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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) 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.
C.  Which steps of your protocol will viewers benefit most from having filmed? Please list 4-6 individual steps using the step numbers listed in this document. (Please do not list entire sections.) The critical steps in the process are: Steps 2.7-2.8, 3.2, 3.4-3.5. Other interesting steps could be: 4.1 and 4.6. 
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 using the step numbers listed in this document. (Please do not list entire sections.) Steps 2.7 and 3.2
2.7: it is very critical that the TiN layers remain intact. The etch speed has thus to be optimized and the wafers have to be inspected after Ti etch in 2.8.
E.  Will the filming need to take place in multiple locations? (Y/N) N If yes, how far apart are the locations? ___________________________________________________


1. Introduction (Experimental Goal and Author Interviews) – As the beginning of your video, the introduction should clearly present the goal of your method to the viewer and its significance.  Other information can be provided according to the various statements below, but the total introduction should not exceed 150 words. 

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

The overall goal of this process is to grow vertically aligned carbon nanotubes and manufacture electrical test structures using standard semiconductor techniques. (Intro)

B.  Required Interview Statements: (Said by you on camera. Don’t forget to smile!)  
1.1. Ryoichi Ishihara: This method can help answer key questions in the micro-electronics field, such as can vertically aligned carbon nanotubes be used for interconnects and other applications in integrated circuits? 
1.2. Sten Vollebregt: The main advantage of this technique is that it is compatible with standard semiconductor fabrication technology and has a sufficiently low fabrication temperature to allow integration with the CMOS back-end and certain polymers.   


Protocol (read by voice talent at JoVE):

General note to editors: most of our machines have load-locks. So instead of showing the wafer being placed into the chamber we filmed loading of the machine through the load-lock.

