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Author Questionnaire 
1. Microscopy: Does your protocol require the use of a dissecting or stereomicroscope for performing a complex dissection, microinjection technique, or something similar?  No  

2. Software: Does the part of your protocol being filmed include step-by-step descriptions of software usage?  No

3. Filming location: Will the filming need to take place in multiple locations?   No


Current Protocol Length
Number of Steps:  17
Number of Shots:  26

Introduction

1. Introductory Interview Statements

Videographer: Obtain headshots for all authors. 

REQUIRED: 
1.1. Dennis Christensen: The method presented here allows for controlling the amount of oxygen vacancies in oxide thin films both during and after the deposition.

1.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. Suggested B roll: 2.7.1 and 2.8.1

1.2. Dennis Christensen: The main advantage of this approach is that electrical and magnetic properties can be tuned by modifying the amount of oxygen vacancies.

1.2.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. Suggested B roll: 2.9.2

OPTIONAL: 
1.3. Tristan Steegemans: Oxygen vacancies serve as functional defects in most oxide materials, and the properties of many oxides can therefore be controlled systematically by defect engineering using this approach.

1.3.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. Suggested B roll: 3.4


Introduction of Demonstrator on Camera

1.1. Dennis Christensen: Demonstrating the procedure will be Shinhee, Carlos and Eric, a postdoc and two PhD students from our laboratory. 
1.1.1. INTERVIEW: Author saying the above. 
1.1.2. The named demonstrator(s) looks up from workbench or desk or microscope and acknowledges the camera.
Protocol
2. Controlling Properties by Varying Growth Conditions
2.1. To begin, purchase mixed terminated strontium titanate substrates with a typical surface angle of 0.05 to 0.2 degrees with respect to the crystal planes [1-TXT]. Clean the desired number of substrates by ultrasonication in acetone for five minutes [2-TXT].
2.1.1. WIDE: Establishing shot of talent with SrTiO3 substrates placed on a working bench. TXT: SrTiO3: 5 mm x 5 mm x 0.5 mm in size
2.1.2. Talent placing the substrates for ultrasonication in acetone. TXT: Repeat the ultrasonication with ethanol

2.2. Then, ultrasonicate the substrates for 20 minutes at 70 degrees Celsius in clean water, which dissolves strontium oxide or forms strontium-hydroxide complexes at surface domains terminated with strontium oxide while leaving the chemically stable titanium dioxide-terminated domains unchanged [1]. 
2.2.1. Talent placing the substrates for ultrasonication in water.
2.2.2. Talent preparing aqua regia while substrates are sonicated in water

2.3. Next, ultrasonicate the substrates in an acidic solution containing hydrochloric acid, nitric acid, and water at 70 degrees Celsius for 20 minutes in a fume hood to selectively etch strontium oxide due to the basic nature of strontium oxide surface domains, the acidity of titanium dioxide, and the presence of the strontium-hydroxide complexes [1-TXT]. Pay attention to the safety around aqua regia. In order of addition: slowly add acid into water and slowly add HNO3 into HCl [2-TXT].
2.3.1. Talent placing the substrates for ultrasonication in the acidic solution. TXT: HCl: HNO3: H2O - 3:1:16

2.4. Remove the residual acid from the substrates by ultrasonication in 100 milliliters of clean water for 5 minutes at room temperature in a fume hood [1]. 
2.4.1. Talent placing the substrates for ultrasonication in water.

2.5. Then, bake the substrates in an atmosphere of 1 bar of oxygen for 1 hour at 1,000 degrees Celsius with a heating and cooling rate of 100 degrees Celsius per hour in a ceramic tube furnace to relax the substrate surface into a state with low energy [1].
2.5.1. Talent placing the substrates in a ceramic tube furnace. Use take III

2.6. To deposit a thin film on the substrates, mount the substrates on a heater or chip carrier, depending on whether in situ transport measurements are to be performed during the deposition [1]. 
2.6.1. Talent mounting the substrates on the heater/chip carrier.

