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[bookmark: BackToTop]A.  Will you require JoVE to record video microscopy, such as filming a complex dissection or microinjection technique? (Y/N) N 
B.   Does your protocol include detailed, step-by-step descriptions of software usage? (Y/N) N
[bookmark: BackToQues]C.  Which steps of your protocol will viewers benefit most from having filmed? Please list 4-6 steps by their scripted protocol numbers.
Steps 2.2, 2.4, 3.1, 3.4, 3.7, 4.1
Authors: When you review the shotlist, if you need to make any changes, please remember to update or modify this list. Please note that no more than six steps may be listed here.
D.  What is the single most difficult aspect of this procedure and what do you do to ensure success? Please list 1-2 individual steps by their scripted protocol numbers.
Step 4.2
E.  Will the filming need to take place in multiple locations? (Y/N) Y N?
If yes, how far apart are the locations? 110 miles *Does this refer to Eugene from PDX?

1. Introduction (Experimental Goal and Author Interviews)

A. Experimental Goal (read by voice talent at JoVE)

The overall goal of this protocol is to remove the effect of shot noise from lithographic patterns using nanoparticles and resist reflow techniques. (Intro)

B.  Required Interview Statements (Said by you on camera. Don’t forget to smile!)  
1.1. Shankar Balalasaheb Rananavare: This method can help answer key questions in the nanopatterning field about removing shot noise from extreme UV and E-beam lithographies commonly employed in fabricating microprocessors and memory chips.
1.2. Shankar Balalasaheb Rananavare: The main advantage of this technique is that the steps are easily implemented in current semiconductor processing FABs without extensive modification of the existing toolsets.
B1. Above two modified as follows:
1.1a  Shankar Balasaheb Rananavare: This nanopatterning technique allows removal of shot noise from extreme UV and E- beam lithographies currently planned in fabricating advanced semiconductor devices such as microprocessors and memory chips.
1.2a	Shankar Balasaheb Rananavare: The main advantage of this technique is that the steps are easily implemented in current semiconductor processing FABs without extensive modification of the existing toolsets.

C.  Optional Interview Statements (Said by you on camera. Don’t forget to smile!)  
1.3. Shankar Balalasaheb Rananavare: The implications of this technique extend toward our ability to craft sub-20-nm patterns because it would reduce dimensional fluctuations from optical and chemical shot noise effects.
1.4. [bookmark: IntroStatements]Shankar Balalasaheb Rananavare: Generally, individuals new to this method will struggle because it requires familiarity with bottom-up and top-down processing methods, such as surfactant self-assembly and projection lithography.
C1. Above two sentences modified as follows
1.3a  Shankar Balasaheb Rananavare: The implications of this technique extend toward our ability to craft sub-20-nm patterns because it would reduce dimensional fluctuations from optical and chemical shot noise effects.
1.4a	Shankar Balasaheb Rananavare: Generally, individuals new to this method will struggle because it requires familiarity with bottom-up and top-down processing methods, such as surfactant self-assembly and projection lithography.
D. Introduction of Demonstrator (Said by you on camera. Don’t forget to smile!)
1.5. Shankar Balalasaheb Rananavare: Demonstrating the procedure will be Moshood K. Morakinyo, a previous postdoc from my laboratory, currently at Intel and Srikar Rao my current graduate Student (Note the additional demo’s name)
1.5.1. Shankar Balalasaheb Rananavare speaks towards the camera, interview style
1.5.2. Moshood K. Morakinyo looks up from a hood and acknowledges the camera.
1.5.3. Srikar Rao photograph.

Authors: Some statements have been moved to the conclusion to accommodate length restrictions.

