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Author Questionnaire
1. Microscopy: Does your protocol require the use of a dissecting or stereomicroscope for performing a complex dissection, microinjection technique, or something similar?  Enter Yes or No.  
If Yes, can you record movies/images using your own microscope camera?
Enter Yes or No.  
If your protocol involves microscopy but you are not able to record movies/images with your microscope camera, JoVE will need to use our scope kit. 
If your microscope does not have a camera port, the scope kit will be attached to one of the eyepieces and you will have to perform the procedure using one eye.
Enter make and model of microscope.
If a dissection or stereo microscope is required for your protocol, please list all shots from the script that will be visualized using the microscope (shots are indicated with the 3-digit numbers, like 2.1.1, 2.1.2, etc.).
Click here to list microscope shots, using the shot numbers from the protocol section of the video script.

2. Software: Does the part of your protocol being filmed include step-by-step descriptions of software usage?  Enter Yes or No.
If Yes, we will need you to record using screen recording software.
We recommend using the screen capture program OBS. JoVE’s tutorial for using OBS Studio is provided at this link: https://review.jove.com/v/5848/screen-capture-instructions-for-authors?status=a7854k
As these files are necessary for finalizing your script, please upload all screen-captured video files to your project page as soon as possible.

3. Filming location: Will the filming need to take place in multiple locations?   Enter Yes or No.
If Yes, how far apart are the locations? Click to enter distance between locations.

4. Testimonials (optional): Would you be open to filming two short testimonial statements live during your JoVE shoot? These will not appear in your JoVE video but may be used in JoVE’s promotional materials. Enter Yes or No.

If Yes, please provide the full name and position (e.g., Director of [Institute Name], Senior Researcher [University Name], etc.) of the author willing to participate.
Enter full author name, Enter author position

To ensure that your script can be filmed in one day, the protocol sections are cumulatively restricted to 55 shots (shots are the 3-digit numbers like 2.1.1, 2.1.2…etc)

Current Protocol Length
Number of Steps:  32
Number of Shots:  52

Interviews
Videographer: Obtain headshots for all authors available at the filming location. 

Answers to these questions will become interview statements that you will deliver on camera.
· Introduction: Answer the 1st REQUIRED prompt and 1 additional question; Conclusion: Answer any 3 questions. No more than 5 interview statements will be included in the video.
· Enter the full name of the author who will deliver the statement.
· Speak naturally and avoid reading the lines.
· Limit the length of each statement to 20 words or fewer.
· Answers will be edited for length, clarity, and consistency with journal style guidelines.

Authors: Please note that the questions will not appear on screen. Please answer in stand-alone full sentence with sufficient context

INTRODUCTION:

REQUIRED: Summarize your research focus and the main questions it aims to answer.
1.1. Enter author name.: Click here to answer question. Please write in a style that you will be comfortable memorizing and speaking aloud. Limit length to 20 or fewer words.

Describe the research gap or limitation in existing methods and how this protocol addresses them.
1.2. Enter author name: Click here to answer question. Please write in a style that you will be comfortable memorizing and speaking aloud. Limit length to 20 or fewer words.
Describe the research contexts or systems in which this protocol can be applied.
1.3. Enter author name: Click here to answer question. Please write in a style that you will be comfortable memorizing and speaking aloud. Limit length to 20 or fewer words.
CONCLUSION:
What does this protocol allow researchers to study or measure?
1.4. Enter author name: Click here to answer question. Please write in a style that you will be comfortable memorizing and speaking aloud. Limit length to 20 or fewer words.

Describe the most important consideration or challenge when performing this protocol.
1.5. Enter author name: Click here if you choose this question. Please write in a style that you will be comfortable memorizing and speaking aloud. Limit length to 20 or fewer words.

Are there any additional methods or analyses that can be performed following this procedure?
1.6. Enter author name: Click here if you choose this question. Please write in a style that you will be comfortable memorizing and speaking aloud. Limit length to 20 or fewer words.