It is best to pronounce all elements fully and not by the abbreviations
2. Bottom Metal and Interlayer Dielectric Deposition
2.1. To begin this procedure, deposit the bottom metal layer of the test using magnetron sputtering [2.1.1-MED]. Perform titanium sputtering using a pure titanium target with argon-plasma at a substrate temperature of 350 degrees Celsius [2.1.2-MED-over the shoulder]. For titanium nitride reactive sputtering use a combination of argon and nitrogen at a 350 degrees Celsius substrate temperature [2.1.3-CU].
2.1.1. Show talent placing test substrate in magnetron sputtering device, TEXT: 500 nm of Ti, 50 nm of TiN, 100 nm Ti. See text protocol for more details
2.1.2. Show talent at computer inputting parameters
2.1.3. Show close-up of substrate in device during titanium nitride sputtering process  screen showing Ar and N2 going into the reactor
2.2. Using plasma-enhanced chemical vapor deposition, deposit a 1 micrometer thick layer of silicon dioxide [2.2.1-MED]. When finished, check the thickness of the silicon dioxide layer using a reflectometer [2.2.2-CU].  
2.2.1. Show talent placing substrate in deposition chamber, TEXT: Use tetraethyl orthosilicate as precursor at 350 °C platen temperature
2.2.2. *Film as written NOTE: no screen capture software possible (MS-DOS) and screen of this machine is old CRT. Loading of sample on measurement chuck and starting of measurement filmed.
2.3. Next, coat the wafer with 1.4 micrometers of positive photoresist by performing a 90 second hexamethyldisilazane treatment at 130 degrees Celsius [2.3.1-MED-over the shoulder]. After cooling the wafer on a cold plate, spin-coat at 3500 rpm [2.3.2-MED]. Then, soft bake the wafer for 90 seconds at 95 degrees [2.3.3-CU].  
2.3.1. Show talent placing wafer on hotplate and turning coater on
2.3.2. Show talent inputting speed on coater and turning it on
2.3.3. Show close-up of wafer as talent places it on hotplate
[bookmark: _GoBack]NOTE: 2.3.1-2.3.3 is performed fully automatic in our coater developer. We shot the robot arm dealing the wafers to the different stations (hotplates, cold-plate and coater). Some close-ups of the coater have also been made.
2.4. Using a photo-lithography mask and exposure tool, expose the desired pattern of openings to an exposure dose of 140 millijoules per centimeter squared [2.4.1-MED-over the shoulder].
2.4.1. *Film as written
2.5. Following this, perform a single puddle development process starting with a 90 second 115 degrees Celsius post-exposure bake [2.5.1-MED]. Then, perform a 60 second development using developer [2.5.2-CU].  
2.5.1. *Film as written Handling of wafer from cassette to hotplate filmed.
2.5.2. Show close up of wafer as talent sprays developer on it
NOTE: again this is normally fully automatic, close-up of developer of machine performing this step filmed.
2.6. After hard baking at 100 degrees Celsius for 90 seconds, use a microscope to inspect if the openings in the resist are of the correct dimensions and if the overlay to the alignment markers is correct [2.6.1-SCREEN].  
2.6.1. *To be submitted by Author
2.7. Next, plasma etch the contact openings in the silicon dioxide using a triode plasma etcher [2.7.1-MED-over the shoulder].
2.7.1. *Film as written, TEXT: If necessary, perform etch rate tests in order to minimize over etching 
2.8. Sten Vollebregt, Step 2.7: It is crucial that the TiN layer is not exposed to a plasma. Over-etching should be minimized as the Ti layer will slowly be etched. If the TiN is exposed to a plasma it will prevent successful CNT growth.
2.8.1. Talent speaks toward camera, interview style
2.9. Remove the sacrificial titanium layer by wet etching in 0.55 percent of hydrogen fluoride for 60 seconds [2.9.1-CU]. After etching, rinse the wafers with deionized water until the water resistivity is 5 megaohms [2.9.2-MED]. Then, dry the wafers using a rinser dryer [2.9.3-CU]. 
2.9.1. *Film as written
2.9.2. Show close-up of one of the wafers as talent rinses it with water
2.9.3. *Film as written, TEXT: TiN layer is gold-brown and Ti is metallic grey under microscope
3. Catalyst Deposition and CNT Growth
3.1. At this point, evaporate 5 nanometers of cobalt using an e-beam evaporator [3.1.1-MED]. After pumping down to at least 2 times 10 to the minus 6 Torr, heat the wafers to 60 degrees Celsius using lamps under vacuum before depositing to remove any water film [3.1.2-MED-over the shoulder].  
3.1.1. Show talent placing substrate in evaporator
3.1.2. *Film as written We filmed the temperature controller indicating a temperature of 60 °C (actually few degrees above) to illustrate this.
3.2. To remove the cobalt outside the contact openings by lift-off, place the wafer in an ultrasonic bath containing tetrahydrofuran for 15 minutes at 35 degrees Celsius [3.2.1-MED]. When finished, rinse with deionized water for 5 minutes [3.2.2-CU] and dry using a spinner [3.2.3-MED-over the shoulder].  
3.2.1. *Film as written
3.2.2. *Film as written
3.2.3. Show talent placing wafer spinner and turning it on
3.3. Inspect the wafer underneath a microscope and check for resist residues [3.3.1-SCREEN]. Optionally use a special soft cotton swab for lift-off purposes to manually wipe away residues [3.3.3-CU].  If residues remain, perform a longer ultrasonic treatment in tetrahydrofuran [3.3.2-MED].
3.3.1. *To be submitted by Author
Order of 3.3.2 and 3.3.3 switched
3.3.2. Show talent removing wafer from ultrasonic bath
3.3.3. Show close up of wafer as talent wipes it with cotton swab