[bookmark: Protocol]Protocol (read by voice talent at JoVE)
2. Derivatization and Characterization of Silicon Wafer Surfaces
2.1. To begin the procedure, prepare SC-1 and SC-2 solutions for the RCA-cleaning method. [1-WIDE-TXT]
2.1.1. Talent combines reagents for SC-1 in a labeled container. (TEXT: SC-1: 5:1:1 v/v DIH2O:NH4OH:H2O2; SC-2: 5:1:1 DIH2O:HCl:H2O2)
2.2. Immerse the silicon wafer in the SC-1 and SC-2 solutions in turn [1-MED] for 10 minutes each at 70 °C. Rinse the wafer with deionized water [2-MED] after each immersion and then dry the wafer in a stream of nitrogen gas. [3-MED-Over shoulder]
2.2.1. Talent places the wafer in a labeled container of SC-1 solution. If possible, the measured temperature should be visible.
2.2.2. Talent rinses the wafer and then places the wafer in a labeled container of SC-2 solution. If possible, the measured temperature should be visible. 
2.2.3. Talent rinses the wafer and then begins drying the wafer under a stream of N2 gas.
2.3. Next, soak the clean, dry silicon wafer in a 0.05 M solution of AATMS in dry toluene at 80 °C for 20 minutes to derivatize the wafer surface. [1-MED-TXT]
2.3.1. Talent places the wafer in a labeled container of AATMS solution, with the measured temperature visible if possible. (TEXT: AATMS: N-(2-Aminoethyl)-11-aminoundecyltrimethoxysilane)
2.4. Sonicate the wafer in toluene at room temperature for 5 minutes at 100 W [1-MED] and dry the wafer with nitrogen gas. [2-MED]
2.4.1. Talent places a container holding the wafer and toluene in a sonicator and starts the sonicator.
2.4.2. Talent drying the wafer under a stream of nitrogen gas.
2.5. Measure the contact angle of the derivatized wafer surface by imaging the surface with a CCD camera [1-MED-Over shoulder] and running a contact angle macro in image processing software. [2-MED-Over shoulder]
2.5.1. Talent, at a computer, captures an image from the CCD camera.
2.5.2. Talent, at the computer, runs the contact angle macro on the captured image.
2.6. Use an ellipsometer to determine the film thickness. [1-MED] Estimate the surface elemental composition with X-ray photoelectron spectroscopy. [2-MED-Over shoulder]
2.6.1. Talent places a wafer in an ellipsometer.
2.6.2. Talent, at a computer, inspects a representative XPS spectrum.
3. Gold Nanoparticle (GNP) Deposition into E-Beam-Patterned Holes
3.1. Apply a photoresist film of poly(methyl methacrylate) to the prepared wafer, [1-MED] by spin-coating and then pattern holes in the wafer [2-MED-Over shoulder] with electron-beam lithography. [3-LM]
3.1.1. Talent places the wafer in a spin-coater.
3.1.2. Talent, at the e-beam lithography instrument computer, monitoring the patterning process.
3.1.3. SBRMMJovearticle54551-figures (1).pptx, slide 5 image (Figure 1 inset)
3.2. Prepare a suspension of citrate-capped gold nanoparticles of a smaller diameter than the patterned holes. [1-MED] The GNP concentration may range from 5.7 x 109 to 1012 NPs/mL, depending on the GNP size. [2-MED-Over shoulder]
3.2.1. Talent places the GNP suspension in a secondary container.
3.2.2. Talent labels the container of GNPs with the concentration and GNP size.
3.3. To deposit GNPs in the patterned contact holes by immersion, soak the patterned wafer in the suspension for 24 to 48 hours, depending on the GNP size. [1-MED]
3.3.1. Talent places a wafer in the suspension and then sets the suspension aside as though leaving it for the next 24-48 hours.
3.4. Alternatively, to deposit GNPs by evaporation, first place the patterned wafer on a flat surface. [1-MED] Spread drops of ay a GNP suspension over the entire surface of the wafer, [2-MED] with the spray oriented perpendicular to the wafer surface. [3-CU]
3.4.1. Talent places a wafer horizontally on a flat surface.
3.4.2. Talent spreadsays the GNP suspension over the surface of the wafer.
3.4.3. The GNP suspension is spreadayed over the wafer until the surface is completely wetted.
3.5. Heat the wafer on a hotplate at 30-35 °C for 10 minutes to evaporate the solvent. [1-MED]
3.5.1. Talent places the wafer on a hotplate, with the measured temperature visible if possible.
3.6. After GNP deposition, ultrasonicate the wafer in a deionized water bath for 50 seconds at 100 W. [1-MED] Dry the wafer with nitrogen gas. [2-MED]
3.6.1. Talent places a container with deionized water and a wafer in a sonicator and starts sonication.
3.6.2. Talent removes the wafer from the container and begins drying it under N2 gas.
3.7. To perform top-down scanning electron microscopy of the wafers, [1-MED] set the electron beam to the lowest possible acceleration voltage and current to reduce the damage to the photoresist film during imaging. [2-MED-Over shoulder]
3.7.1. Talent loads the wafer into the SEM.
3.7.2. Talent, at the instrument computer, opens the preferences pane and sets the acceleration voltage and current.
3.8. For cross-section SEM imaging, first sputter-coat the wafer surface with a 10-nm-thick gold film. [1-MED] Then, cut through the holes in the wafer with a focused Ga ion beam set to 30 kV and 93 pA. [2-MED-Over shoulder] Tilt the wafer to obtain the cross-section SEM images. [3-MED-Over shoulder]
3.8.1. Talent removes a sputter-coated wafer from the sputter-coater.
3.8.2. Talent, at the instrument computer, sets the ion beam voltage and current.
3.8.3. Talent, at the instrument computer, changes the sample stage angle.
4. Poly(Methyl Methacrylate) (PMMA) Photoresist Reflow and Dry- and Wet-Etching
4.1. Heat the wafer on a hotplate at 100 °C for 3 minutes to facilitate reflow of the PMMA photoresist around the deposited GNPs. [1-MED]
4.1.1. Talent places the wafer on a hotplate, with measured temperature visible, if possible.
4.2. Dry-etch the wafer with oxygen plasma for about 55 seconds to expose the GNPs in the contact holes without completely removing the PMMA film. [1-MED-Over shoulder] Monitor the etching rate throughout the process to ensure that the PMMA film is not completely removed. [2-MED-Over shoulder]
