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A.  Will you require JoVE to record video microscopy, such as filming a complex dissection or microinjection technique? (Y/N)__Y___  (If you can record images/videos using your own camera/software, then mark No)   If yes, please list make and model of your microscope: ____Veeco Dimension 3100 Atomic Force Microscope________
B.   Does your protocol include detailed, step-by-step, descriptions of 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. Editors: Some of the processes involve setting up recipes on RIE and ALD tools. The recipes are set up in a standard way in the software, but the recipes themselves are very clearly stated in the text. 
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. __2.5-2.8, 2.10, 2.11-2.12, 3.1, 4.1-4.2, 5.1____

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.__Communicating handling and pattern locating protocols.___

E.  Will the filming need to take place in multiple locations? (Y/N) __Y__ If yes, how far apart are the locations? _From Zyvex Labs, UTD (NSERL) is 4.9 miles, and UNT is 47 miles.__________________________________________________

1. Introduction (Schematic Overview and Interview)
Conceptual Narrative:
The overall goal of the following experiment is to fabricate silicon nanostructures with traceability to the atomic lattice using direct metal oxide etch mask growth and reactive ion etching. (Intro)
The ultimate precision of this procedure involves removing precise areas of a hydrogen passivation layer on a silicon chip using a scanning tunneling microscope tip. (P1: Start by using clone stamp / blur tool in photoshop to create a full rectangle with the raised light area as shown below (I quickly made the left image as an example.  Then remove the top layer of material using a cone of light like the one seen in figure_1.ppt to go back and forth “removing” this top brighter layer to expose the surface below it.  This should be possible by stacking the two images and deleting the top layer step by step so that the underneath image is shown Add the label “UHV Hydrogen Depassivation Lithography” above the sample.)
As a second step, the patterned surface is exposed using an atomic layer deposition process that selectively deposits titanium dioxide and acts as a mask against reactive ion etching. (P2: Fade the Orange/blue image into the light blue / blue image described below with the word “exposed. Add the label “Atomic Layer Deposition” above the sample during the transition.)  

Next, reactive ion etching is performed in order to remove silicon from the surface in all areas except those that had been patterned previously. (P3: Turn the Blue/blue image to the grey SEM image and add the label “Reactive Ion Etching” to the screen during the transition.)
The results show the ability to fabricate up to 20 nm structures in the z-direction with critical dimensions well below 10 nm. (P4: Show Figure 6)
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).   

Figure 1: Graphic Overview copy. Original powerpoint (figure_1.pptx) is uploaded to submission website.
P1:
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B.  Interview: (Said by you on camera. Don’t forget to smile!)  
1.1. Josh Ballard: The main advantage of this technique over existing methods, like ebeam or optical lithography, is that the metrology of the initial lithography steps in the STM provides atomic scale information.   
1.2. Josh Ballard: This method can help answer key questions in the nanofabrication field, such as what is the ultimate limit to subtractive fabrication using reactive ion etching.  
(1.2 alternate) This method can help answer key questions in nanotechnology such as what are the precise interactions between arbitrarily shaped nanostructures at well defined separations.
1.3. Bill Owen: Generally, individuals new to this method will struggle because there are so many steps and opportunities to damage the sample.

1.4. Stephen McDonnell: We first had the idea for this method, when we were trying to maximize the thickness of SiO2 etch masks that where written onto silicon using an AFM or STM tip, and we realized that by combining the hydrogen lithography with atomic layer deposition we could achieve similar areal control but gain more freedom in the growth direction.
1.5. Don Dick: Visual demonstration of this method is critical as the transfer and pattern location steps are difficult to learn, because each individual must perform their own steps correctly, and be able to understand position location instructions.  

