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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
B.   Does your protocol include detailed, step-by-step, descriptions of software usage? (Y/N) N
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.
2.12, 3.3, 3.4, 3.5, 3.12, 3.13
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.
3.4, 3.5
E.  Will the filming need to take place in multiple locations? (Y/N) N


1. Introduction (Experimental Goal and Author Interviews) 

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

The overall goal of this procedure is to observe the effect of various growth parameters on the structural and electrical quality of nitride semiconductors, and their eventual impact on the performance of electronic devices. (Intro)

B.  Required Interview Statements: (Said by you on camera. Don’t forget to smile!)  
1.1. Hardy: This method can help answer key questions in the fields of materials science and electrical engineering, such as the impact of material defects on speed and power of wide bandgap transistors.
1.2. Hardy: The main advantage of this technique is that it can produce semiconductor material with very abrupt interfaces and low impurity levels, which are important for high performance electrical devices such as transistors.

C.  Optional Interview Statements: (Said by you on camera. Don’t forget to smile!)  
1.3. Hardy: Visual demonstration of this method is critical, as distinguishing between too much and not enough Ga coverage with RHEED is qualitative and difficult to describe.

Protocol (read by voice talent at JoVE):

(Author Note to Video Editor: In a few steps, I’ve uploaded two screen captures instead of one (i.e., for 3.2.1 there is 3-2-1-1 and 3-2-1-2). The shot asked for images from two different computers, so I had to break it up. Hopefully you can stitch things together as needed and the numbering is clear.)