3.4. Following this, perform carbon nanotube, or CNT, growth using low-pressure chemical vapor deposition [3.4.1-MED]. Then, cool down the reactor and purge using nitrogen [3.4.2-MED-over the shoulder].  
3.4.1. Show talent placing wafer in deposition chamber, TEXT: 8 min pre-anneal at 350 °C with 700 sccm H2 at 80 mbar, then 50 sccm C2H2
3.4.2. *Film as written NOTE: cooling down is performed automatic, but we can film opening the reactor and removing the sample once it is cool enough.
3.5. Use a scanning electron microscope, or SEM, to check the height of the CNT inside the openings under 45 degree tilt. [3.5.1-LM]. 
3.5.1. *To be submitted by Author 
3.6. Then, inspect the samples using Raman spectroscopy to determine the crystallinity of the CNT [3.6.1-MED].
3.6.1. Show talent placing sample in Raman spectroscopy instrument
4. Topside Metallization
4.1. Use magnetron sputtering to sputter 100 nanometers of titanium, followed by 2 micrometers of aluminum without breaking the vacuum [4.1.1-MED-over the shoulder].
4.1.1. Show talent placing test substrate in magnetron sputtering device Re-use 2.1.1, device is exactly the same.
4.2. Next, coat the wafer with 3.1 micrometers of positive photoresist with higher viscosity [4.2.1-CU], starting with a 90 second hexamethyldisilazane treatment at 130 degrees Celsius [4.2.2-MED]. Once the wafer has been cooled on a cold plate, spin-coat at 3000 rpm [4.2.3-CU]. 
4.2.1. Show close up of wafer as talent places it on hotplate 
4.2.2. Show talent inputting settings on coater and turning it on
4.2.3. Show close up of wafer in coater NOTE: Same applies as 2.3 steps, re-use shots.
4.3. After soft baking at 95 degrees Celsius for 90 seconds, expose the top metal pattern to an exposure dose of 420 millijoules per centimeter squared with a focus of minus 1 using a photo-lithography mask and exposure tool [4.3.1-MED].
4.3.1. *Film as written
4.4. Perform a single puddle development process starting with a 90 second 115 degrees Celsius post-exposure bake [4.4.1-MED-over the shoulder]. Then, perform a 60 second development using developer [4.4.2-CU].  
4.4.1. *Film as written
4.4.2. Show close up of wafer as talent sprays developer on it NOTE: Same applies as 2.5 steps, re-use shots
4.5. After hard baking at 100 degrees Celsius for 90 seconds, use a microscope to inspect if the lines in the resist are of the correct dimensions and if the overlay to the markers is correct [4.5.1-SCREEN].
4.5.1. *To be submitted by Author
4.6. Following this, etch the titanium aluminum stack using chlorine plasma etching with an inductive coupled plasma [4.6.1-MED].
4.6.1. Show talent placing sample in plasma chamber, TEXT: 30/40 sccm Cl2/HBr, 5 mTorr, 40/500 W Platen/ICP RF power with endpoint detection, 80 % overetch using 15/30 sccm Cl2/HBr
4.7. To remove the photoresist, use an oxygen plasma stripper [4.7.1-MED-over the shoulder]. If the metal coverage is not complete, use an organic solvent such as N-methylpyrrolidone to remove the photoresist in order to prevent plasma damage to the CNT [4.7.2-MED].  
4.7.1. Show talent placing sample in oxygen plasma stripper, TEXT: 1 kW, 400 sccm O2 with endpoint detection, 2 min overetch. By mistake filmed denoted as 2.9.3. Close-up of plasma also provided
4.7.2. *Film as written Loading of sample in organic bath filmed
4.8. Clean the wafers by placing them in 99 percent nitric acid for 10 minutes [4.8.1-MED-over the shoulder]. Rinse with deionized water until the resistivity of the water is 5 megaohms [4.8.2-CU]. Finally, dry the wafers with a rinser dryer [4.8.3-MED].
4.8.1. *Film as written
4.8.2. Show close-up of one of the wafers as talent rinses it with water
4.8.3. *Film as written
5. Results: Characterization of Vertically-aligned Carbon Nanotubes
5.1. A typical SEM image of CNT before metallization is shown here and is useful for checking if the growth time is correctly set in order to obtain the same length as the thickness of the silicon dioxide layer [5.1.1-LM]. 
5.1.1. Figure2.TIF
5.2. A cross-section inspected by SEM of the same wafer after metallization is shown here and can be used to determine the alignment of the CNT, their density, and if a high resolution SEM is used to determine their diameter [5.2.1-LM]. The contact area between the CNT and the metal layers can also be investigated [5.2.2-LM].
5.2.1. Figure3.png
5.2.2. Figure3.png
5.3. Raman spectra of cobalt-grown CNT at 350 degrees Celsius are displayed here and can be used to investigate the crystallinity and optimize the CNT growth parameters in order to obtain the highest quality CNT [5.3.1-LM]. 
5.3.1. Figure4.png
5.4. I-V measurements were performed using four point probe structures [5.4.1-LM]. When the I-V behavior is linear it indicates ohmic contact between the CNT and the metal contacts [5.4.2-LM]. 
5.4.1. Figure5.png
5.4.2. Figure5.png
5.5. From the resistance and the dimension of the bundles the resistivity can be calculated and compared to the literature [5.5.1-LM].
5.5.1. Figure6.png

6. Conclusion (said by authors on camera)
6.1. Sten Vollebregt: After its development, this technique paved the way for researchers in the field of micro-electronics to explore the application of vertically aligned carbon nanotubes in integrated circuits.
6.2. Ryoichi Ishihara: After watching this video, you should have a good understanding of how to grow vertically aligned carbon nanotubes using chemical vapor deposition into openings etched in silicon dioxide for the fabrication of vertical interconnects.


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 are included in the email accompanying the finalized script.
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