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Author Questionnaire:
1. Microscopy: Does your protocol involve video microscopy? N
2. Does your protocol include software usage? N
3. Which steps from the protocol section below are the most important for viewers to see? 3.1, 3.2, 3.3, 4.1, 4.2, 5.1
4. What is the single most difficult aspect of this procedure and what do you do to ensure success? 3.1, 5.1
5. Will the filming need to take place in multiple locations? Y (two locations)
If yes, how far apart are the locations? Less than 10 km (15 min driving distance)


Section - Introduction
Videographer: Interviewee Headshots are required. Take a headshot for each interviewee. 

Authors, these headshots will be used for the JoVE Dedicated Author Webpage. Here is one example if you wish to take a look.


1. REQUIRED Interview Statements: (Said by you on camera) - All interview statements may be edited for length and clarity. 

1.1. Sangyeob Lee: Silver nanowire networks are an emerging technology to replace traditional transparent conducting oxides in the thin film solar cell application. However, the electrical contact to the underlying layer has been a problem. Our protocol is a simple process method to enhance electrical contact properties between silver nanowire networks and the underlying cadmium sulfide layer in CIGS thin film solar cells [1]. 

1.1.1. INTERVIEW: Sangyeob Lee says the statement above in an interview-style shot, looking slightly off-camera.

1.2. Sangyeob Lee: Our method is a very simple, reproducible and cheap solution-based process. It is also compatible to the existing solution-based process to fabricate CIGS thin film solar cells [1]. 

1.2.1. INTERVIEW: Sangyeob Lee says the statement above in an interview-style shot, looking slightly off-camera.

Introduction of Demonstrator: (Said by you on camera)

1.3. Choong-Heui Chung: Demonstrating the procedure will be Soomin Song, a researcher from KIER and Kyung Soo Cho, a grad student from my laboratory [1] [2]. 
 
1.3.1. INTERVIEW: Choong-Heui Chung says the statement above in an interview-style shot, looking slightly off-camera. 

1.3.2. [bookmark: _GoBack]Soomin Song and Kyung Soo Cho look up from workbench or desk or microscope and acknowledge the camera. Videographer NOTE: Soomin Song was not present for the shoot. 