(Erin Note: Authors have also indicated that they have longer versions of most of the screen captures, if necessary.)
2. RF-Assisted Plasma-Assisted Molecular Beam Epitaxy (PAMBE) System and Sample Preparation
2.1. First, ensure that the cryo-panels are cooled and that the growth chamber is at base pressure. [1-WIDE] Ramp up the effusion cells to their beam flux measurement temperatures at the proper rates and wait one hour for the cells to stabilize. [2-SCREEN]
2.1.1. Talent checking the equipment.
2.1.2. *To be provided by authors: Ramp and temperature parameters being set for the effusion cells.
2.2. For each cell, open the shutter for 30 seconds to collect a beam flux ion gauge measurement, [1-SCREEN] then close the shutter for 1 minute. [2-SCREEN] Perform this process three times. [3-MED-Over shoulder]
2.2.1. *To be provided by authors: Shutter opens and measurement is taken.
2.2.2. *To be provided by authors: Shutter is closed.
2.2.3. Talent at the computer; opens shutter.
2.3. Average the last two measurements for each cell. Use previous calibrations [1-MED] to set the cell temperatures to achieve the desired fluxes. [2-MED-Over shoulder]
2.3.1. Talent compares measurements to previous values.
2.3.2. Talent at the computer adjusting cell temperatures.
2.4. Close the load-lock isolation gate valve and vent the load lock chamber with N2 gas. [1-MED] Load the epitaxy-ready N-polar GaN (pronounce as gallium nitride) substrate on the holder [2-CU] and place the sample cassette in the load lock. Close the load lock and shut off the N2 gas. [3-MED]
2.4.1. Talent closes the valve and starts the N2 gas flow.
2.4.2. Talent places substrate on holder.
2.4.3. Talent places cassette in load lock, closes the load lock, and shuts off the gas.
2.5. Turn on the load lock roughing pump. Open the roughing pump valve and the manifold valve. [1-MED] Once the manifold pressure drops below 0.1 Torr, close the manifold and roughing pump valves and turn off the pump. [2-MED]
2.5.1. Talent turns on the pump and opens both valves.
2.5.2. Talent observes pressure readout as it drops below 0.1 Torr, and then closes the valves and turns off the pump.
2.6. Open the load-lock turbo-pump isolation valve and pump down the load lock for 30 to 60 minutes. [1-MED-TXT]
2.6.1. Talent opens the valve and monitors the pressure readout as the pressure decreases. (TEXT: Pump load lock down to 10-6 to 10-7 Torr (30-60 min))
2.7. Open the load lock into the preparation chamber and use the wobble stick to transfer the substrate in its holder to the trolley. [1-MED] Using the trolley, move the substrate to the outgassing station. [2-MED]
2.7.1. *Film as written
2.7.2. Talent manually moves the trolley to the outgassing station and transfers the substrate.
2.8. Ramp the outgassing station heater temperature to 700 °C over ten minutes. [1-MED] Outgas the substrate for 30 minutes, and then begin cooling. [2-SCREEN] Once the temperature is below 250 °C, transfer the substrate to the trolley. [3-MED-Over shoulder]
2.8.1. Talent moves to the computer and sets the outgassing station heater temperature.
2.8.2. *To be provided by authors: The outgassing oven interface at the end of 30 minutes of heating; the temperature is set to 100 °C and cooling begins.
2.8.3. Talent moves the substrate to the trolley.
2.9. Lower the substrate manipulator to the load position. Open the gate valve and transfer the substrate in its holder to the manipulator. [1-MED-Over shoulder]
2.9.1. Talent lowers the manipulator, opens the valve, and transfers the substrate.
2.10. Raise the substrate manipulator to the growth position and remove the trolley. [1-MED-Over shoulder] Close the gate valve, and then open the N2 bottle valve, the regulator valve, and the isolation needle valve. [2-MED-TXT]
2.10.1. Talent raises the manipulator and moves the trolley.
2.10.2. *Film as written (TEXT: N2 gas must be ultra high purity (better than 6N))
2.11. Use the mass flow controller to bring the chamber to the optimal pressure for plasma ignition. [1-MED] Ensure that the active nitrogen flux and effusion cell shutters are closed. [2-SCREEN]
2.11.1. Talent sets flow rate on MFC.
2.11.2. *To be provided by authors: Status page for the cells showing that the shutters are closed.
2.12. Turn on the plasma RF power supply and the auto-matching network controller. Increase the power until the plasma ignites. [1-MED] Set the power and N2 gas flow to appropriate process conditions for the system. [2-MED-TXT]
2.12.1. Talent turns on RF power and controller, and then ignites the plasma.
2.12.2. Talent adjusts RF power and MFC. (TEXT: Use a spectrometer to monitor the plasma stability.)
2.13. Ramp the substrate heater to 10 °C above the desired GaN growth temperature at a rate no higher than 1 °C/s. [1-SCREEN] Turn on the RHEED (pronounced ‘reed’) system to monitor the wafer surface. Turn on substrate rotation and [2-MED] prepare the RHEED acquisition software. [3-SCREEN]
2.13.1. *To be provided by authors: Substrate heater ramp and temperature parameters being set.
2.13.2. Talent turns on RHEED system and substrate rotation.
2.13.3. *To be provided by authors: RHEED software being set up to collect one pattern per substrate rotation.
2.14. [bookmark: _Ref455753602]Set the Ga (pronounce as gallium) flux to ensure Ga deposition at the substrate temperature. Open the substrate and Ga shutters for 1 minute. [1-SCREEN] The RHEED intensity should initially decrease, and then plateau as Ga accumulates. [2-SCREEN]
2.14.1. *To be provided by authors: Ga flux is set and, if the substrate temperature is also visible on the same screen, the substrate temperature is indicated with the cursor. Then, the shutters are opened.
2.14.2. *To be provided by authors: The RHEED intensity decreases and plateaus.
2.15. Close the Ga shutter for 2 minutes, during which time the RHEED intensity should increase and then plateau as Ga desorbs. [1-SCREEN]
2.15.1. *To be provided by authors: The Ga shutter is closed, focus switches to the RHEED intensity, and the intensity increase and plateau is shown.
2.16. [bookmark: _Ref455753605]Repeat Ga deposition and desorption twice more, [1-CU] and then ramp the substrate heater up to the GaN growth temperature. [2-SCREEN]
2.16.1. If possible, get footage of deposition/desorption through a viewing port. Otherwise, MED-Over shoulder of talent monitoring the RHEED intensity.
2.16.2. *To be provided by authors: Substrate heater temperature parameters being set.
3. N-Polar InAlN-Barrier High-Electron-Mobility Transistor (HEMT) Growth
3.1. First, open the active nitrogen shutter for 1 minute to initiate buffer growth by nitridation. [1-SCREEN] Then, open the Al (pronounce as aluminum) shutter to grow a 1-3 nm nitrogen-rich AlN (pronounce as aluminum nitride) layer. [2-SCREEN]
3.1.1. *To be provided by authors: Shutter being opened and buffer growth begins.