Protocol (read by voice talent at JoVE):  

Authors: If you have any concerns or questions please feel free to contact your scriptwriter at any point.
2. Scanning Tunneling Microscopy and Lithography (Filmed in Zyvex Labs)
2.1. To begin, prepare and mount a silicon one-zero-zero chip with fiducial marks in the sample holder of a scanning tunneling microscope and perform a flash cycle and passivation as described in the accompanying text protocol. 
2.1.1. MED: Talent mounts the chip (Video Editor: Show from the start through the word “mount”)

2.1.2. ECU: Talent positions and secures the chip on the sample holder. (Video Editor: Show from “mount” to “microscope”)

2.1.3. MED/CU: Talent places the chip into UHV system. (Video Editor: Show from “perform” - end)

2.1.4. [added] Prep sample in UHV – takes 2 and 3 are without and with an external light, respectively.

2.1.5. [added] Remove sample from sample prep station. Note: This was initially identified as 2.9.2 a and b. This shot shows the sample being removed from the heater station. We have uploaded a photo called “heater station.jpg” to aid in the correction of the shot number. Alternately, this shot could be used as a prelude to 2.2.1, since the step of removing the sample from the heater station is both the end of prep and beginning of transfer.

2.2. Next, transfer the sample into the scanning tunneling microscope and bring the sample and tip into tunneling range. 
2.2.1. MED/CU: Talent mounts the sample to the scanning tunneling microscope and closes sample chamber. – or grab the sample off the fork.

2.2.2. SCOPE/ECU/SCREEN: Talent brings sample and tip into tunneling range. (Video Editor: Compare footage to the submitted video approach1_3-1.mp4 and use the best video.) 

Authors: Please choose the best option for shot 2.2.2. We believe the video shoot version of this is the better option, but we would be happy with either version.

Note: we included a version for 2.2.2 (alt) which is a continuation of the first 2.2.2 shot. This shot shows the first step of imaging after walking in. This shot could also be used to show the commencement of imaging as the first step of 2.4.1.
2.3. Use a camera with a resolving power of better than 20 µm spot size to take a high-resolution optical image of a tip-sample junction. De-skew and resize the optical image so that it represents an undistorted reproduction of the fiducial marks with the tip location observed.

2.3.1. MED Over the Shoulder: Talent sets up to take image of tip-sample junction.

Note: As the last shot, we added 2.3.1 (alt) which shows another shot of bringing the tip near the surface. We did not actually take a shot for 2.3.1, which simply would involve hitting the “save” button. This shows the user adjusting the focus on the long working distance microscope in order to see the tip for approach. We feel this would work best with the text between parts 2.2.1 and 2.2.2 since the microscope is used to bring the sample and tip into tunneling range.
2.3.2. LABMEDIA: Figure 5a-b (Video Editors: Show Figure 5a starting with the word “better”.  Have it morph into Figure 5b with mention of “De-skew and resize”) Use the .ppt file figure_5.ppt to remove the labels from the images.

2.4. Next, design the HDL patterns to be produced, including both experimental patterns… and serp identification patterns.  
2.4.1. Med Over the Shoulder: Talent works to produce the HDL pattern.

Note: in this shot, we went through the process of setting up the HDL pattern script, and we executed it. However, the tip misbehaved and we did not produce a good pattern. We would then rather have 2.4.1 end at the point where the user hits “run” in the script window, followed by some sort of cut to the media we gathered.
2.4.2. LABMEDIA: box_array.bmp and Figure 5E (Video Editor:  Bring up box_array.bmp as an overlay on the middle of the left half of the screen with the word “experimental” and Figure 5E (from the .ppt file so you can remove the label) as an overlay on the right half of the screen with the word “serp”.  

Authors: Please submit a .bmp to replace Figure 5E if one is available showing the serp pattern. If a .bmp is available, replace the file name above.
We have uploaded a file called serpentine_STM.png showing a grey scale image of a serpentine pattern as produced in STM.
2.5. Fracture the overall patterns into fundamental shapes in order to define the basic vectors that will be followed by the tip when applying the AP mode and FE mode HDL conditions, then use lattice information from the silicon surface to determine the ultimate tip path.
2.5.1. SCREEN: Screen Capture video showing the above step.  

