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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)  N
Can you record movies/images using your own microscope camera? (Y/N) 
If no, JoVE will need to record the microscope images using our scope kit (through a camera port or one of the oculars). Please list the make and model of your microscope.

2. Does your protocol include software usage? (Y/N)  N
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.

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. (You do not need to include steps that will be screen captured. Please do not list entire sections.)
2.5, 2.6, 3.1, 3.4

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. (Please do not list entire sections.)
3.4
5. Will the filming need to take place in multiple locations? (Y/N) N
If yes, how far apart are the locations? 
Different buildings but walkable distance and most of the filming takes place inside the cleanroom facility. 

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

Authors, these headshots will be used for the JoVE Dedicated Author Webpage. Here is one example if you wish to take a look.


1. REQUIRED Interview Statements: (Said by you on camera)  - All interview statements may be edited for length and clarity.

1.1. Himanshu Mishra: Gas-entrapping membranes, or GEMs, robustly entrap air even on immersion in wetting liquids. Thus, GEMs derived from hydrophilic materials can perform functions of hydrophobic membranes, such as desalination by membrane distillation [1].

1.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.

1.2. Ahad Syed: Photolithography allowed us to create complex over-hanging architectures on both sides of a silicon wafer, resulting to GEMs. It provides a pathway to fabricate GEMs using conventional manufacturing techniques [1].

1.2.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.

OPTIONAL Interview Statements: (Said by you on camera) - All interview statements may be edited for length and clarity.

1.3. Ratul Das: Proper alignment marks should be placed on the photomask for achieving vertically-aligned pores, we suggest using multi-scale alignment marks with the smallest size of at least four-times smaller than the pore diameter [1].

1.3.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.

1.4. Sankara Arunachalam: Fabrication of silica GEMs involves intricate design patterns and a multistep process. Hence, a visual demonstration of microfabrication steps will help in understanding the protocol [1].

1.4.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.