3.1.2. *To be provided by authors: Al shutter is opened. The cursor indicates Al flux parameters and growth rate (changing screens if necessary).
3.2. Close the Al and active nitrogen shutters and immediately open the Ga shutter for 10 seconds, during which time the RHEED intensity should rapidly decrease. [1-SCREEN] Then, open the active nitrogen shutter and grow GaN for 5 minutes. [2-SCREEN-TXT]
3.2.1. *To be provided by authors: Al and N* shutters are closed, Ga shutter opens. Then, switch focus to the RHEED plot and show the intensity decreasing.
3.2.2. *To be provided by authors: N* shutter is opened, and focus switches back to the RHEED plot. (TEXT: Use Be doping to prevent electrical leakage current in the buffer.)
3.3. [bookmark: _Ref455754647]Close the Ga and active nitrogen shutters for one minute and monitor the RHEED intensity during the growth interruption to assess the Ga flux. [1-SCREEN]
3.3.1. *To be provided by authors: Ga and N* shutters are closed, switch focus to RHEED plot, RHEED intensity increases.
3.4. If the intensity immediately increases, the Ga flux is too low. Decrease the substrate temperature or increase the Ga effusion cell temperature. [1-SCREEN]
3.4.1. *To be provided by authors: Immediate increase in RHEED intensity. Then, switch focus to the controls of the substrate temperature and cell temperature and decrease the substrate temperature.
3.5. If the intensity increases after at least 30 seconds or does not plateau during the growth interruption, increase the substrate temperature or decrease the Ga effusion cell temperature. [1-SCREEN]
3.5.1. *To be provided by authors: Use the cursor to point out that at least 30 seconds has elapsed between the shutters being closed and an increase in RHEED intensity. Then, switch to the temperature controls and increase the substrate temperature.
3.6. [bookmark: _Ref455754650]If the Ga flux was adjusted, grow another layer of GaN and perform another one-minute growth interruption. [1-MED-Over shoulder] Once the RHEED intensity increases between 15 to 30 seconds from the start time and plateaus within a minute, continue with the procedure. [2-SCREEN]
3.6.1. Talent closes shutters to perform another growth interruption.
3.6.2. Use 3.3.1 here *To be provided by authors: Use the cursor to show that 15-30 seconds elapsed before the RHEED intensity increase and plateaued within one minute.
3.7. Continue growing GaN in five minute increments with one minute interrupts until it reaches the desired thickness. [1-MED-TXT]
3.7.1. Talent monitoring the RHEED brightness during one growth interruption. (TEXT: See text protocol for thickness calculations.)
3.8. Wait one minute after GaN growth finishes to ensure all Ga has evaporated, [1-MED] and then quickly ramp the substrate heater down to the InAlN (pronounce as indium aluminum nitride) growth temperature. Allow the temperature to stabilize for two minutes. [2-SCREEN]
3.8.1. Talent at computer after growth finishes, waiting.
3.8.2. *To be provided by authors: Substrate heater ramp and temperature parameters set. Temperature begins decreasing.
3.9. Open the In (pronounce as indium), Al, and active nitrogen shutters. [1-SCREEN] The RHEED intensity should decrease and plateau within three minutes, and the pattern should remain streaky. [2-SCREEN]
3.9.1. *To be provided by authors: In, Al, N* shutters opened. Use the cursor to indicate the fluxes.
3.9.2. *To be provided by authors: Use the cursor to show that the intensity has decreased and plateaued within three minutes, and then show the RHEED pattern.
3.10. Once the barrier has grown to the desired thickness, close the In, Al, and active nitrogen shutters. [1-SCREEN]
3.10.1. *To be provided by authors: Indicate the thickness, and then close the shutters.
3.11. To grow the GaN interlayer, open the Ga shutter for 5 seconds, and then open the active nitrogen shutter. [1-SCREEN] [2-SCREEN-TXT]
3.11.1. *To be provided by authors: The Ga shutter opens, 5 sec wait, N* shutter opens.
3.11.2. *To be provided by authors: Use cursor to indicate thickness if possible, then switch to the shutters and open the Al shutter. (TEXT: Al flux should be ≥ active nitrogen flux.)
3.12. Close the active nitrogen and Al shutters. Start ramping the substrate heater to the GaN channel growth temperature. [1-SCREEN] After 30 seconds, close the Ga shutter. [2-SCREEN] Wait 30 seconds or for the RHEED intensity to increase [3-SCREEN], and then open the shutter. [3.1-SCREEN]
3.12.1. *To be provided by authors: N* and Al shutters are closed, and then Ga shutter is opened, and heater ramp and temperature parameters are set.
3.12.2. *To be provided by authors: Ga shutter is closed.
3.12.3. *To be provided by authors: Show the RHEED intensity increasing and then switch back to the shutters and open the Ga shutter.
3.12.3.1. [Added Shot] Switch back to the shutters and open the Ga shutter.
3.13. Continue cycling the Ga shutter until the substrate heater reaches the GaN channel growth temperature. [1-MED-Over shoulder] Then, open the Ga shutter. After five seconds, open the active nitrogen and aluminum shutters and grow the AlN interlayer. [2-SCREEN] After the AlN interlayer growth time has finished, close the Al shutter and grow the GaN channel. [3-SCREEN]
3.13.1. Talent at computer cycling the Ga shutter and monitoring the RHEED intensity.
3.13.2. *To be provided by authors: Ga shutter opens, five second wait, N* and Al shutter opens and GaN channel AlN interlayer growth begins.
3.13.3. [Added Shot] *To be provided by authors: Close the Al shutter to start the GaN channel growth.
3.14. Close the Ga, active nitrogen, and main shutters. Ramp the substrate temperature down to 200 °C, [1-SCREEN] turn off the active nitrogen plasma, and shut off the nitrogen gas flow. Ramp the cells down to standby temperature. [2-MED]
3.14.1. *To be provided by authors: Shutters are closed and substrate heater ramp and temperature parameters are set.
3.14.2. Talent turns off power source and gas flow at MFC, and then returns to the computer to set the ramp and temperature parameters for the cells.
3.15. Once the substrate temperature is below 250 °C and the chamber pressure drops below 8 x 10-7 Torr, [1-SCREEN] open the gate valve and transfer the wafer holder to the trolley. [2-MED] Use the trolley and the load lock to retrieve the wafer for characterization. [3-CU]
3.15.1. *To be provided by authors: Use the cursor to indicate the substrate temperature and chamber pressure.
3.15.2. Talent opens gate valve and moves the wafer to the trolley.
3.15.3. The wafer is removed from the load lock.
SCREEN CAPTURE FOOTAGE INSTRUCTIONS:
Authors: If a shot is listed as [#-SCREEN], you will need to make a movie file of the actions required using screen capture software. Make one file per [#-SCREEN] containing only the requested actions. Do not bundle several action sequences into one large file. Name each file according to the shot number.