Authors: Please resubmit a screen cap with just the actions in step 2.5 shown. The submitted clip 0:00-0:04 seemed to only show the first part of the sentence.  

For this part, we have uploaded three pngs that might be useful. Perhaps before showing the video 0:00-0:04 to show the lattice identification, we can show box_array_ap.png, box_array_fe.png, and box_array_ap_fe.png. 
2.6. Use atomically precise HDL, also known as AP mode lithography for small areas or those areas requiring atomic precision edges. 
2.6.1. LABMEDIA: box array_3-4_3-7.avi (Video Editor: Show from 0:04-0:14. Show only the red lines being drawn.)

2.7. Using the vector outputs from the previous step, perform HDL using field emission mode lithography for large areas with a sample bias of 7 to 9 V, a current of 1 nA, and 0.2 millicoulombs/cm.  

2.7.1. LABMEDIA: box array_3-4_3-7.avi (Video Editor: From the beginning to the word “step” Highlight the red lines in a still image of the video.  Starting with the word “perform” show from 0:14-0:18. Show only the part of the video where the green lines being drawn. Slow it down to fit the VO length.)

2.8. Next, perform scanning tunneling microscope metrology on the desired HDL patterned areas by imaging with a -2.25 V sample bias and a 0.2 nA tunneling current. 
2.8.1. LABMEDIA: box array_3-4_3-7.avi (Video Editor: Use a still grab from 0:19 of the video.  The author would like you to take the center greyscale image and fade away the rest of the screen.  Then, “have it do a downward sweep over a white field”.  (Authors: Please add a little more of a description on what you’d like the animation to look like.)
We have uploaded a partial scan “Canceled 150408 211522 (6)_Topo forward.png” that shows how data is acquired. When gathering STM data, we raster scan back and forth starting from the top of the image, with data appearing over a white field. In the example figure, we only captured about half of a full dataset. The downward sweep over a white field would mimic the process of raster scanning. We will try to perform the actual lithography with the videographer, but it is a little bit risky to expect success in the short timescale when the videographer is here.

Note: We have also captured video of imaging the surface. Hopefully that will show how we would like to give the impression of imaging using a sweep of the still image in video.
2.9. Then, disengage the tip from the sample, and move the sample back to the load lock.
2.9.1. SCOPE/ECU/SCREEN: Video of the tip moving away from the sample

2.9.2. MED: Talent removes sample back to the load lock.

Note: remember that this shot, 2.9.2 was initially misidentified. We had a new step for 2.1.5 that was initially identified as 2.9.2. The second time we reference 2.9.2, near the end of the filming, where we remove the sample from the STM and put it on a transfer fork, is the real 2.9.2.
2.10. Protect the sample by contacting it with an inert, flat substrate such as clean sapphire. Once protected, close the valves to any pumps and then introduce nitrogen gas to the chamber as quickly as possible. 
2.10.1. ECU: Sample is contacted with clean sapphire.
2.10.2. MED: Talent closes the valves and introduces nitrogen gas to the chamber.

Note: we showed this in two parts. Part A showed the venting process. Part B showed removing the sample from the load lock. Part B could be used as 2.11.2
2.11. When the chamber is vented, remove the sample from the system. See here a close-up of the sample shielding assembly.
2.11.1. CU: Talent removes the sample, placing it in an intermediary location before moving to the transporter in the next step.

2.11.2. CU: Close-up of shielding assembly.

Note: This shot has two parts. Part A shows the user inserting a sample into the shield assembly on the bench. Part B shows the spring loading action by pushing the sapphire with some tweezers.

Note: For section 2.11, we were unsure which order for 2.11.1 and 2.11.2 should be shown, so we inverted the shot order. They are back to back shots and we believe they are unambiguously different from each other. If we had them in the original order, it would be OK with us.
2.12. Using polytetrafluoroethylene tweezers, quickly move the sample to the transporter, keeping the front side of the sample protected.  Install the cover over the sample and loosely assemble the pressurized sample transporter. 
2.12.1. CU: Talent uses tweezers to move the sample to into the transporter and then places the cover over the sample.