2.7. If in situ transport measurements are desired, electrically connect the four corners of the strontium titanate surface to a chip carrier using standard wedge wire bonding with 20 micrometer-thick aluminum wires [1]. Use this text, but without shot 2.7.1. Shot 2.7.1 was skipped.
2.7.1. Talent connecting four corners of SrTiO3 surface to a chip carrier.

2.8. Next, place the titanium dioxide-terminated substrate 4.7 centimeters from the single-crystalline alumina target for a typical deposition of gamma-alumina on strontium titanate at room temperature [1].
2.8.1 Talent loads the substrate into the deposition chamber
2.8.2 Shot of the target and substrate in the deposition chamber. Talent shows how target-to-substrate distance can be manually modified to 4.7 centimeters. 

2.9. Prepare for ablating from a single-crystalline alumina target in an oxygen pressure of 10-5 millibar [1]. Tune the properties using the oxygen content by using an oxygen deposition pressure in the range of 10-6 to 10-1 millibar or by varying other deposition parameters [2-TXT]. Videographer: Important step!
2.9.1. Talent setting the properties. TXT: Use a nanosecond-pulsed 248-nm wavelength KrF laser, 3.5 J/cm2 laser fluence,  1 Hz frequency 

2.10. After incubation, observe the substrate for the desired thickness of gamma-alumina deposition [1-TXT]. Videographer: Important step!
2.10.1. Shot of thin-film being deposited on the substrate. TXT: Typically 0–5 unit cells
2.10.1 was redone at the end of the session with the correct aluminum oxide target. The shot with the blue flame should be included here, the other shot of the deposition process can be discarded. 

2.11. Next, remove the sample from the deposition chamber [1] and stop any electrical measurements. Then, store the sample in vacuum. The sample degradation is slowest when stored in a vacuum or nitrogen [2].
2.11.1. Talent removing the sample from the deposition chamber.
2.11.2. Talent storing the sample in vacuum.


3. Controlling Properties by Thermal Annealing

3.1. Mount the sample on a chip carrier using silver paste [1]. Then, electrically connect the sample to the chip carrier using wedge wire bonding of aluminum wires in the Van der Pauw geometry [2]. Videographer: Important step!
3.1.1. WIDE: Talent mounting the sample with silver paste on a chip carrier.
3.1.2. Talent bonding the sample to the furnace compatible chip carrier.

3.2. Next, using a connector and wires with thermally resistant insulation, electrically connect the chip carrier to the measurement equipment [1] and start the sheet resistance measurements [2]. Videographer: Important step!
3.2.1. Talent placing the chip carrier with the sample in a closed furnace.
3.2.2. Talent connecting the chip carrier to the measurement equipment.
Shot 3.2.1 and 3.2.2 were merged into one shot called 3.2.1. There is an extra cutout shot for closing the furnace since it takes long to tighten the screws.
There is a pickup shot 3.2.1 for an additional wire connection step after tightening the furnace screws.
3.2.3. Talent starting the sheet resistance measurements. 


3.3. Then, place the chip carrier equipped with the sample in a closed furnace [1] and flush thoroughly with the gas used for the annealing while checking whether the sample resistance is sensitive to a change in the atmosphere [2]. Videographer: Important step!
3.3.1. Talent flushes the closed tube furnace with oxygen gas 