Upload the files to your project folder: http://www.jove.com/account/file-uploader?src=16706423
4. Results: N-Polar InAlN-Barrier High-Electron-Mobility Transistors Grown with PAMBE
4.1. [bookmark: _GoBack]X-ray diffraction of a N-polar InAlN-barrier HEMT (pronounce as written, “hemt” [rhymes with preempt”]) structure grown on an N-polar GaN substrate closely matched simulated measurements. [1-LM] After processing into a HEMT device with Pt/Au (pronounce as platinum, gold) Schottky gates, the full structure shows a threshold voltage of -1.6 V and a maximum current of 1.4 A/mm. Hall measurements indicated a low sheet resistance and the presence of a two-dimensional electron gas. [2-LM]
4.1.1. 54775_Hardy_Fig6a.tif and …Fig2a.tif side by side. On “N-polar..structure”, highlight the portion of Fig 2a from ‘barrier’ on upwards.
4.1.2. 54775_Hardy_Fig6b.tif and …6c.tif: Label 6b ‘HEMT transfer curve’ and 6c ‘IV curves’. On “Hall…gas”, box the ‘µ = 1400 cm2/Vs, ns = 2.2 x 1013 cm-2, Rs = 200 Ω/□’ portion of 6b.
4.2. In N-polar structures, the 2DEG (pronounce as “two-deg”) occurs above the barrier layer. [1-LM] No 2DEG was observed in test structures with no layers above the barrier, confirming the N-polar orientation of the device. [2-LM]
4.2.1. 54775_Hardy_Fig2a.tif: On “the…gas”, highlight ‘2-dimensional electron gas’ and the dashed line in the figure. On “the…layer”, highlight the ‘InAlN barrier’ portion of the figure as well.
4.2.2.  54775_Hardy_Fig2a.tif and …2supp(1).tif: On “No…barrier”, box the empty space in 2supp(1) corresponding to the portion of the figure above the barrier layer in 2a.
4.3. The quality of InAlN layers grown on N-polar GaN substrates by this method was investigated by X-ray diffraction of 50 and 200 nm thin films. [1-LM] The 50 nm film showed Pendellösung fringes to the 15th order, indicating very high interfacial quality. [2-LM]
4.3.1. 54775_Hardy_Fig4a.tif: On “50”, highlight the red trace in 4a. On “200”, highlight the blue trace in 4a.
4.3.2. 54775_Hardy_Fig4a.tif: On “Pendellösung…order”, bracket the smaller “waves” in the red trace.
4.4. The scattering vector parallel to the crystal surface and its associated values for the 200 nm InAlN film and its substrate are very similar, indicating coherent growth and a lack of additional structural defects introduced by the InAlN layer. [1-LM]
4.4.1. 54775_Hardy_Fig4b.tif: On “The…similar”, highlight the line running up the center of the image.