Section - Protocol
2. [bookmark: _Hlk23942708]Wafer Cleaning, Hexamethyldisilane (HMDS) Deposition, and Lithography
2.1. Begin this procedure with design of arrays and mask development as described in the text protocol. Immerse the silicon wafer in a freshly prepared piranha solution maintained at a temperature of 388 K for 10 minutes [1-TXT].
2.1.1. Talent immerses the silicon wafer into piranha solution. TEXT: piranha solution = H2SO4:H2O2 = 3:1 by volume
2.2. Rinse the wafer with deionized water, two cycles in a wet bench [1]. Then, dry the wafer under a nitrogen environment in a spin drier [2].
2.2.1. Talent rinses the wafer with deionized water, two cycles in a wet bench.
2.2.2. Talent dries the wafer under a N2 environment in spin drier.
2.3. Expose the wafer to the vapor of HMDS to improve adhesion of the photoresist with the silica surface [1].
2.3.1. Wafer as talent places it to expose it to the vapor of HMDS.
2.4. Transfer the wafer onto a vacuum-chuck of a spin coater to spin coat the photoresist [1]. Use AZ 5214 photoresist as a negative tone to achieve a 1.6-micron thick uniform film of the photoresist [2-TXT]. 
2.4.1. Talent transfers the wafer onto a vacuum-chuck of a spin coater.
2.4.2. Talent uses a AZ 5214 photoresist as a negative tone and begins spin coat. TEXT: See text for the spin coating parameters 
2.5. Bake the photoresist-coated wafer at 105 degrees Celsius on a hotplate for 2 minutes [1]. This dries and hardens the photoresist film, which otherwise sticks to the glass mask and causes contamination issues during UV exposure. It also improves adhesion of the photoresist to the silica surface [2].
2.5.1. Talent places the photoresist-coated wafer on a hotplate. Videographer, the authors consider this an important step for visualization.
2.5.2. Hotplate with photoresist-coated wafer as talent starts an adjacent timer to count-down from 2 minutes. Videographer, the authors consider this an important step for visualization.
2.6. Expose the wafer under UV exposure for 15 seconds through the chrome mask using a mask alignment system to achieve the desired design on the photoresist [1-TXT].
2.6.1. Talent exposes the wafer under UV exposure through a chrome mask. Videographer, the authors consider this an important step for visualization. TEXT: 80 mJ/cm2
2.7. Then, bake the realized wafer at 120 degrees Celsius on a hotplate for 2 minutes. During this step, the exposed negative photoresist film further crosslinks [1]. As a result, the UV-exposed parts of the photoresist are no longer soluble in the developer solution, while the unexposed areas are soluble [2].
2.7.1. Talent places the wafer on the hotplate and starts a timer to countdown from 2 minutes. Author comment: Crucial Step
2.7.2. Baked wafer as talent removes from the hotplate, displaying to the camera. Author comment: Crucial Step
2.8. Further expose the wafer under UV light for 15 seconds in a UV-cure system. During this step, photoresist areas that were not previously exposed are exposed and can later be dissolved in the developer [1-TXT].
2.8.1. Talent exposes the wafer to UV light. TEXT: 200 mJ/ cm2
2.9. Next, immerse the wafer in a 50-milliliter bath of the AZ-726 photoresist-developer for 60 seconds to achieve the desired photoresist pattern on the silicon wafer [1]. Subsequently clean the wafer using deionized water and further blow-dry it with nitrogen gas [2].
2.9.1. Wafer as talent immerses it a 50-milliliter bath of the AZ-726 photoresist-developer.
2.9.2. Talent cleans the wafer using DI water.
3. Sputter, Photoresist Lift-off and Processing, Manual Alignment, and Lithography on the Backside of the Wafer 
3.1. Sputter chromium on the wafer for 200 seconds to obtain a 50-nanometer thick chromium layer [1]. The deposition is performed using a magnetron-type DC reactive sputter with a standard 2-inch round target source in an argon environment [2-TXT].
3.1.1. Talent places the wafer into the sputtering instrument. Videographer, the authors consider this an important step for visualization.
3.1.2. Sputtering instrument as talent sets up the parameters and starts sputter. TEXT: 400 V, current = 1 A, pressure = 5 mTorr. Author comment: Display schematic, 3-1-2.png
3.2. Sonicate the sputtered wafer in an acetone bath for 5 minutes to lift off the remaining photoresist from the wafer, leaving behind the desired features with a chromium hard mask [1].
3.2.1. Sputtered wafer as talent places in an acetone bath. Author comment: Display schematic, 3-2-1.png
3.3. After rinsing the backside of the wafer with a copious amount of acetone and ethanol, blow-dry with a nitrogen gun [1]. Then, repeat the baking and UV-exposure steps [2]. 
3.3.1. Talent blow-dries the rinsed wafer with an N2 gun.
3.3.2. Talent places the wafer onto the hotplate. Author comment: Repeat of step 2.5
3.4. Use the “Manual back alignment with crosshair” module in the contact aligner to align the desired features on the backside with the front side of the wafer using the alignment marks in the design [1]. 
3.4.1. MED-over the shoulder: Contact aligner as talent aligns the desired features on the backside with the front side of the wafer using the alignment marks. Videographer and video editor, the authors consider this an important step for visualization.  Author comment: Please add step 2.7 after 3.4
3.5. For the backside of the wafer, continue with the lithography, sputter and photoresist lift-off steps to generate the required design with chromium on both sides of the wafer [1]. The chromium-covered surface does not undergo etching. Thus, spots in which chromium is absent on the wafer define the inlets and outlets of the pore [2].
Author comment: 3.5.1-3.5.2: Display schematic, 2-5.png
3.5.1. Talent places the wafer into the sputtering instrument.  Author comment: Repeat of 3.1.1, 3.1.2. 
3.5.2. ECU: Wafer after the photoresist lift-off steps as talent displays to the camera. Author comment: Repeat of 3.2.1
4. Etching and Final Cleaning
4.1. Undergo etching of the exposed silicon dioxide layer on both sides of the wafer by an inductively coupled plasma reactive ion etcher that employs fluorine and oxygen chemistries [1-TXT]. The duration is 16 minutes for each side [2].
Author comment: 4.1.1-4.1.2: Display schematic, 4-1.png
4.1.1. Talent places the wafer into the ICP-RIE and starts etching process. TEXT: See text for all etching parameters
4.1.2. Talent flips the wafer in the ICP-RIE.
4.2. Process the wafer with five cycles of anisotropic etching using the Bosch process to create a notch in the silicon layer [1]. 
Author comment: Step 4.2, 4.4, 4.6, 4.7 and 4.8 use the same video recording
4.2.1. Step 4.2 visual.png. – Video editors, please start with the top left image without the red dashed lined box and inset.
4.3. This process is characterized by a flat sidewall profile using alternating depositions of octa-fluoro-cyclo-butane and sulfur hexa-fluoride gases [1]. By alternating anisotropic etching and polymer deposition, the silicon etches straight down [2]. 
4.3.1. Step 4.2 visual.png. – Video editors, from the last point, please bring in the red dashed lined box and inset.
4.3.2. Step 4.2 visual.png. – Video editors, within the inset, please emphasize the inside of the half-circle edge showing that it goes straight down.
4.4. This step is performed on each side of the wafer [1]. 
4.4.1. Step 4.2 visual.png. – Video editors, please bring in the rest of the figure including the black arrow and the bottom figures.
4.5. Next, immerse the wafer in a bath of piranha solution maintained at a temperature of 388 K for 10 minutes. This removes the polymers deposited in the anisotropic step [1].
4.5.1. Wafer as talent immerses it in a bath of piranha solution. Author comment: Repeat of 2.1.1, 2.2.1, 2.2.2
4.6. To create the undercut, which yields the reentrant profile, undergo isotropic etch using a sulfur hexa-fluoride-based recipe for a duration of 165 seconds [1]. This step is performed on each side of the wafer [2]. 
Author comment: 4.6.1-4.6.2: Display schematic, 4-6.png
4.6.1. Talent enters the profiles into the ICP-RIE to create the undercut.
4.6.2. Wafer as talent flips it in the ICP-RIE.
4.7. To perform anisotropic silicon etching, transfer the wafer to a deep-inductively coupled plasma reactive ion etcher to etch 150 microns of silicon with 200 cycles of deep etching using the Bosch process [1].
Author comment: 4.7: Display schematic, 4-7.png
4.7.1. Talent transfers the wafer to a deep-ICP-RIE and enters parameters.
4.8. Repeat this step with the backside of the wafer [1]. Now, undergo piranha cleaning of the wafer in the wet bench for 10 minutes to remove polymeric contaminants deposited from the etching process, which ensures uniform etching rates [2].
4.8.1. Talent flips the wafers in the instrument.
4.8.2. Wafer as talent places it into piranha cleaning solution. Author comment: Repeat of 2.1.1, 2.2.1, 2.2.2
4.9. Repeat these etching and cleaning steps to realize through-pores in the wafer having reentrant inlets and outlets [1]. Remove the chromium from the wafer by immersing in a 100 ml bath of chrome etchant for 60 seconds.
4.9.1. [bookmark: _GoBack]ECU: Wafer under light source as to show the pores in the wafer having reentrant inlets and outlets.
4.10. After the microfabrication process, clean the wafer with 100 milliliters of freshly prepared piranha solution in a glass container for 10 minutes [1]. Then, further blow-dry with a 99% pure nitrogen-gas pressure gun [2].
4.10.1. Talent cleans the wafer with 100-mL of freshly prepared piranha solution in a glass container.
4.10.2. Talent blow-dries the wafer with a N2 pressure gun.
4.11. Place the samples in a glass Petri dish inside a clean vacuum oven at 323 K until the intrinsic contact angle of water on smooth silicon dioxide is stabilized at an intrinsic contact angle equal to 40 degrees after 48 hours [1]. Store the obtained dry samples, which are the silica GEMs (gems), in a nitrogen cabinet [2].
4.11.1. Glass petri dish holding the samples as talent places into a clean vacuum oven.
4.11.2. Talent places the samples into a N2 cabinet. 