Section - Protocol
2. Preparation of Mo-coated Glass by DC Magnetron Sputtering
2.1. First, load cleaned glass substrates into a DC magnetron and pump down to below 4 times 10 to the minus six Torr [1].
2.1.1. Talent loads cleaned glass substrates into a DC magnetron and turns on the vacuum pump. Videographer: Show pressure reading in frame if possible. 
2.2. Flow argon gas and set the working pressure to 20 millitorr [1].
2.2.1. Talent opens the argon gas valve and sets the working pressure.
2.3. Turn on the plasma and increase the DC output power to 3 killowatts [1].
2.3.1. Talent turns on the plasma and increases the DC output power. Videographer: Show DC output power reading in frame if possible.
2.4. After pre-sputtering 3 minutes for target cleaning, begin the molybdenum deposition until the molybdenum film thickness reaches approximately 350 nanometers [1]. 
2.4.1. Talent starts the molybdenum deposition and checks the thickness on the QCM monitor.
2.5. Next, set the working pressure to 15 millitorr while maintaining the output power at 3 kilowatts [1].
2.5.1. Talent sets the working pressure. NOTE: 2.5.1. and 2.6.1. have are combined.
2.6. Resume the molybdenum deposition until the total thickness of molybdenum reaches approximately 750 nanometers [1].
2.6.1. Talent resumes the molybdenum deposition and checks the thickness on the QCM monitor.
3. CIGS Absorber Layer Deposition by Means of a Three-stage Co-evaporation
3.1. Load the molybdenum-coated glass into a preheated co-evaporator under a vacuum lower than 5 times 10 to the minus 6 Torr [1]. Videographer/Video Editor: The authors have indicated that this step is important (questionnaire questions 3 and 4).
3.1.1. Talent places the molybdenum-coated glass into a pre-heated co-evaporator and initiates a programmed recipe for CIGS growth. Videographer: Show pressure reading in frame if possible.
3.2. Set the temperatures of the indium, gallium, and selenium effusion cells yielding deposition rates of 2.5, 1.3, and 15 angstroms per second, respectively [1-TXT]. Videographer: The authors have indicated that this step is important (questionnaire question 3). 
3.2.1. Talent sets the temperatures of the indium, gallium and selenium effusion cells. TEXT: 2.5 Å/s, 1.3 Å/s, 15 Å/s.
3.3. Check the deposition rates using the quartz crystal microbalance technique [1-TXT]. Videographer: The authors have indicated that this step is important (questionnaire question 3). 
3.3.1. Talent checks the deposition rate on the quartz crystal microbalance controller. TEXT: Rates dependent on temps of effusion cells.
3.4. Begin to supply indium, gallium and selenium onto the molybdenum-coated glass to form a 1 micrometer-thick (In,Ga)xSey (pronounced indium gallium selenium) precursor layer at a substrate temperature of 450 degrees Celsius [1-TXT]. 
3.4.1. Talent starts supplying indium, gallium and selenium and observes the computer-aided controller of the co-evaporator. TEXT: 15 min deposition for 1st stage. 
3.5. After 15 minutes, stop the indium and gallium supplies and increase the substrate temperature to 550 degrees Celsius [1]. 
3.5.1. Talent stops the indium and gallium supplies and increases the substrate temperature, which is shown on the computer screen of controller.
3.6. Next, begin to supply copper onto the (In,Ga)xSey precursor and continue until the copper to indium plus gallium compositional ratio of the film reaches 1.15 [1-TXT]. 
3.6.1. Talent starts supplying copper onto the precursor and checks the deposition rates of each element. TEXT: 1.5 Å/s Cu deposition rate for 2nd stage. 
3.7. Stop supplying copper and evaporate the indium and gallium again with the same deposition rates as the first stage to form an approximately 2 micrometer-thick CIGS film with a copper to indium plus gallium compositional ratio of 0.9 [1]. Maintain the selenium deposition rate and substrate temperature at 15 angstroms per second and 550 degrees Celsius, respectively [2-TXT]. 
3.7.1. Talent stops supplying copper and begins the deposition. 
3.7.2. Talent monitors the temperature and deposition controllers. TEXT: 4 min deposition for 3rd stage. Videographer NOTE: clip0165 is slated as 3.7.2 but is 3.8.1
3.8. In order to ensure a complete reaction, anneal the deposited CIGS film under ambient selenium for 5 minutes at a substrate temperature of 550 degrees Celsius [1].
3.8.1. Talent starts the annealing process. Videographer NOTE: clip0165 is slated as 3.7.2 but is 3.8.1 
3.9. Decrease the substrate temperature to 450 degrees Celsius under ambient selenium and then unload the CIGS-deposited substrate when the substrate temperature is below 250 degrees Celsius [1].
3.9.1. Talent turns down the temperature and removes the CIGS-deposited substrate from the co-evaporator.
4. Growth of the CdS Buffer Layer on the CIGS Absorber Layer Using a Chemical Bath Deposition (CBD) Method
4.1. Prepare a cadmium sulfide reaction bath solution in a 250 milliliter beaker by adding deionized water, cadmium acetate dihydrate, thiourea, and ammonium acetate [1-TXT]. Stir the solution for several minutes until homogeneous [2]. Videographer: The authors have indicated that this step is important (questionnaire question 3).
4.1.1. Talent adds the deionized water and reagents to a beaker containing a magnetic stir bar. TEXT: 97 mL DI H2O, 0.079 g Cd(CH3COO)2·2H2O, 0.041 g NH2CSNH2, 0.155 g CH3COONH4.
4.1.2. Talent places the beaker on a magnetic stir plate and turns on the stirring.
4.2. Add 3 milliliters of ammonium hydroxide to the bath solution and stir for 2 minutes [1]. Videographer: The authors have indicated that this step is important (questionnaire question 3). 
4.2.1. Talent adds ammonium hydroxide to the bath and observes the stirring solution.
4.3. Next, place the CIGS sample into the reaction bath solution using a Teflon sample holder [1].
4.3.1. Talent places the CIGS sample into the reaction bath.
4.4. Place the reaction bath into a water-heat bath maintained at 65 degrees Celsius [1]. Stir the reaction bath solution at 200 rpm during the deposition process, allowing the reaction to proceed for 20 minutes to generate an approximately 70 to 80 nanometer cadmium sulfide buffer layer on the CIGS [2].
4.4.1. Talent places the reaction bath in a water-heat bath placed on a hot plate.
4.4.2. Talent turns on the stirring and observes the stirring solution as the reaction takes place. 
4.5. After the reaction, remove the sample from the reaction bath, wash with a flow of deionized water, and dry with nitrogen gas [1].
4.5.1. Talent removes the sample from the reaction bath, washes it with deionized water, and dries it with nitrogen gas.
4.6. Anneal the sample at 120 degrees Celsius for 30 minutes on a preheated hot plate [1]. 
4.6.1. Talent places the sample on a preheated hot plate. 
5. Fabrication of the AgNW TCE Network
5.1. Prepare a 1 milligram per milliliter silver nanowire dispersion by mixing 19 milliliters of ethanol with 1 milliliter of a 20 milligram per milliliter ethanol-based silver nanowire dispersion [1-TXT]. Videographer/Video Editor: The authors have indicated that this step is important (questionnaire questions 3 and 4, conclusion statement 8.1). 
5.1.1. Talent manually mixes ethanol and the silver nanowire dispersion. TEXT: 19 mL EtOH, 1 mL 20 mg/mL AgNW. 
5.2. Pour 0.2 milliliters of the diluted silver nanowire dispersion onto a cadmium sulfide CIGS sample to cover the whole surface and rotate the sample at 1,000 rpm for 30 seconds [1-TXT]. Video Editor: The authors have indicated that this step is important (conclusion statement 8.1).
5.2.1. Talent pours the diluted silver nanowire dispersion onto the CIGS sample placed on a spin coater and turns the spin coater on. TEXT: Repeat to achieve desired properties.
5.3. Following this, spin-coat the silver nanowires three times [1]. Video Editor: The authors have indicated that this step is important (conclusion statement 8.1).
5.3.1. Talent places the sample on the spin coater and turns the spin coater on.
5.4. After spin-coating, anneal the sample at 120 degrees Celsius for 5 minutes on a preheated hot plate [1]. 
5.4.1. Talent places the sample on a preheated hot plate. 
6. Deposition of the 2nd CdS Layer and Characterization Techniques
6.1. Prepare a new cadmium sulfide reaction bath solution as previously described [1].
6.1.1. Reuse shot 4.1.1
6.2. Deposit cadmium sulfide as previously described, except change the reaction time as necessary [1]. 
6.2.1. Talent places the reaction bath containing the sample in a water-heat bath placed on a hot plate and turns on the stirring.
6.3. Now, characterize the surface and cross-sectional morphology of silver nanowires and cadmium sulfide-coated silver nanowires by field emission scanning electron microscopy and transmission electron microscopy [1].
6.3.1. Talent places one of the samples in the scanning electron microscopy instrument and starts the analysis on the computer. 
6.4. Measure solar cell performance using a current-voltage source equipped with a solar simulator [1-TXT].
6.4.1. Talent places one of the samples in a solar simulator and starts the measurement. TEXT: 1,000 W/m2, AM1.5G.