How can future studies build on this work? Describe the questions or research directions that can be investigated next.
1.7. Enter author name: Click here if you choose this question. Please write in a style that you will be comfortable memorizing and speaking aloud. Limit length to 20 or fewer words.


Videographer: Obtain headshots for all authors available at the filming location.


Protocol  
[bookmark: _Hlk188263998]Please review this section to make sure that it accurately describes your protocol. Use Track Changes when making edits or revisions.
· The two-digit steps (e.g., 2.1., 2.2.) with purple font are the narration.  JoVE is responsible for the narration of the protocol and results.
· Red italics are pronunciation guides indicating how the word will be spoken. 
· Filming should take no more than 10 minutes per step. If a step takes more than 10 minutes, prepare the product for that step in advance.
· The three-digit shots (e.g., 2.1.1., 2.2.2.) are the actions that the videographer will capture. 
Videographer: Please always record an audio slate while filming each shot mentioned in the shotlist.
2. Transfer of the TEM Sample to the MEMS Chip
Demonstrator: Click here to enter name of demonstrator(s) 

If the same person is the demonstrator throughout, mention them once here and remove the "Demonstrator" field from the other sections; if the demonstrator changes, retain the field in the respective sections.
2.1. To begin, attach double-sided adhesive copper tape onto the flat surface of the scanning electron microscopy or SEM (S-E-M) stub [1].
2.1.1. WIDE: Talent attaching double-sided adhesive copper tape onto the flat surface of the scanning electron microscopy stub. Videographer: Please obtain CU shot as well for this shot
2.2. Using tweezers with a rounded tip, take the MEMS (M-E-M-S) chip out of the chip box and place it onto the T-pin with the copper tape on it [1]. Align the chip so that the company logo is at the top of the T-pin [2].
2.2.1. Talent removing the microelectromechanical systems chip from the chip box and placing it onto the T-pin with the copper tape.
2.2.2. Talent aligning the chip so that the company logo is positioned on the top part of the T-pin.
2.3. Cut a small piece of aluminum foil that can be folded in the middle for better contact onto the MEMS chip [1]. 
2.3.1. Talent cutting a small piece of aluminum foil.
2.4. Position the aluminum foil carefully over the chip as close as possible to the suspended silicon nitride membrane [1]. Do not cover the suspended membrane, as this can cause the chip membrane to break [2]. Attach the TEM sample to the chip above one of the prefabricated holes in the membrane between the biasing electrodes [3].
2.4.1. Talent positioning the aluminum foil close to the suspended silicon nitride membrane.
2.4.2. Shot of the suspended membrane remaining uncovered.
2.4.3. Talent attaching the TEM sample above one of the prefabricated holes in the membrane between the biasing electrodes.
2.5. Vent the focused ion beam or FIB (F-I-B) microscope for sample insertion [1].
2.5.1. Talent venting the focused ion beam microscope.
2.6. Like the MEMS chip, place the bulk sample onto another SEM stub or other sample holder [1]. Position the bulk sample and the MEMS chip horizontally on the stage in plan-view geometry [2].
2.6.1. Talent placing the bulk sample onto another scanning electron microscopy stub or sample holder.
2.6.2. Talent positioning the surfaces of the bulk sample and the microelectromechanical systems chip horizontally to the stage.
2.7. Insert the stage back, close the door, and pump the chamber to reestablish the vacuum [1].
2.7.1. Talent inserts the stage, closes the door, and pumps the chamber to reestablish the vacuum.