4.2.1. Talent places the sample in a plasma cleaner/etcher and closes the instrument.
4.2.2. Talent starts the plasma etching and then monitors the etching rate.
4.3. Then, wet-etch the GNPs for 10 minutes with a solution of 1.0 g of iodine crystals and 4.0 g of potassium iodide in 40 mL of deionized water to remove the GNPs from the film.
4.3.1. Talent combines the iodine crystals, KI, and DIH2O in a labeled container.
4.3.2. Talent places the wafer in the solution.
4.4. Image the wafer with scanning electron microscopy. [1-MED-Over shoulder] Calculate the hole centers, GNP displacement, particle count, particle density, [2-MED-Over shoulder] and fill fraction from the SEM images before and after reflow and etching. [3-MED-Over shoulder]
4.4.1. Talent, at a computer, looks at a representative SEM image from after etching.
4.4.2. Talent draws best-fit lines through the rows and columns of the image.
4.4.3. Talent graphs the particle count vs. displacement in a spreadsheet program.
5. Results: Reduction of Shot-Noise by Deposition and Subsequent Etching of Sacrificial GNPs
5.1. Using this method, 20-nm GNPs were deposited in 80-nm holes patterned in a PMMA-coated silicon wafer. [1-LM] The PMMA photoresist was heated to just below its glass transition temperature to enable photoresist reflow around the GNPs, [2-LM] erasing the nanohole patterns created by electron-beam lithography. [3-LM]
5.1.1. Figure 5a (upper left, without caption) from Figure 5.pdf
5.1.2. Figure 5b (upper right, without caption) from Figure 5.pdf
5.1.3. Figure 5c (lower right, without caption) from Figure 5.pdf
5.2. After re-exposing the GNPs by dry-etching, the GNPs were removed by wet-etching, leaving 20-nm-diameter holes in the PMMA film in the same arrangement as the original pattern. [1-LM]
5.2.1. Figure 5d (lower left, without caption) from Figure 5.pdf
5.3. When the immersion deposition method was used, 93% of the holes were singly occupied, and 95% of the particles were deposited within 18 nm of the hole centers. [1-LM] The evaporation method resulted in many holes being occupied by multiple GNPs, indicating that the process requires further optimization. [2-LM]
5.3.1. SBRMMJovearticle54551-figures (1).pptx, Figure 2a panels (slides 2-4: 2a Histogram, 2a SEM, 2a-Gaussian): During “deposited…centers”, highlight the blue circle in the histogram.
5.3.2. SBRMMJovearticle54551-figures (1).pptx, Figure 3 (slide 8: Figure 3 SEM Evaporative Deposition)
5.4. Extraction of the contribution of photoresist reflow on displacement of the 20-nm GNPs [1-LM] indicated that the reflow process had a negligible effect on GNP positioning. [2-LM]
5.4.1. 
SBRMMJovearticle54551-figures (1).pptx, Figures 2b and 2c (slides 6-7), with the added caption of “”: Add the labeled values “σTotal: 11 ± 2 nm; σDeposition: 9 ± 1 nm” under the caption.
5.4.2. SBRMMJovearticle54551-figures (1).pptx, Figures 2b and 2c (slides 6-7): Add “σResist-Reflow: 6 nm” as well.
5.5. The coefficient of variation of the 20-nm holes created by this method was determined to be about 9%, which was comparable to the coefficient of GNP size variation. [1-LM] This was roughly a sixfold improvement over the predicted CV of electron-beam lithography-patterned 20-nm holes and about a 60% improvement over the predicted CV of the original 80-nm holes. [2-LM]
5.5.1. SBRMMJovearticle54551-figures (1).pptx, Figures 2b and 2c (slides 6-7), no caption: During “The coefficient...about 9%”, highlight 2c.
5.5.2. SBRMMJovearticle54551-figures (1).pptx, Figures 2b and 2c (slides 6-7), no caption: During “about…80-nm holes”, highlight Figure 2b.
6. Conclusion (Said by you on camera. Don’t forget to smile!)
6.1. Shankar B. Rananavare: Once mastered, this technique can be done in 24 hours if it is performed properly.
6.2. Shankar B. Rananavare: While attempting this procedure, it’s important to remember to use monodisperse nanoparticles and mild ultrasonication to remove loosely bound nanoparticles on the resist surface.
New 6.2
While attempting this procedure, remember to use monodisperse nanoparticles and mild ultrasonication to remove loosely bound nanoparticles on the resist surface.
6.3. Shankar Balalasaheb Rananavare: Though this method has been demonstrated using e-beam lithography, it can also be applied to other systems based on extreme UV, X-ray, or other high-energy exposure systems.
6.4. Shankar Balalasaheb Rananavare: I developed the idea for this method when I was asked to solve the problem of shot noise. Removal of shot noise in lithographic patterns is essential in EUV and E-beam lithographies.
New 6.4
Shankar B. Rananavare:I developed the idea for this method during an Intel sponsored project on lithography.
6.5. Shankar B. Rananavare: After its development, this technique paved the way for researchers in the field of lithography to remove effects of shot noise and line edge roughness in EUV and E-beam-based patterning.
New 6.5
Now, this technique provides a new approach to remove effects of shot noise and line edge roughness in lithography.
6.6. Shankar B. Rananavare: After watching this video, you should have a good understanding of how to deposit nanoparticles, reflow resist, and remove nanoparticles by etching to reduce shot noise in nanofabrication.
New 6.6
Shankar B. Rananavare: After watching this video, you should have a good understanding of how to deposit nanoparticles, reflow resist, and etch nanoparticles to reduce shot noise in nanofabrication.
[bookmark: ProvidedMedia]PROVIDED MEDIA
Authors: Name new or modified files with the scheme 01234_PIname_Figure1.tif, where 01234 is your JoVE video ID and PIname is the corresponding author’s surname. Specify the step or steps where each file will be used. If the file is not based on an existing figure, please provide a short description. For example:

6.2 –  01234_PIname_Figure1.tif - dual color imaging of tumor angiogenesis at 40X
6.2 –  01234_PIname_Figure2.tif - dual color imaging of tumor angiogenesis at 100X

Formats: For static images, we prefer .tiff, .eps, Illustrator, Powerpoint or Photoshop files with dimensions of at least 720 x 480 pixels and 300 dpi – the higher resolution, the better. Movie files should have at minimum these dimensions and be rendered as .mov, .mp4, or .avi files.

Upload each file to your project folder: http://www.jove.com/account/file-uploader?src=16638103

Please list all images, tables, movie files, or 3D-rendered animations that have been prepared for inclusion in the video below:

Authors: List your media filenames here.

· [bookmark: Text13]Step number(s) – File name - Description (if new figure)
· 1.5.3 – srikar -1.jpg (Photograph of my graduate Student who assisted during filming)
· 4.2     -o2-plasma.jpg,   Image of oxygen plasma 
· 4.4     Figure2aSEM.jpg, Figure2ahistogram.jpg, Figure2aparticledensity.jpg

General Preparation

Please review all steps using solutions or reagents that are not prepared during the filmed protocol. It’s critical for a smooth and organized shoot that all reagents are prepared and labeled in advance and on hand at the start of filming.

For any long incubation or reaction times in your procedure, prepare the specimens or samples in advance. After filming the preparation steps, shooting will continue with the pre-prepared specimens/samples.

All tubes/flasks should be labeled neatly before we arrive. (ex. Luciferase assay done in 96-well plates has negative/positive control wells and experimental samples labeled accordingly)

You will receive more detailed preparation instructions in the email accompanying the finalized script. Please see JoVE’s FAQ at http://www.jove.com/author/submission-faq if you have further questions.
 2016, Journal of Visualized Experiments
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