on the left half of the screen and label it “Differential Conductance Spectrum” above the figure.  Place the image of the standard __Authors: insert file name here. 52711_Crommie_Standard Graphene/hBN STS Spectrum on Nanonis Software__ on the right half and add the words “Standard Spectrum” above it.
Authors: Please submit an image of the standard to your server page and insert the file name above.
5.5. Scan multiple areas to get a sense of how frequently large impurities that are over 100 pm in height are encountered. Based on these statistics, deduce the cleanliness of the sample. [5.5.1 - SCREEN]
5.5.1. Screen capture of talent scanning a few different areas.
6. Results: STM Topography Reveals Coulomb Impurities on Graphene
6.1. Before the sample is assembled into a back-gated device, the graphene surface is characterized by an optical microscope [6.1.1 - LM], Raman spectroscopy [6.1.2 - LM], and AFM [6.1.3 - LM].
6.1.1. Figure 3a (Video Editor: Show Figure 3a on screen and add the label “Optical Microscope” above it.)
6.1.2. Figure 3a-b (Video Editor: Add Figure 3b to the screen and add the label “Raman Spectroscopy” above it.)
6.1.3. Figure 3a-c (Video Editor: Add Figure 3c to the screen and add the label “AFM” above it.
6.2. A good sample should appear clean, continuous, uniform, and monolayered under both optical microscope and AFM images. [6.2.1 - LM] Moreover, a good sample should exhibit a minimal D peak intensity and less than a 1:2 ratio of G peak to 2-D peak intensity ratio under Raman spectroscopy. [6.2.2 - LM]
6.2.1. Figure 3a-c (Video Editor: Starting with the images arranged as in 6.1.3, highlight the AFM and optical microscope images)
6.2.2. Figure 3a-c (Video Editor: Switch to highlighting the middle “Raman Spectroscopy” image. Emphasize the left peak in Figure 3b with mention of the “G-peak” and the right peak with mention of the “2-D peak”) 
6.3. [bookmark: _GoBack]Shown here is a Moiré pattern for the graphene/hexagonal boron nitride substrate, which arises from a mismatch in the lattice constants of graphene and hexagonal boron nitride. [6.3.1 - LM] Once the sample surface is examined, calcium ions are deposited onto graphene, whose topography can be seen here. [6.3.2 - LM] By enhancing the image, a Moiré pattern appears in the background.[6.3.3 - LM]
6.3.1. Figure 5a
6.3.2. Figure 5a-b (Video Editor: Move Figure 5a to the left half of the screen and show Figure 5b on the right half.)
6.3.3. Figure 5a-b (Video Editor: Change the contrast of Figure 5b so that the honeycomb like background is easier to see.) 

7. Conclusion (said by authors on camera) 
7.1. Chad Germany: While attempting this procedure, it’s important to remember to take precautions while wire-bonding to prevent fractures in the dielectric layer, which may lead to current leakage. Without proper wire-bonding parameters, all efforts in the device fabrication can easily become futile. 
7.2. Han Sae Jung: After watching this video, you should have a good understanding of how to fabricate a gate-tunable graphene device for STM studies with Coulomb impurities.  Furthermore, it demonstrates how to calibrate an STM tip and survey the device surface condition. 
7.3. Andrew: Don't forget that working with flammable gases in extremely hot conditions can be very dangerous without proper vacuum seal during the CVD process and precautions such as frequent monitoring of the vacuum pressure and examination of the quartz tube condition should always be taken while performing this procedure.   


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, as well as an introduction to your videographer, closer to your filming date.
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