3. Focused Ion Beam (FIB) Milling, and TEM Lamella Extraction
Demonstrator: Click here to enter name of demonstrator(s) 

3.1. Start the FIB operation by adjusting the sample and tilting the stage to 52 degrees [1]. Mill away the top region using a Regular Cross Section pattern at a current of 5 to 15 nanoamperes, with dimensions of approximately 13 micrometers in the x-direction, 14 micrometers in the y-direction, and a depth of 10 micrometers [2]. 
3.1.1. Show the sample in the microscope and tilt the stage.
3.1.2. SCREEN: Show the Regular Cross Section pattern settings with dimensions of 13 micrometers in the x-direction, 14 micrometers in the y-direction, a depth of 10 micrometers, and a current of 5 to 15 nanoamperes.
Authors: Please create screen capture videos of the shots labeled as SCREEN, create a screenshot summary, and upload the files to your project page as soon as possible: https://review.jove.com/account/file-uploader?src=21010278
3.2. Using similar settings, mill the bottom part with dimensions of 13 micrometers in the x-direction and 10 micrometers in the y-direction with a depth of 10 micrometers [1]. At this stage, the sample walls will be slightly tilted [3].
3.2.1. SCREEN: Show the Regular Cross Section pattern settings with dimensions of 13 micrometers in the x-direction, 10 micrometers in the y-direction, a depth of 10 micrometers, and a current between 5 and 15 nanoamperes.
3.2.2. Shot of the sample walls appearing slightly tilted.
3.3. Afterward, mill the left and right side to 6 micrometers in the x-direction and 10 micrometers in the y-direction, with a depth of 10 micrometers [1]. 
3.3.1. SCREEN: Talent milling the left side of the sample.
3.4. Perform rough milling and straighten all four TEM sample walls using a “Cleaning Cross Section” pattern at 1 nano ampere current and 10 micrometer z-depth [1].
3.4.1. SCREEN: Show the Cleaning Cross Section pattern settings with a current of 1 nanoampere and a depth of 10 micrometers.
3.5. Tilt the stage to 0 degrees or preferably minus 5 degrees relative to the electron beam to improve access for final milling and needle-assisted sample extraction [1].
3.5.1. Talent tilting the stage to 0 degrees or negative 5 degrees.
3.6. Now extract the TEM sample using a sharp micromanipulator needle in either the Insert or Park Position mode on the FIB microscope [1].
3.6.1. Talent extracting the transmission electron microscopy sample with a sharp micromanipulator needle.
3.7. Carefully lower the needle to the TEM sample and position it at the upper left corner of the lamella [1].
3.7.1. Talent carefully lowers the micromanipulator needle toward the sample and positions it in the left corner.
3.8. Then, heat the gas injection system [1]. Insert the platinum deposition gas injection system, noting that the image may move slightly during this procedure. Adjust the position if needed [2].
3.8.1. The gas injection system is being heated.
3.8.2. Talent inserting the platinum deposition gas injection system.
3.9. Choose a Rectangle pattern to cover part of the needle and the corner of the TEM sample [1]. Change the pattern setting to deposition instead of Si-milling [2]. Use a current of 30 to 50 picoamperes with a z-height of 1 micrometer for the deposition pattern, and start the platinum deposition [3].
3.9.1. SCREEN: Show selection of the Rectangle pattern covering part of the needle and the corner of the transmission electron microscopy sample.
3.9.2. SCREEN: Show the pattern setting being changed from Si-milling to deposition.
3.9.3. SCREEN: Show the platinum deposition settings with a current of 30 to 50 picoamperes, a z height of 1 micrometer, and the start of deposition.
3.10. Use a Rectangle milling pattern with a current of 3 nanoamperes for cutting the TEM sample free [1]. Choose an x-dimension slightly larger than the length of the TEM sample [2]. Set a z-value between 5 and 10 micrometers, depending on the sample width [3].
3.10.1. SCREEN: Talent applying a Rectangle milling pattern for cutting the transmission electron microscopy sample.
3.10.2. SCREEN: Show adjustment of the x-dimension to slightly larger than the length of the transmission electron microscopy sample.
3.10.3. SCREEN: Show the milling settings with a current of 3 nanoamperes and a z value between 5 and 10 micrometers.
3.11. Afterward, retract the platinum gas injection system [1].
3.11.1. Talent retracting the platinum gas injection system.
3.12. Once the TEM sample is cut free, extract the sample with the micromanipulator by moving it upward in the z-direction away from the bulk sample [1]. Retract the needle when the extracted sample is far away from the bulk sample [2].
3.12.1. Talent extracting the transmission electron microscopy sample upward away from the bulk sample using the micromanipulator.
3.12.2. Talent retracting the micromanipulator needle after the sample is separated from the bulk sample.
3.13. Move the stage to the MEMS chip [1]. Choose the window for the TEM sample and adjust the eucentric height again at 0 degrees tilt [2].
3.13.1. Talent moving the stage to the microelectromechanical systems chip.
3.13.2. Talent selecting the window for the transmission electron microscopy sample and adjusting the eucentric height at 0 degrees tilt.
3.14. Carefully lower the micromanipulator with the TEM sample to the surface of the MEMS chip [1]. Center the TEM sample above the window [2].
3.14.1. Talent carefully lowers the micromanipulator with the transmission electron microscopy sample toward the surface of the microelectromechanical systems chip.
3.14.2. Talent centering the sample above the window on the microelectromechanical systems chip.