Section – Results
5. Results: Immersing Silica-GEMs in Water  
5.1. Scanning electron micrographs of silica-GEMs show [1] a tilted cross-sectional view… [2], a magnified cross-sectional view of a single pore… [3], and magnified views of reentrant edges at the inlets and outlets of a pore [4]. 
5.1.1. Figure 5.png 
5.1.2. Figure 5.png – Video editor, please emphasize the left-most image panel.
5.1.3. Figure 5.png – Video editor, please emphasize the middle image panel.
5.1.4. Figure 5.png – Video editor, please emphasize the 2 right-most image panels.
5.2. The pores of these GEMs were vertically aligned [1]. Inlet and outlet diameter was 100 microns… [2], center-to-center distance between the pores was 400 microns… [3], separation between the reentrant edges and pore wall was 18 microns… [4], and length of the pores was 300 microns [5].   
5.2.1. Figure 5.png
5.2.2. Figure 5.png – Video editor, please emphasize the “D” and the corresponding measurement arrow in the middle panel.
5.2.3. Figure 5.png – Video editor, please emphasize the “L” and the corresponding measurement arrow in the left-most panel.
5.2.4. Figure 5.png – Video editor, please emphasize the “reentrant edge” and the corresponding arrows in the right-most panels.
5.2.5. Figure 5.png – Video editor, please emphasize the “h” and the corresponding measurement arrow in the middle panel.
5.3. Shown here are computer-enhanced 3D reconstructions of the air-water interface at the inlets of silica-GEMs underwater [1]. Also shown are cross-sectional views along the white dotted lines [2]. 
5.3.1. Figure 7.png – Video editor, please emphasize the top panels.
5.3.2. Figure 7.png – Video editor, please emphasize the white dotted lines in the top panels and the bottom panels.
5.4. In the case of reentrant cavities, the condensation of water vapor inside the cavities displaced the entrapped air, which caused bulging of the air-water interface upwards and destabilized the system [1]. 
5.4.1. Figure 7.png – Video editor, please emphasize the panels on the left side of the figure.
5.5. In contrast, silica-GEMs remained free from bulging for a much longer period, even though the rate of heating was similar. These results were rationalized on the basis of preferential condensation of water vapor from the laser-heated reservoir on the cooler air-water interface of the other side [1]. 
5.5.1. Figure 7.png – Video editor, please emphasize the panels on the right side of the figure.
5.6. However, it was not possible to measure the rate of mass transfer in this experimental configuration [1]. 
5.6.1. Figure 7.png


Section - Conclusion
6. Conclusion Interview Statements: (Said by you on camera) - All interview statements may be edited for length and clarity.
6.1. Zain Ahmad: To preserve the silica reentrant features during the Bosch process that is used to etch the silicon layer, it is crucial that a chromium hard mask is used [1].
6.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. Video editor, Broll suggestion 3.1.1 or 3.1.2.
6.2. Himanshu Mishra: These findings might unlock the potential of inexpensive, common materials for technologies that currently require perfluorocarbon coatings, such as in separation and purification and reduction of frictional drag [1].
6.2.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.
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