Note: we had several shots of this for the editor to choose from.
2.13. Flush the transporter with ultrapure argon for 1 minute and then seal the sample transporter with a small positive pressure of argon.  Perform these steps to protect the sample in between each step in the process. In this condition, the sample will remain stable for up to 1 month.
2.13.1. MED: Talent turns on argon and flushes sample.

2.13.2. [combined with 2.13.1] CU: Talent finishes flushing the sample, seals container.

3. Atomic Layer Deposition (Filmed in NSERL at University of Texas at Dallas (Wallace lab))
3.1. Preheat the atomic layer deposition chamber to 100 °C. Then, open the sample transporter and use stainless steel free tweezers to quickly transfer the sample to the deposition chamber, making note of the sample and control chips position and orientation.

3.1.1. MED: Talent preheats the chamber.

Note: we did this shot in two parts. Part A shows a wide view, and part B shows a screen shot of changing the temperature.
3.1.2. CU: Talent opens transporter and transfers the sample to the deposition chamber.  Once in the chamber, slightly “align” the sample.

We believe that it would be worth showing the user taking a picture of the setup, then maybe show that picture with labels for the samples as “control 1”, “control 2”, and “nanostructured sample”. This photo will of course be taken on filming date.

Note: we have a still picture that the user took of the setup. See “sample locations in ALD.jpg”. The samples from left to right are “control 1”, “nanostructured sample”, and “control 2.”
3.2. Close the chamber and purge it using a flow of argon at a pressure of less than 0.2 mbar for 1 hour. Then, perform 80 repeated cycles of atomic layer deposition to grow a 2.8 nm thick layer of amorphous titania on the sample using the recipe described in the accompanying text protocol.
3.2.1. MED Over the Shoulder: Talent closes the chamber and begins the purge process.

3.2.2. SCREEN: Talent setting the parameters and pressing “go”.

Editors: If we run a dummy process, a screenshot of the ALD instrument will show different precursor partial pressures. We will need to be careful not to mislead anyone with that part.

Authors: Please describe what from the screen capture, if anything, should be changed/burred by the video editor to prevent misleading the audience.
If possible, we would like to make this decision on filming day.
Note: we combined shots 3.2.1 and 3.2.2. We did not show a trace of multiple gas pulses, but we ran the actual recipe, so there was no misleading data.
3.3. Once complete, quickly move the sample back into the transporter and purge with argon.

3.3.1. MED: Talent removes sample and places it back into the transporter.

Note: we made this shot two parts. Part a shows the user walking up to the instrument, and part b showed the user putting the sample in the transporter
4. Atomic Force Microscopy and Reactive Ion Etching (Filmed in NSERL (Chabal lab and cleanroom))
4.1. After removing the sample from the transporter, securely install it into the AFM system using a mechanical mounting method such as a clamping system or vacuum chuck. Focus the AFM camera onto the sample, and locate the fiducial markings on the sample surface to align the AFM tip to the area where nanopatterns are expected to be found.

4.1.1. CU: Talent removes sample and clamps it into the AFM system.

Note: 4.1.1 showed the user putting the sample onto the vacuum chuck of the AFM. For large enough samples, this is a completely adequate mounting method.
4.1.2. SCOPE: Begin by focusing on the sample, moving to the location of the fiducial markings, and then aligning the AFM tip to the nanopatterns.

Note: Screen CU, focus on surface/navigate
4.2. Using the height and phase information at the highest resolution, scan the sample until the locator pattern regions are identified. Then, take an image of the desired regions using the highest image quality and resolution available.
4.2.1. SCREEN: Screen capture of setup of the scan as described and start of the scan.