4. Welding of the Sample to the MEMS chip
Demonstrator: Click here to enter name of demonstrator(s) 
4.1. After reinserting the platinum gas injection system, use a Rectangle pattern with a current of 30 to 50 picoamperes. [1]. Start a platinum deposition pattern and weld the TEM sample using two similarly sized patterns with dimensions of 4 micrometers in x, 1 micrometer in y, and 1 micrometer in z [2]. 
4.1.1. SCREEN: Show the Rectangle pattern settings with a current of 30 to 50 picoamperes.
4.1.2. SCREEN: Show initiation of the platinum deposition pattern for welding the transmission electron microscopy sample.
4.2. Cut the needle from the TEM sample at a current of 0.3 nanoamperes and retract it while avoiding the biasing electrodes [1].
4.2.1. Talent cutting the needle from the TEM sample and retracting it.
4.3. Rotate the sample by 90 degrees [1]. Create another pattern with dimensions of 2.5 micrometers in x, 1.5 micrometers in y, and 1 micrometer in z using a Rectangle pattern with a current of 30 to 50 picoamperes [2].
4.3.1. Talent rotating the sample by 90 degrees.
4.3.2. SCREEN: Show the Rectangle pattern settings with dimensions of 2.5 micrometers in x, 1.5 micrometers in y, 1 micrometer in z, and a current of 30 to 50 picoamperes and pattern creation.
4.4. Using similar dimensions, perform the third welding step with a rotation angle of 180 degrees relative to the noted 0 degrees position [1]. 
4.4.1. Talent rotating the sample to 180 degrees relative to the noted 0 degrees position.
4.5. Then, rotate to the fourth side by 270 degrees relative to the noted 0-degree position, and repeat the welding step [1]. 
4.5.1. Talent rotating the sample to 270 degrees relative to the noted 0 degrees position.
4.6. Now, remove the sample from the FIB microscope [1]. Place the SEM stub with the MEMS chip on top onto a pretilt holder with an angle of 52 degrees [2].
4.6.1. Talent removing the sample from the focused ion beam microscope.
4.6.2. Talent placing the scanning electron microscopy stub with the microelectromechanical systems chip onto the 52 degree pretilt holder.
5. In situ Heating and Biasing Experiments Inside the (S)TEM
Demonstrator: Click here to enter name of demonstrator(s) 

5.1. After performing thinning of TEM sample, insert the MEMS chip into the sample holder [1].
5.1.1. Talent inserting the microelectromechanical systems chip into the sample holder.
5.2. Then, insert the holder into the scanning TEM device [1] and connect the holder to the in situ setup [2].
5.2.1. Talent inserting the holder into the scanning transmission electron microscopy device.
5.2.2. Talent connecting the holder to the in situ setup.
5.3. Start the experiment so that graphs of temperature and current or voltage over measurement time are displayed [1].
5.3.1. SCREEN: Show the experiment starting and the graphs of temperature and current or voltage over measurement time appearing on the software interface.
5.4. Set the experiment temperature [1]. For each temperature step, sweep the voltage automatically within the chosen range by selecting ramp biasing in the software. Alternatively, choose a constant biasing voltage [3].
5.4.1. SCREEN: Show the temperature being set in the software. Show the Ramp Biasing option selected with automatic voltage sweeping over the chosen range
5.4.2. SCREEN: Show selection of a constant biasing voltage option.
5.5. To start the experiment, set the voltage-sweep range or select a constant voltage. After completion, stop the experiment and save the data [1].
5.5.1. SCREEN: Show the voltage sweeping range being set to 1 millivolt or the constant voltage option being selected.