Section – Results
7. Results: Characterization of Cu(In,Ga)Se2 Thin-film Solar Cells
7.1. The layer structures of the CIGS solar cells with standard ZnO:Al/i-ZnO (pronounced aluminum doped zinc oxide on intrinsic zinc oxide) and silver nanowire network transparent conducting electrodes are shown here [1]. The second cadmium sulfide layer can be selectively deposited onto the nanoscale gap to create a stable electrical contact [2]. 
7.1.1. LAB MEDIA: Figure 3 – Video Editor: Highlight figure a at mention of “standard ZnO:Al/i-ZnO” and figure B at mention of “silver nanowire network transparent conduction electrodes”.
7.1.2. LAB MEDIA: Figure 3 – Video Editor: Zoom into figure a and highlight CdS layer.
7.2. Cross-sectional transmission electron microscopy images along the second cadmium sulfide layer deposited on the silver nanowire network on the cadmium sulfide CIGS structure and across the second cadmium sulfide layer deposited on the silver nanowire network are shown here [1]. 
7.2.1. LAB MEDIA: Figure 4 – Video Editor: Highlight figure a at mention of “along the second cadmium sulfide layer deposited on the silver nanowire network on the cadmium sulfide CIGS structure” and figure b at mention of “across the second cadmium sulfide layer deposited on the silver nanowire network”.
7.3. The second cadmium sulfide layer is uniformly deposited on the surface of the silver nanowires, and the cadmium layer on the core-shell silver nanowire structure is produced [1]. The second cadmium sulfide layer fills the air gaps between the cadmium buffer and silver nanowire layers, and stable electrical contact is achieved [2]. 
7.3.1. LAB MEDIA: Figure 4 – Video Editor: Zoom into figure b and highlight the CdS layer.
7.3.2. LAB MEDIA: Figure 4 – Video Editor: Zoom into figure a and highlight the 2nd CdS layers.
7.4. The device performance of a CIGS thin-film solar cell with bare silver nanowires and the cadmium sulfide layer on the core-shell silver nanowire transparent conducting electrodes is shown here [1]. Due to unstable electrical contact, the cell with bare silver nanowires has poor device performance [2]. Deposition of a second cadmium layer greatly enhances the cell performance [3]. 
7.4.1. LAB MEDIA: Figure 5
7.4.2. LAB MEDIA: Figure 5 – Video Editor: Highlight black curve.
7.4.3. LAB MEDIA: Figure 5 – Video Editor: Highlight red dotted curve and make arrow appear. 



Section - Conclusion
8. Conclusion Interview Statements: (Said by you on camera) - All interview statements may be edited for length and clarity.
8.1. Sangyeob Lee: (Steps: 5.1-5.3) The most important step in our protocol is to fabricate a 2nd cadmium sulfide layer on the silver nanowire network. The deposition time can be optimized by measuring the device performance of the CIGS thin film solar cell [1].

8.1.1. INTERVIEW: Sangyeob Lee says the statement above in an interview-style shot, looking slightly off-camera.
8.2. Sangyeob Lee: We suggest a method to fabricate robust nanoscale electrical contact in the CIGS system. We believe our method can be applied to other solar cell systems, which require enhancement of electrical contact properties [1].

8.2.1. INTERVIEW: Sangyeob Lee says the statement above in an interview-style shot, looking slightly off-camera.
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