4.2.2. SCREEN: Screen capture as image is taken of desired region. 

For part 4.2.2, we expect not to have actual nanostructures to observe, so we would like to show saved surface survey data here.
Note: this step shows a poor surface, so we would like to integrate a still photo of a higher quality surface. See “AFM survey of 0712.bmp. This is a screen cap of a previous AFM session.
4.3. Once the area of interest has been imaged, remove the sample and place it back into the transporter under argon gas while preparing for reactive ion etching.  
4.3.1. CU: Talent removes the sample and places it back into the transporter.
Note to videographer: 4.4-4.6 will be performed in the NSERL cleanroom, so equipment will likely need to be wiped down prior to this part.
4.4. Chill the capacitive coupled reactive ion etcher reactor to -110°C, then remove the sample from the transporter and load the sample and any control chips into its introduction chamber using conductive paste and pump the chamber down to 7.5 x 10-6 mbar.
4.4.1. MED Over the Shoulder: Talent begins to cool prepares the RIE. Part of this shot includes part of 4.5.1, with a recipe being updated prior to introduction of the sample.

This process was originally performed at NIST in Gaithersburg, MD on a slightly different system. This system at NSERL requires more time to prepare than we are allowed on filming day, so we would like to avoid mention of temperature, instead following the modifications to the script as mentioned here.
4.4.2. CU: Talent removes sample from transporter and loads the samples into the introduction chamber of the system.

Note: the user dropped the sample during removal from the transporter. It might be good if that part could be cut out somehow.
4.5. Stabilize the system for 3 minutes. Then, flow oxygen at 8 sccm (pronounced: standard cubic centimeters per minute), the argon at 40 sccm, and the sulfur hexafluoride at 20 sccm.
4.5.1. SCREEN: Show screen where correct temp can be seen, then display where the flow rates are entered/shown and turn on the gasses. Talent selecting the proper script then pushing “go”.
4.6. Strike plasma using a 150 W RF discharge, then modify the gas flow and etch for 1 min using flow rates of 52 sccm for sulfur hexafluoride, 8 sccm for oxygen. Following reactive ion etching, place the sample back into the transporter under argon gas.

4.6.1. SCREEN: Video showing items listed in the first sentence of 4.6 shown in order listed.

Note: we held a screenshot for this entire step, but it might not be that visually interesting. 

4.6.2. MED: Talent transfers sample back into transporter.
5. Scanning Electron Microscopy (Filmed at Zyvex Labs or University of North Texas)
5.1. Open the sample transporter and securely install the sample onto the SEM mount.  Then, introduce the sample assembly into the SEM. Pump down the chamber and then locate and focus on the fiducial markers. 
5.1.1. CU: Talent transfers sample to SEM mount and closes chamber.

5.1.2. SCREEN: Talent focuses on the fiducial markers.
5.2. Adjust the working distance as necessary and optimize the focus, the brightness, and the contrast.  To minimize carbon deposition on the patterns, optimize the focus using nearby non-essential features. Once optimized, identify the approximate pattern location on the sample, then move to the patterns and acquire plan view images and measurements.
5.2.1. SCREEN: Talent adjusts the WD, refocuses, and adjusts the brightness and contrast on nearby non-essential feature.

5.2.2. SCREEN: Talent moves to pattern and acquires an image.

For 5.2.2 we will not be able to observe actual nanopatterns, as we do not currently possess actual samples with nanopatterns. We will be able to perform all other steps, though. Instead, we would like to use either survey stills or movies from a previous metrology session. See “SEM survey of 0701.png” for a survey of patterns as acquired on a high power SEM.

Note: Stills from UNT
5.3. Then, perform a typical SEM system closing routine and dismount the sample, as prescribed by the SEM manufacturer. Secure the sample back into the transporter under argon. At this point, the samples are robust and can be stored for an indefinite period of time.  
5.3.1. Med over the Shoulder: Talent releases the vacuum and dismounts the sample.

5.3.2. [combined with 5.3.1] CU: Talent places sample back in transporter.