5.5.2. 

Results
Please review this section to make sure that it accurately reflects your findings.
· This section will not be recorded by the videographer. It only includes the figures/tables from your manuscript (called LAB MEDIA). 
· Use Track Changes when making edits or revisions. Ensure the voiceover length is below 200 words. Current word count: 210.
· Please note that the video cannot include voiceover without an accompanying visual.

6. Results 
6.1. The voltage was swept between plus-minus 1 millivolt [1], and the resulting current showed a linear relationship with the applied voltage, indicating Ohmic behavior [2].
6.1.1. LAB MEDIA: Figure 8A. 
6.1.2. LAB MEDIA: Figure 8C..
6.2. Resistance values measured during the first heating cycle from 21 degrees Celsius to 200 degrees Celsius were higher than the resistance values measured during cooling from 200 degrees Celsius to 21 degrees Celsius [1].
6.2.1. LAB MEDIA: Figure 9B. Video editor: Highlight the empty green triangle points .
6.3. During the second heating cycle, the resistance values remained unchanged during heating and cooling compared to the first cooling curve, demonstrating reproducible resistance measurements [1].
6.3.1. LAB MEDIA: Figure 9B. Video editor: Highlight the orange diamond symbols overlapping with the green inverted triangle symbols on the graph.
6.4. The sample dimensions differed mainly in thickness during the three lamella thinning stages in the focused ion beam process [1].
6.4.1. LAB MEDIA: Table 1. Video editor: Highlight the thickness values t0 of 1.77 micrometers, 0.48 micrometers, and 0.22 micrometers in the three-dimensional tables.
6.5. Both the electrical resistivity and the combined resistance increased with increasing temperature [1].
6.5.1. LAB MEDIA: Figure 12. Video editor: Highlight the upward trends of both the black resistivity curve and the red combined resistance curve as temperature increases.
6.6. The electrical resistivity increased from 8.8 microohm meter at 21 degrees Celsius to 9.9 microohm meter at 200 degrees Celsius [1].
6.6.1. LAB MEDIA: Figure 12. Video editor: Highlight the black square point near 8.8 microohm meter at 21 degree Celsius and the black square point near 9.9 microohm meter at 200 degree Celsius.
6.7. The combined resistance increased from about 150 ohm at 21 degree Celsius to 178 ohm at 200 degree Celsius [1].
6.7.1. LAB MEDIA: Figure 12. Video editor: Highlight the red square point near 150 ohm at 21 degree Celsius and the red square point near 178 ohm at 200 degree Celsius.
6.8. The microstructure of the sample remained stable during resistivity measurements from 21 degrees Celsius to 300 degrees Celsius [1].
6.8.1. LAB MEDIA: Figure 13A. 
6.9. The energy dispersive X-ray spectroscopy spectrum showed clear peaks of zinc and antimony [1]. The elemental maps showed a homogeneous distribution of zinc [2] and antimony [3].
6.9.1. LAB MEDIA: Figure 13B. Video editor: Highlight the labeled Zn-Lα, Sb-Lα, and Zn-Kα peaks on the spectrum.
6.9.2. LAB MEDIA: Figure 13C. Video editor: Highlight the evenly distributed red color map labeled “Zn”.
6.9.3. LAB MEDIA: Figure 13C. Video editor: Highlight the evenly distributed green color map labeled “Sb”.
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