5. Conclusion (said by authors on camera)
5.1. Hardy: Once mastered, this process can be done in about 4 hours, depending on how thick the GaN buffer needs to be.
5.2. Hardy: While attempting this procedure, it’s important to remember to confirm that all gallium is off the sample surface before starting the InAlN barrier layer growth.
5.3. Hardy: Following this procedure, Ga-polar HEMTs can be grown by adjusting the layer order, and the electrical properties can be modified by changing the barrier composition.
5.4. Hardy: After its development, this technique paved the way for researchers in the field of electronic materials to explore the impact of barrier strain and high channel charge density in nitride HEMTs.
5.5. Hardy: After watching this video, you should have a good understanding of how to grow a high quality nitride HEMT, including in situ wafer preparation and Ga surface coverage control.
   

Provided Media

Authors: Please list all images, movie files, or 3D-rendered animations that have been prepared for inclusion in the video per editor’s request. Name new 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 and 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=16706423

Authors: List media filenames here.

4.1 – 54775_Hardy_Fig6a, 54775_Hardy_Fig6b, 54775_Hardy_Fig6c
4.2 – 54775_Hardy_Fig4a, 54775_Hardy_Fig4b
4.3 – 54775_Hardy_Fig2a, (54775_Hardy_Fig2b), 54775_Hardy_Fig2supp


General Preparation

It’s critical for a smooth and organized shoot that all reagents are accounted for in advance. 

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.

Ex. Multiple samples undergoing the same reaction have distinguishing labels.

You will receive more detailed preparation instructions in the email accompanying the finalized script.
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