6. Results: Surface Patterning with Selective Atomic Layer Deposition and Reactive Ion Etching
6.1. Shown here are representative scanning tunneling microscope images of HDL patterns created using AP mode only, a combination of AP and field emission modes where AP mode was used to write each edge, and field emission mode alone. [7.1.1 - LM]
6.1.1. Figure 2 (Video Editor: Add labels over the images when specifically mentioned. Add “AP Mode” over 2a, “AP and FE Mode” over 2b, and “FE Mode” over 2c.)
6.2. In order to achieve the best mask production using AP-HDL patterns, a high degree of selectivity must be possible. [7.2.1 - LM] Using atomic force microscopy the height of the titanium oxide deposited on the patterned regions was compared to deposition on background regions. [7.2.2 - LM] This sample showed an incubation of about 20 cycles for the tallest background growth. [7.2.3 - LM]
6.2.1. Figure 3a

6.2.2. Figure 3a-b (Video Editor: Show the “on pattern” line in Figure 3b alone until the words “were compared to”, then add the background line.)

6.2.3. Figure 3a-b (Video Editor: Extend the “background” line down to the x-axis and add the text “20 cycles” to the spot where it crosses the x-axis.)

6.3. Here two serpentine patterns are written on a pitch of 10 nanometers using FE mode HDL. By rotating the patterns 90 degrees relative to each other, a grid is created. [7.3.1 - LM]  This same pattern is shown here using AFM following the mask deposition of 2.8 nanometers of titanium oxide. Due to tip convolution effects, the openings in the pattern are difficult to resolve. [7.3.2 - LM]
6.3.1. Figure 4a

6.3.2. Figure 4b

6.4. After reactive ion etching, approximately 60% of the desired openings were transferred into the substrate, indicating that this pattern size and density is approximately the limit for effective nanostructure fabrication. [7.4.1 - LM]
6.4.1. Figure 4c

7. Conclusion (said by authors on camera) 
7.1. Don Dick: Once mastered, this technique can be done in approximately 3 days if it is performed properly, with most of the time devoted to ultra-high vacuum sample preparation, and transport between locations if necessary.
7.2.  Author Name Bill Owen: While attempting this procedure, it’s important to remember to keep the samples clean and protect the background passivation.

7.3. Author Name Josh Ballard: After this procedure, other methods like nanoimprint lithography can be performed in order to scale up the nanofabrication production capabilities of this technique.

7.4. Bill Owen: After watching this video, you should have a good understanding of how to carefully handle samples to fabricate single nanometer scale structures.
7.5. Stephen McDonnell: Don't forget that titanium tetrachloride is a corrosive gas and precautions such as gas dilution should always be taken while performing this procedure in order to prevent damage to ALD pumping systems.   

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.  

The files approach1_3-1.mp4 and approach2_3-1.mp4 are two different movies of the tip engage process (steps 3.1 and to a degree 3.2) showing fast approach and surface engagement.

approach1_3-1.mp4

approach2_3-1.mp4

Box array.bmp shows a bitmap input that is compiled into vectors for sections 3.4-3.7. box_array_ap.png, box_array_fe.png, and box_array_ap_fe.png show how the bitmap is broken up into the different types of lithography. This process is then animated to show the order in which the vectors are written in box array_3-4_3-7.mp4.

box array.bmp
box_array_ap.png

box_array_fe.png

box_array_ap_fe.png
box array_3-4_3.7.mp4 is a movie of the software performing AP and FE mode lithography for the box array bitmap. It starts with a recognition of the surface lattice, zooms out to do the lithography, then shows a larger image of the lithography pattern. For the last part of this showing the actual lithography pattern, it would be instructive if the data field could wipe down over a white screen to simulate the downward raster scanning of data acquisition.

box array_3-4_3-7.mp4
April 13: We added two additional files, serpentine_STM.png and Canceled 150408 211522 (6)_Topo forward.png, as described in the text.
April 18: We added “heater station.jpg”, “AFM survey of 0712.bmp”, “SEM survey of 0712.bmp”, and “sample locations in ALD.bmp.”
Additionally, powerpoint files for all manuscript figures have been uploaded.

.

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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