3.4. Anneal the sample using the desired annealing profile, depending on the thickness of the top film and the desired rate of oxygen incorporation [1-TXT]. Abort the annealing when a desired change in the sheet resistance has occurred [2].
3.4.1. Talent setting the sample for annealing. TXT: Annealing temperatures; For LaAlO3/SrTiO3: 50–250 °C; For γ-Al2O3/SrTiO3: 100–350 °C
3.4.2. Talent stopping the annealing process.
Results
4. Results: Electronic Properties of SrTiO3-based Heterostructures Tuned by Growth Modifications and Annealing
4.1. [1,2 and 3 start] Using this setup [1], the development of the sheet resistance in oxide heterostructures, such as GAO STO [2] and LAO STO [3], can be monitored in-situ during pulsed-laser deposition. Video Editor: Please start video 4.1.1, 4.1.2 and 4.1.3 simultaneously at the beginning of the shot.
4.1.1. Enclosed figures: Figure 58737_Christensen_results_videoscript_4.1.1 
4.1.2. Enclosed figures: Figure 58737_Christensen_results_videoscript_4.1.2
4.1.3. Enclosed figures: Figure 58737_Christensen_results_videoscript_4.1.3
4.2. When the measurement environment is changed by measuring ex-situ [1], or via in-situ oxygen flushing [2], significant changes in the sheet resistance of the strontium titanate-based heterostructures can be observed.
4.2.1. Enclosed figures: Figure 58737_Christensen_results_videoscript_4.2.1 Video Editor: Please emphasize Figure 4.2.1
4.2.2. Enclosed figures: Figure 58737_Christensen_results_videoscript_4.2.2 Video Editor: Please emphasize Figure 4.2.2

4.3. In samples where gamma-alumina is deposited on strontium titanate, the electron mobility stays largely unchanged at room temperature, but changes dramatically at 2 Kelvin when the deposition pressure is varied [1]. 
4.3.1. LAB MEDIA: Figure 3

4.4. The properties of oxide heterostructures can also be tuned after deposition using annealing [1]. The final state is determined by the  annealing time and annealing temperature [2] and atmosphere [3]. 
4.4.1. LAB MEDIA: Figure 4
4.4.2. LAB MEDIA: Figure 4A, B
4.4.3. LAB MEDIA: Figure 4C

4.5. The sheet conductance of heterostructures composed of strontium titanate capped with gamma-alumina [1] or amorphous-lanthanum aluminate  [2] are measured at various annealing temperatures [3]. The fastest decrease in the conductance was observed for the amorphous-lanthanum aluminate strontium titanate heterostructures [4].
4.5.1. LAB MEDIA: Figure 4A
4.5.2. LAB MEDIA: Figure 4B
4.5.3. LAB MEDIA: Figure 4A, B
4.5.4. LAB MEDIA: Figure 4B Video Editor: Please emphasize olive (light) green line

4.6. For the strontium titanate heterostructures [1], the carrier density is controlled by controlling the annealing in oxygen [2]. Consecutive annealing steps result in a steady decrease of carrier density and a transition from a metallic conducting to an insulating interface [3].
4.6.1. LAB MEDIA: Figure 4C
4.6.2. LAB MEDIA: Figure 4C Video Editor: Please emphasize ‘Annealing’ shown by dashed blue arrow/line
4.6.3. LAB MEDIA: Figure 4C

4.7. Changing the conducting state in the strontium titanate heterostructure can enable different properties [1]. Here, attempts to write nanowires using a conducting atomic force microscope was not possible before annealing [2]. However, after annealing, conducting lines could be written [3], and erased [4], at the interface.
4.7.1. LAB MEDIA: Figure 5
4.7.2. LAB MEDIA: Figure 5 Video Editor: Please emphasize red (before annealing) line
4.7.3. LAB MEDIA: Figure 5 Video Editor: Please emphasize the lines marked in green (Example in 58737_Jove_Author_Video_Comments)
4.7.4. LAB MEDIA: Figure 5 Video Editor: Please emphasize the lines marked in yellow (Example in 58737_Jove_Author_Video_Comments)
4.7.5. 

Conclusion
5. [bookmark: _Hlk27388131]Conclusion Interview Statements

5.1. Dennis Christensen: Using this approach we can systematically change the magnetic and electronic properties of oxide heterostructures, and in this way study the role of oxygen vacancies in determining these properties. 

5.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. Suggested B roll: LAB MEDIA: Figure 2
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